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Abstract 3

Abstract

Carbon dioxide removal (CDR) is a crucial approach to mitigate anthropogenic
climate change and to achieve long-term climate targets. Biochar and silicate
rock powder for enhanced rock weathering are two promising soil-based
technologies, combining CDR with potential soil fertility improvement. Despite
their possible synergies, most studies have investigated the effects of the
separate application of both amendments. To address this gap, this dissertation
compared the effects of pure and combined applications of biochar and basanite,
a silicate rock powder, as soil amendments for CDR and soil fertility improve-
ment. Combined applications included both a co-application of biochar and
basanite as well as rock-enhanced biochar produced from co-pyrolysis of
biomass and basanite.

Amendment applications were investigated in different experimental
settings across timescales and soil types to capture potential amendment effects
on soil fertility and soil organic carbon (SOC) dynamics, affecting the amend-
ments’ CDR potential. A nine-week field-based lysimeter experiment with a
temperate sandy soil planted with cabbage turnip (Brassica oleracea var.
gongylodes L.) was used to assess amendment effects on soil properties and
processes, affecting soil fertility, as well as SOC stabilization under near-field
conditions. Three laboratory-based incubations, each conducted with three
contrasting agricultural soils, were used to investigate amendment effects on
specific aspects of SOC dynamics: a 17-day incubation with 13C-glucose to
assess amendment effects on the response of SOC mineralization to labile
carbon input (glucose-induced priming); a 66-day incubation with 13C-labeled
biochar-containing amendments to determine the mineralization and stabiliza-
tion of native and amendment-derived SOC; and an 874-day incubation to
quantify SOC stability over time, allowing long-term extrapolation of SOC pools.
The three soils differed in their initial carbon and nitrogen contents, texture, and
pH and represented common agricultural soils from temperate and tropical
regions. To account for the impact of feedstock on amendment effects, biochar-
containing amendments derived from woody biomass and wheat straw were
included in the incubations.

Soil fertility of the temperate sandy soil in the lysimeter experiment was
improved by all biochar-containing amendments, reflected by increased water
holding capacity, reduced bulk density, elevated soil pH, and enhanced nutrient
availability. These changes in chemical and physical soil properties affected
extracellular enzyme kinetics, indicating a shift from sole phosphorus limitation
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towards a more balanced nutrient acquisition, resulting in a relative increase of
microbial nitrogen demand.

The effects of the applied amendments on SOC dynamics were time- and
feedstock-dependent and partly differed between the three investigated soils.
Across soils, wood-derived amendments were less strongly mineralized,
consistently reduced overall SOC mineralization over time, and resulted in larger
long-term stable SOC pools, while wheat-derived amendments had more
variable and soil-dependent effects. These soil-dependent amendment effects
on SOC mineralization were predominantly controlled by soil texture and pH,
with a stronger native SOC mineralization following wheat-derived amendment
application (positive amendment-induced priming) in both low-pH sandy soils.
All biochar-containing amendments increased SOC stabilization in aggregates
and mineral associations in the three soils, partly due to the stabilization of
amendment-derived carbon, thereby enhancing the overall CDR potential of
these biochar-containing amendments. The effects of basanite rock powder on
SOC dynamics intensified progressively, while remaining negligible on shorter
timescales under laboratory and field conditions. On longer time scales, basanite
enhanced SOC mineralization and thus CO. release from the neutral-pH
temperate silty soil, while ongoing basanite weathering in both low-pH sandy
soils resulted in a reduced CO; release and thus a visible CDR potential of
basanite.

Co-application of biochar and basanite largely mirrored the effects of pure
biochar on both soil fertility and SOC dynamics, showing no clear advantages
over pure biochar application under the investigated conditions. Rock-enhanced
biochar, in contrast, resulted in less pronounced short-term improvements in
soil fertility than pure or co-applied biochar, while often more strongly affecting
SOC dynamics. Rock-enhanced biochar had a higher inherent stability, resulting
in reduced short-term mineralization, larger long-term stable SOC pools,
greater resistance to physical breakdown, and pronounced formation of mineral-
associated organic matter. The higher short- and long-term stability is likely
caused by the occlusion of basanite particles in the pores of rock-enhanced
biochar, reducing the accessible surface area, thus limiting amendment-soil-
interactions, and improving the CDR potential of rock-enhanced biochar. The
pronounced formation of mineral-associations occurred either during co-
pyrolysis or in soils due to the higher release of dissolved organic carbon, which
can be adsorbed directly to mineral surfaces. Notably, co-pyrolysis of wheat
straw with basanite elevated the long-term stable SOC pool to levels comparable
to or exceeding those of wood-derived biochar across all soils, demonstrating
that co-pyrolysis can compensate for inherent feedstock limitations in long-term
amendment stability enhancing the amendments’ CDR effect.
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In conclusion, all investigated amendments demonstrated potential for CDR
and soil fertility improvement, though the magnitude of effects varied with
amendment and soil type and over the considered timeframe. The application
of basanite had visible effects on SOC dynamics over longer timespans,
underlining the suitability of silicate rock powder application for long-term CDR
and likely also for soil fertility improvement, especially in low-pH soils that are
promoting weathering. Pure and co-applied biochar were better suited for rather
rapid soil fertility improvement, while rock-enhanced biochar was most
beneficial to improve short- and long-term SOC stability and stabilization while
showing the potential for comparably strong soil fertility improvements over
longer timescales. Overall, these findings underline that amendment selection
should be guided by desired amendment goals, target timescales, and soil
conditions.
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Zusammenfassung

Die Entnahme von atmospharischem Kohlenstoffdioxid (engl. carbon dioxide
removal (CDR)) ist ein zentraler Ansatz zur Minderung des anthropogenen
Klimawandels und zur Erreichung langfristiger Klimaziele. Pflanzenkohle und die
beschleunigte Gesteinsverwitterung von Silikatgesteinsmehl stellen zwei viel-
versprechende Technologien dar, die potenziell CDR mit Verbesserungen der
Bodenfruchtbarkeit kombinieren. Trotz ihrer potentiellen Synergien wurden die
Effekte beider Bodenzusatze in den meisten bisherigen Studien getrennt von-
einander untersucht. Um diese Forschungslicke zu schlieBen, vergleicht diese
Dissertation die Effekte der puren und kombinierten Applikation von Pflanzen-
kohle und Basanit, einem Silikatgesteinsmehl, auf ihr Potential flir CDR und flr
die Verbesserung der Bodenfruchtbarkeit. Die kombinierten Applikationen
umfassten sowohl die Co-Applikation von Pflanzenkohle und Basanit (engl. co-
application) als auch gesteinsangereicherte Pflanzenkohle (engl. rock-enhanced
biochar), die durch Co-Pyrolyse von Biomasse und Basanit hergestellt wurde.
Die Applikationen der Bodenzusatze wurden in verschiedenen experimen-
tellen Ansatzen Uber unterschiedliche Zeitskalen und in verschiedenen Boden-
typen untersucht. So konnten die méglichen Effekte der Bodenzusatze auf die
Bodenfruchtbarkeit und die Dynamik des organischen Bodenkohlenstoffs (engl.
soil organic carbon (SOC)), welche das CDR-Potenzial der Zusatze steuert,
erfasst werden. Ein neunwdchiges, feldnahes Lysimeterexperiment mit einem
sandigen Boden der gemaBigten Klimazone, vermengt mit den jeweiligen
Bodenzusatzen und bepflanzt mit Kohlrabi (Brassica oleracea var. gongylodes
L.), wurde durchgefuhrt. In diesem Experiment wurden die Effekte der Boden-
zusatze auf bodenchemische und -physikalische Eigenschaften und Prozesse,
die die Bodenfruchtbarkeit beeinflussen, sowie die Stabilisierung von SOC unter
feldnahen Bedingungen untersucht. Zusatzlich wurden in drei laborbasierten
Inkubationsversuchen mit jeweils drei unterschiedlichen landwirtschaftlichen
Bdden die Effekte der Bodenzusatze auf spezifische Aspekte der SOC-Dynamik
untersucht: eine 17-tagige Inkubation mit 13C-Glukose zur Untersuchung des
Einflusses der Bodenzusatze auf den Abbau von SOC nach der Zugabe von leicht
verfigbarem Kohlenstoff (glukose-induzierter Priming-Effekt); eine 66-tagige
Inkubation mit 13C-markierten pflanzenkohle-basierten Bodenzusatzen zur
Bestimmung der Mineralisierung und Stabilisierung von bodeneigenem und aus
den Bodenzusatzen stammenden SOC; und eine 874-tagige Inkubation zur
Quantifizierung der SOC-Stabilitat Gber die Zeit und zur langfristigen Extrapola-
tion der Inkubationsdaten in SOC-Pools. Die drei verwendeten Bdden stehen
stellvertretend fir typische landwirtschaftliche Béden gemaBigter und tropischer
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Regionen und unterschieden sich in ihrem initialen Kohlenstoff- und Stickstoff-
gehalt, ihrer Textur und ihrem pH-Wert. Um den Einfluss der Ausgangsbiomasse
der pflanzenkohle-basierten Bodenzusatze zu bericksichtigen, wurden in den
Inkubationen Bodenzusatze aus holziger Biomasse und Weizenstroh untersucht.

Die Bodenfruchtbarkeit des gemaBigten sandigen Bodens im Lysimeter-
experiment wurde durch alle pflanzenkohle-basierten Bodenzusatze verbessert,
erkennbar in einer erhdhten Wasserhaltekapazitat, einer reduzierten Lage-
rungsdichte, einem erhdhten pH-Wert und einer verbesserten Nahrstoff-
verfiigbarkeit. Diese Veranderungen der chemischen und physikalischen
Bodeneigenschaften beeinflussten die extrazelluldare Enzymkinetik, welche eine
Verschiebung von einer reinen Phosphorlimitierung hin zu einer ausgewoge-
neren Nahrstoffaufnahme zeigte, was in einem erhdhten relativen mikrobiellen
Stickstoffbedarf resultierte.

Die Effekte der eingesetzten Bodenzusatze auf die SOC-Dynamik waren zeit-
und ausgangsmaterialabhangig und unterschieden sich teilweise zwischen den
drei untersuchten Bdden. In allen drei Béden wurden holz-basierte Zusatze
weniger stark abgebaut, reduzierten den Abbau des gesamten SOC Uber den
Inkubationszeitraum hinweg und resultierten in einem gréBeren langfristig
stabilen SOC-Pool, wahrend weizenbasierte Zusatze variablere und starker vom
Bodentyp abhdngige Effekte hatten. Diese bodenspezifischen Effekte auf den
Abbau von SOC wurden hauptsachlich durch die Bodentextur und den pH-Wert
gesteuert, wobei in den Sandbdéden mit niedrigem pH mehr bodeneigener SOC
aufgrund der Zugabe der weizen-basierten Bodenzusatze abgebaut wurde
(positiver bodenzusatz-induzierter Priming-Effekt). Die pflanzenkohle-basierten
Bodenzusatze erhohten die SOC-Stabilisierung in  Aggregaten und an
Mineraloberflachen in allen drei Béden, teilweise durch die Stabilisierung von
Kohlenstoff aus den Bodenzusatzen, wodurch sich das CDR-Potential dieser
pflanzenkohle-basierten Bodenzusatze erhdhte. Die Effekte des Basanit-
gesteinsmehls auf die SOC-Dynamik und somit auf CDR nahmen im Laufe der
Zeit zu, wahrend die kurzfristigen Effekte von Basanit sowohl in Labor- als auch
in Feldexperimenten vernachlassigbar waren. Langerfristig erhéhte Basanit den
SOC-Abbau und somit die CO-Freisetzung aus dem schluffigen Boden mit
neutralem pH, wahrend die fortschreitende Basanitverwitterung in beiden
sandigen Bdden mit niedrigem Ausgangs-pH zu einer Reduktion der CO.-
Emissionen flhrte und das CDR-Potential von Basanit aufzeigte.

Die Co-Applikation von Pflanzenkohle und Basanit hatte sowohl auf die
Bodenfruchtbarkeit als auch auf die SOC-Dynamik meist ahnliche Effekte wie
die Applikation der puren Pflanzenkohle und zeigte somit unter den unter-
suchten Bedingungen keine klaren Vorteile gegenlUber purer Pflanzenkohle.
Gesteinsangereicherte Pflanzenkohle zeigte hingegen eine weniger stark
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ausgepragte kurzfristige Verbesserung der Bodenfruchtbarkeit im Vergleich zu
purer oder co-applizierter Pflanzenkohle, wahrend sie die SOC-Dynamik haufig
starker beeinflusste. Gesteinsangereicherte Pflanzenkohle hatte eine hdhere
inharente Stabilitét, was zu einer geringeren kurzfristigen Mineralisierung,
groBeren langfristig stabilen SOC-Pools, einer hdheren physikalischen Stabilitat
und einer vermehrten Stabilisierung von SOC an Mineraloberflachen fihrte. Die
erhohte kurz- und langfristige Stabilitat steigerte das CDR-Potential der
gesteinsangereicherten Pflanzenkohle und wurde wahrscheinlich verursacht
durch den Einschluss von Basanitpartikeln in den Poren der gesteins-
angereicherten Pflanzenkohle, wodurch deren Oberflache reduziert und somit
die Interaktion mit dem Boden eingeschrankt wurde. Die vermehrte Bildung von
Mineralassoziationen entstand entweder wahrend der Co-Pyrolyse oder in Boden
durch die vermehrte Freisetzung von geléstem organischem Kohlenstoff,
welcher direkt an Mineraloberflachen gebunden werden kann. Die Co-Pyrolyse
von Weizenstroh mit Basanit zu gesteinsangereicherter Pflanzenkohle erhéhte
die GroBe des langfristig stabilen SOC-Pools auf ein ahnliches oder héheres
Niveau als das mit holz-basierter Pflanzenkohle. Somit kann Co-Pyrolyse
inharente Einschrankungen der Ausgangsbiomasse auf die langfristige Stabilitat
der Bodenzusatze kompensieren.

Zusammenfassend zeigten alle untersuchten Bodenzusatze ein Potenzial fur
CDR und die Verbesserung der Bodenfruchtbarkeit, wobei das Ausmal dieser
Effekte je nach Bodenzusatz, Bodentyp und betrachteter Zeitspanne variierte.
Die Anwendung von Basanit zeigte insbesondere lUber langere Zeitraume sicht-
bare Effekte auf die SOC-Dynamik, was die Eignung von Silikatgesteinsmehlen
fur langfristige CDR und wahrscheinlich auch flr die Verbesserung der Boden-
fruchtbarkeit, insbesondere in sauren Bdden, zeigt. Pure und co-applizierte
Pflanzenkohle sind gut geeignet flr eine vergleichsweise schnelle Verbesserung
der Bodenfruchtbarkeit. Gesteinsangereicherte Pflanzenkohle ist hingegen
besonders vorteilhaft, um die kurz- und langfristige SOC-Stabilitat und -Stabili-
sierung zu erhdéhen, wahrend sie gleichzeitig das Potenzial flr vergleichbar
starke Verbesserungen der Bodenfruchtbarkeit auf ldngeren Zeitskalen auf-
weist. Insgesamt zeigen diese Ergebnisse, dass die Auswahl von Bodenzusatzen
entsprechend den angestrebten Zielen, den relevanten Zeitskalen und den
jeweiligen Bodenbedingungen erfolgen sollte.
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1 Introduction
1.1 Background and motivation

1.1.1 Biochar and silicate rock powder application for carbon
dioxide removal

Land use change and the combustion of fossil fuels have driven the long-term
emission of greenhouse gases to the atmosphere, primarily causing anthropo-
genic climate change (IPCC, 2023). To mitigate climate change and to reach
long-term climate targets, carbon dioxide removal (CDR) technologies are a
critical tool to limit global warming to 2 °C compared to pre-industrial times
(Fuss et al., 2018; RiAHI et al., 2022). These CDR technologies include promising
soil-based approaches, such as the application of biochar and silicate rock
powder for enhanced rock weathering. Both have the potential to remove
atmospheric carbon dioxide (CO;) while improving soil fertility (Buss et al.,
2021; JosepH et al., 2021; BEERLING et al., 2025). Unlike land-intensive CDR
approaches, such as afforestation, both biochar and enhanced rock weathering
of silicate rock powder require no dedicated land use change, as both can be
integrated into existing land management systems as soil amendments (Fuss
et al., 2018; SMITH et al., 2024).

Biochar is the carbon-rich solid produced by the thermochemical conversion
of biomass during oxygen-free or -limited pyrolysis (BOATENG et al., 2015;
HAGEMANN et al., 2018; LEHMANN & JOSEPH, 2024) and is traditionally used as a
soil amendment globally (ALLEN, 1847; GLASER et al., 2001; WIEDNER et al.,
2015). In recent years, biochar has been increasingly researched due to its
potential to store carbon (C) in the long-term while improving soil properties
determining soil fertility (LEHMANN & JOSEPH, 2024; SMITH et al., 2024). Due to
its high aromaticity, approximately 97% of the biochar-C is barely bioavailable
(AMELOOT et al., 2013; Kuzvakov et al., 2014; WANG et al., 2016) and thus
contributes to long-term CDR (RECHBERGER et al., 2017; LEHMANN et al., 2021).
Overall, biochar has the potential to remove 0.5 to 2 Gt of CO; per year (Fuss
et al., 2018). The stability of biochar is strongly influenced by pyrolysis
temperature and feedstock. Biochar produced at high temperatures (> 500°C)
(JOSEPH et al., 2010; AMELOOT et al., 2013; GRUNWALD et al., 2017) from woody
feedstock is generally more stable and thus associated with a longer-lasting CDR
potential (ZHAO et al., 2013; WANG et al., 2016) compared to low-temperature
biochar from lignin-poor biomass, such as agricultural residues (VAUGHN et al.,
2013; HAN et al., 2020; WANG et al., 2022). Additionally, soil properties, such
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as texture and soil organic C (SOC) content, determine the actual stability of
biochar in soils (WANG et al., 2016; LENG & HUANG, 2018).

Silicate rock weathering is a naturally occurring process central to the C
cycle, removing atmospheric CO, over geological time scales (WALKER et al.,
1981). During weathering, silicate minerals react with carbonic acid, formed
through the dissolution of CO. in water, yielding carbonate and bicarbonate
(Buss et al., 2023; ABDALQADIR et al., 2024; BEERLING et al., 2025). These
inorganic C forms can either be stored as pedogenic carbonates for centuries or
transported via rivers to the ocean, where they can be stored over geological
time scales (MARTIN, 2017; BEERLING et al., 2018; ViccA et al., 2022). For
enhanced rock weathering, the natural weathering process is accelerated by
crushing silicate rock, such as basanite, to powder, thereby increasing its
reactive surface area and thus enhancing its weathering rate (HARTMANN et al.,
2013; Buss et al., 2021). High moisture and CO; partial pressure, as present in
soils, can additionally promote the weathering (HARTMANN et al., 2013). Overall,
enhanced weathering of silicate rocks has a CDR potential of 2 to 4 Gt of CO
per year (Fuss et al., 2018). The actual rate of weathering and thus the
associated CDR depend, among other factors, on soil properties (SCHIEDUNG et
al., 2026; TE PAs et al., 2026) and mineralogical composition of the rocks
(RENFORTH, 2012; CONG et al., 2024). Basaltoids, such as basanite, contain mafic
minerals (HARTMANN et al., 2013) and have relatively low weathering rates
compared to other materials potentially used for enhanced rock weathering
(HAMMES et al., 2025), thus sustaining its CDR potential over time. Despite the
strong interactions between applied silicate rock powder and the amended soils,
a systematic understanding of enhanced rock weathering dynamics in soils is
currently missing (HARTMANN et al., 2013; SMITH et al., 2024; SCHIEDUNG et al.,
2026).

This direct CDR effects of biochar and silicate rock powder is affected by
their influence on SOC dynamics. Both amendments can enhance the
stabilization of native SOC in aggregates and on mineral-surfaces (WANG et al.,
2017; Xu et al., 2025) and particularly biochar can influence SOC turnover by
either stimulating or reducing the mineralization of native SOC (WHITMAN et al.,
2015; Yu et al.,, 2018). These changes can result in an enhanced SOC
sequestration and storage, thereby likely increasing the overall CDR potential of
both amendments (MANNING et al., 2024; RATHNAYAKE et al., 2024).

To date, most research has investigated the separate application of biochar
and silicate rock powder. However, their combined application could maximize
CDR per unit land area, offering additive or even synergistic effects (AMANN &
HARTMANN, 2019; Buss et al., 2024b; TE PAs et al., 2026). Such a combined
application can include a co-application of biochar and silicate rock powder, such
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as basanite, as well as the co-pyrolysis of biomass and rock powder to produce
rock-enhanced biochar (MEYER zu DREWER et al., 2025). When co-applied,
biochar can stimulate rock powder weathering, probably due to the uptake of
weathering products by biochar preventing saturation of the soil solution (SOHNG
et al., 2025; TE PAs et al., 2026). While the CDR potential of the co-application
of biochar and rock powder is currently increasingly researched (ANTHONY et al.,
2025; TE PAs et al., 2026), the effect of rock-enhanced biochar has rarely been
investigated. Existing studies indicate potential interactions between biomass
and minerals during co-pyrolysis, such as occlusion of rock powder particles in
biochar pores (MEYER zU DREWER et al., 2025) and an increased C yield of the
pyrolysis product (Buss et al., 2024b), pointing to an enhanced stability and
thus potentially pronounced CDR potential of rock-enhanced biochar.

1.1.2 Effects of biochar and silicate rock powder application on soil
fertility

Beyond their CDR potential, biochar and silicate rock powder have been
increasingly recognized due to their potential to improve soil fertility (FIEDLER &
HEINZE, 1990; DING et al., 2016), which in turn can determine the amendments’
CDR potential (HARTMANN et al., 2013; OELKERS et al., 2018). Soil fertility
includes physical, chemical, and biological processes and properties of soils that
support the productivity and growth of microorganisms and plants and thus
facilitate yield (FIEDLER & HEINZE, 1990). Both biochar and silicate rock powder
can trigger physical, chemical, and biological reactions in soils (DUPLA et al.,
2024; JoskepH et al., 2010), with amendment effects on soil fertility depending
on both the amendments’ inherent physicochemical properties and soil
properties (DING et al., 2016; SCHIEDUNG et al., 2026). While the agronomic use
of biochar is well established (GLASER et al., 2001; WIEDNER et al., 2015), the
effects of silicate rock powder on soil fertility remain poorly understood
(HARTMANN et al., 2013; SCHIEDUNG et al., 2026).

Physical soil properties, such as plant-available water or bulk density, are
important parameters for soil fertility (FIEDLER & HEINZE, 1990). The application
of biochar can improve soil water dynamics, especially in sandy soils (STEINER
et al., 2007; LEHMANN et al., 2011; Buss et al., 2021), and soil aeration by
reducing bulk density (ZANUTEL et al., 2024), especially in heavy, clayey soils
(LEHMANN et al., 2011; BLANCO-CANQuUI, 2017). In contrast to the largely
beneficial effects of biochar, effects of silicate rock powder application on soil
structure and water dynamics seem to be ambiguous (SCHIEDUNG et al., 2026).
On the one hand, the incorporation of small silicate rock particles into soil pores
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can lead to soil compaction and clogged pores, which reduce water conductivity,
especially in clayey soils (VORRATH et al., 2025; SCHIEDUNG et al., 2026). This
impairs soil fertility and, given weathering's strong dependence on water
movement, limits the CDR potential of enhanced rock weathering (VORRATH et
al., 2025; ScHIEDUNG et al., 2026). On the other hand, the formation of
secondary minerals, such as clays, during weathering can enhance the soil
capacity to hold water, which can be especially beneficial in sandy soils
(SCHIEDUNG et al., 2026). When biochar and silicate rock powder are applied
together, biochar could reduce this clogging effect of silicate rock powder
(ZANUTEL et al., 2024; VORRATH et al., 2025) while improving water retention
(STEINER et al., 2007; BLANCO-CANQuUI, 2017), which could enhance the
weathering and thus the CDR effect of the applied rock powder (TE PAsS et al.,
2026).

In addition to these effects on physical soil properties, biochar and silicate
rock powder application can influence chemical soil properties (ZHANG et al.,
2021; SwOBODA et al., 2022). Both amendments can supply nutrients, such as
potassium (K) and phosphorus (P), released from dissolving biochar ash and
silicate minerals (ANGST & SOHI, 2013; MUKHERIEE & ZIMMERMAN, 2013; AMANN et
al., 2020). Additionally, both amendments can increase soil pH, particularly in
acidic soils (DAI et al., 2017; AMANN et al., 2020). This can further increase the
availability of nutrients, such as P, beyond what is directly released by mineral
weathering (SWOBODA et al., 2022; BEERLING et al., 2025) and biochar ash
solution (ATKINSON et al., 2010). Due to the high cation exchange capacity of
biochar, it often increases nutrient retention (LIANG et al., 2006; VAN ZWIETEN et
al., 2010) and reduces nutrient leaching (LAIRD & ROGOVSKA, 2015). Also silicate
rock powder can develop a certain cation exchange capacity over time through
the formation of secondary minerals during weathering, which is particularly
beneficial in highly weathered soils (ANDA et al., 2015). When applying biochar
and rock powder together, biochar may retain nutrients released from
weathered minerals, thereby reducing leaching losses (AMANN & HARTMANN,
2019). Furthermore, first results of MEYER zu DREWER et al. (2025) indicate that
rock-enhanced biochar from co-pyrolysis of biomass and silicate rock powder
has a higher plant-available nutrient content compared to conventional biochar.
Combined with the potentially greater long-term stability of rock-enhanced
biochar (MEYER zU DREWER et al., 2025), it could be used as a slow-release
fertilizer, improving soil fertility (LAMMIRATO et al., 2011; Buss et al., 2022). This
supply of nutrients via soil amendments is especially beneficial in soil with low
fertility, such as sandy or highly weathered soils (JOSEPH et al., 2021; SCHIEDUNG
et al., 2026). However, rock powder can also release potentially toxic trace
metals, such as nickel and chromium, which makes a careful selection of the
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applied rock type necessary (SCHIEDUNG et al., 2026). Basanite has a relatively
low heavy metal concentration, which makes it suitable for agricultural
application (BEERLING et al., 2020).

Biological soil processes and properties are especially sensitive to change
(BURNS et al., 2013) and directly affected by alterations of chemical and physical
soil properties (ScHIMEL et al., 2007). The applications of both biochar and
silicate rock powder often result in an increased microbial activity and an altered
microbial community composition (CARSON et al., 2007; LEHMANN et al., 2011),
which may in turn affect nutrient dynamics (SCHIMEL et al., 2007). To meet their
nutrient demand, microorganisms produce and release extracellular enzymes
(ALLISON et al., 2011; JIN et al., 2024). Once released into the soil, these
enzymes catalyze the breakdown of complex organic substances associated with
C, nitrogen (N), P, and other elements into smaller molecules (SH1, 2011),
thereby enhancing nutrient availability for microbial uptake (ALLISON et al.,
2011; JiN et al., 2024). Increased nutrient availability often reduces microbial
investment in enzyme production, while nutrient limitation can stimulate
enzyme release (ALLISON et al., 2011; BURNS et al., 2013). Even though
extracellular enzymes can be adsorbed to reactive particle surfaces, such as soil
organic matter (ALLISON, 2006; BURNS et al., 2013; Luo et al., 2017a) or biochar
(LEHMANN et al., 2011), adsorbed enzymes remain a significant reservoir of
potential enzyme activity, responding rapidly to changes in nutrient availability
(BURNS et al., 2013). Consequently, extracellular enzymes serve as valuable
indicators for nutrient cycling and availability in soils (LuUo et al., 2017a). Both
biochar and silicate rock powder can affect extracellular enzyme kinetics by
enhancing nutrient supply and availability (ANGST & SoOHI, 2013; MUKHERIEE &
ZIMMERMAN, 2013; AMANN et al., 2020). This could be especially pronounced
following the application of rock-enhanced biochar, which has a higher nutrient
content compared to conventional biochar (MEYER zU DREWER et al., 2025). Since
soil moisture is a key driver of microbial activity and extracellular enzyme
kinetics, increased soil water retention following biochar application (STEINER et
al., 2007; LEHMANN et al., 2011) and rock powder weathering (AMANN &
HARTMANN, 2019; SCHIEDUNG et al., 2026) could stimulate microbial nutrient
dynamics. Additionally, higher soil moisture could accelerate rock powder
weathering in combined applications, potentially releasing additional nutrients
and thus further improving enzyme kinetics.

The effects following the pure applications of biochar and silicate rock
powder on soil fertility are diverse, mostly beneficial, and can eventually result
in an increased yield (JEFFERY et al., 2011; SWOBODA et al., 2022), which makes
both amendments attractive for agricultural use. The beneficial potential of a
combined application of both amendments has been discussed in several
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previous studies (AMANN & HARTMANN, 2019; Buss et al., 2021; Buss et al.,
2022). First studies addressing the co-application of biochar and silicate rock
powder have begun to investigate changes in physical and chemical soil
properties, indicating mainly additive responses (HONVAULT et al., 2024;
CosTANZO et al., 2025). However, the underlying mechanisms remain poorly
understood, and particularly the effects of co-application on biological processes
as well as the effects of rock-enhanced biochar on overall soil fertility have not
been investigated. A better understanding of these amendment-driven
processes is therefore crucial to assess how combined amendment applications
influence soil fertility.

1.1.3 Soil organic carbon dynamics and their response to biochar
and silicate rock powder application

Most physical, chemical, and biological soil properties and processes and thus
overall soil fertility are affected by soil organic matter (WEIL & BRADY, 2017). The
stability of this soil organic matter describes its resistance to microbial
decomposition and is determined by biochemical recalcitrance, physical
protection through spatial inaccessibility, and chemical stabilization via inter-
actions with mineral surfaces (VON LUTzow et al., 2006; CONANT et al., 2011;
SCHIMEL & SCHAEFFER, 2012). This stability can be assessed by quantifying the
mineralization of SOC to CO, (PLANTE et al., 2011). Important factors influencing
SOC mineralization are soil properties, such as texture and pH (KEMMITT et al.,
2006; RASMUSSEN et al., 2006), and environmental factors, such as temperature
and moisture (DAVIDSON & JANSSENS, 2006; CONANT et al., 2011). Due to the low
degradability of biochar, it generally contributes to the stable SOC pool
(Kuzyakov et al., 2014; WANG et al., 2016). The actual stability of biochar,
however, depends on soil and biochar properties. Both texture and native SOC
content are important soil properties affecting biochar stability, since higher clay
(BRUUN et al., 2014) and SOC contents (WHITMAN et al., 2015) can reduce
biochar mineralization. Inherent biochar stability, determined by the quantity
and quality of C, depends among other factors on feedstock (ZHAO et al., 2013;
LEHMANN et al., 2015; LENG & HUANG, 2018). Biochars produced from woody
feedstock contain more aromatic C, while biochars from agricultural residues
decompose more easily (AMELOOT et al., 2013; VAUGHN et al., 2013; HAN et al.,
2020). Co-pyrolyzing biomass with minerals increased the C yield of the
produced rock-enhanced biochar (Buss et al., 2022) and led to the occlusion of
rock particles in biochar pores (MEYER zu DREWER et al., 2025), which could
enhance the long-term stability of rock-enhanced biochar.
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How susceptible SOC generally is to decomposition is closely linked to the
formation pathway and stabilization mechanisms of this SOC (voN LUTzow et al.,
2006; KLEBER et al., 2015). Free particulate organic matter (fPOM) resembles
the initial plant litter (von LUTZOW et al., 2008) and is stabilized only by its
biochemical recalcitrance (SOLLINS et al., 1996). Particulate organic matter can
be further stabilized by spatial inaccessibility through the occlusion in
aggregates (oPOM) (voN LUTzOw et al., 2006). Mineral-associated organic
matter (MAOM) is formed by the adsorption of dissolved organic C (DOC) to
mineral surfaces or by microbial processing (MANzZONI & COTRUFO, 2024), and is
stabilized via physicochemical protection (KLEBER et al., 2015). This limited
accessibility of oPOM and MAOM to microbes reduces its biodegradability and
enhances its stability (vON LUTZOw et al., 2006; KLEBER et al., 2015).

The application of both silicate rock powder and biochar can affect the
stabilization of native SOC (WANG et al., 2017; Buss et al., 2024a). Rock powder
weathering can enhance aggregate formation by releasing bivalent cations, such
as Ca?* and Mg?*, which promote cation bridging and flocculation of soil particles
(CLOUGH & SKIEMSTAD, 2000; Buss et al., 2024a; Xu et al., 2025). Additionally,
fresh mineral surfaces and reactive secondary minerals, which are formed
during weathering, contribute to MAOM formation through the adsorption of
DOC (REICHENBACH et al., 2021; Buss et al., 2024a). Thus, rock powder
weathering may facilitate the formation of oPOM and MAOM, which may be
particularly beneficial in clay-poor soils with limited reactive mineral surfaces
(ScHWEIZER et al., 2019; YAN et al., 2025). Similarly, also biochar application
can accelerate the formation of aggregates and the stabilization of native SOC
as MAOM, possibly through ligand exchange or cation bridging (WANG et al.,
2017; WENG et al., 2017; Xu et al., 2024). While most biochar-derived SOC
remains as highly recalcitrant fPOM (KALU et al., 2024), it can also be further
stabilized by occlusion in aggregates (Yoo et al., 2017; JOSEPH et al., 2021) or
mineral-association (YANG et al., 2016; YANG et al., 2021). When silicate rock
powder is applied together with biochar, its mineral surfaces could contribute to
the further stabilization and thus reduced mineralization of biochar-derived SOC
(TE PAs et al., 2026). The stabilization of native and biochar-derived SOC by
both amendments can additionally increase their CDR potential when reducing
SOC mineralization losses (MANNING et al., 2024; RATHNAYAKE et al., 2024).

Another important SOC pool is microbial biomass C, which both responds to
amendment application and regulates the potential of amendment-driven CDR
and soil fertility improvement. Microorganisms govern the mineralization of SOC
(ScHIMEL, 2013) and both biochar and silicate rock powder can increase
microbial biomass, enhance microbial activity, and even shift microbial
community composition (CARSON et al., 2007; LEHMANN et al., 2011). Such an
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enhanced microbial activity can on the one hand enhance the biogeochemical
cycling of SOC and nutrients, resulting in an increased mineralization of native
and biochar-derived SOC (WHITMAN et al., 2015). On the other hand, enhanced
microbial activity can increase the incorporation of microbial necromass as
stable MAOM (CHEN et al., 2023; YAN et al., 2025) and stimulate rock weathering
(L1 et al., 2025; REGINATO, 2025).

An important microbially mediated aspect of the SOC cycle is the response
of the soil system to the input of labile C (Kuzyakov et al., 2000; BLAGODATSKAYA
& Kuzyakov, 2008). This reaction is described as the priming effect, inducing
short-term changes in the mineralization of SOC following the addition of a labile
C source (Kuzyakov et al., 2000). Those changes can range from a reduction
(negative priming) to an increase in SOC mineralization (positive priming)
(Kuzyakov et al., 2000; BASTIDA et al., 2019). Even though biochar mainly
consists of highly stable C, it also contains a minor proportion of easily
degradable C (BRUUN et al., 2014; BAksHI et al., 2018), potentially triggering a
biochar-induced priming effect of native SOC in soil (WHITMAN et al., 2015; Yu
et al., 2018). Whether the application of biochar results in negative or positive
priming depends on soil and biochar properties (ZIMMERMAN et al., 2011;
WHITMAN et al., 2015; JOSEPH et al., 2021). Positive priming is most likely to
occur following the application of biochars rich in easily degradable C
compounds, such as those made from agricultural residues, to nutrient-poor
and acidic soils (WHITMAN et al., 2015). Even though silicate rock powder does
not contain labile C to directly induce a priming effect, its application can
indirectly affect the mineralization of SOC (SCHIEDUNG et al., 2026), e.g. via an
increase in soil pH (AMANN et al., 2020; LEI et al., 2025) or nutrient availability
(HARLEY & GILKES, 2000; HARTMANN et al., 2013). Changes in SOC mineralization
following amendment application can in turn affect the cycling of nutrients
included in soil organic matter, which could alter nutrient availability and
enzyme kinetics (WHITMAN et al., 2015).

In addition to amendment-derived labile C inputs, SOC dynamics in soils are
affected by natural inputs of easily degradable C, such as root exudates
(Kuzyakov et al., 2000). Those processes are commonly simulated using glucose
and described as the glucose-induced priming effect (Kuzyakov et al., 2009;
Kuzyakov, 2010; WHITMAN et al., 2015). Such labile C inputs can cause the co-
metabolic mineralization of native and biochar-derived SOC (HAMER et al., 2004;
LEHMANN et al., 2009; Kuzyvakov, 2010). This glucose-induced priming is often
positive, but the magnitude can differ strongly between soils and is often highest
in low-fertility soils (BASTIDA et al., 2019; Wu et al., 2020). The application of
biochar can affect the direction and magnitude of glucose-induced priming (LuUoO
et al., 2017b), varying with biochar and soil properties (HAMER et al., 2004;
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Kuzyakov et al., 2009; LEHMANN et al., 2015). How the combined application of
biochar and basanite might affect glucose-induced priming, however, remains
unknown.

The effects of applied amendments on SOC dynamics vary strongly over
time. The mineralization of both native SOC (biochar-induced priming) and
biochar-derived SOC is often highest shortly after biochar application and
declines over time (Kuzyakov et al., 2009; AMELOOT et al., 2013; WHITMAN et al.,
2015), varying strongly between soils depending mainly on soil texture and SOC
content (MAESTRINI et al., 2015; WANG et al., 2016; LENG & HUANG, 2018). While
also varying between soils (CoNG et al., 2024), the effects of rock powder
application on SOC mineralization and stabilization generally increase over time,
since they require weathering of the applied rock powder (HARTMANN et al.,
2013; Buss et al., 2024a). Thus, early mineralization rates may not reflect long-
term SOC stability (LEHMANN et al., 2015). To extrapolate the available data and
assess long-term SOC dynamics, modelling approaches can be used to
determine long-term dynamics and mean residence times of SOC pools (LENG
et al., 2019; HAN et al., 2020; AzzI et al., 2024).

Given the strong effects of biochar and silicate rock powder application on
SOC dynamics, it is crucial to understand the potential of their combined
applications. First studies focusing on the co-application of biochar and silicate
rock powder observed effects ranging from stimulated SOC mineralization due
to pH increases (TE PAs et al., 2026) to an inhibiting effect of rock powder on
biochar-induced SOC stabilization (SOHNG et al., 2025) to additive effects of both
amendments on SOC sequestration (HONVAULT et al., 2024). The variety of these
first results emphasizes the need to understand the underlying processes
following a combined application of biochar and silicate rock powder. Whether
co-application and rock-enhanced biochar exhibit favorable effects on SOC
dynamics (AMANN & HARTMANN, 2019; JOSEPH et al., 2021) - through mechanisms
such as enhanced aggregate formation, increased MAOM stabilization, or altered
priming responses — compared to pure applications remains poorly understood.

1.2 Thesis objectives and outline

The aim of this dissertation was to determine the effects of combined biochar
and basanite rock powder applications on soil fertility and SOC dynamics,
affecting the amendments’ CDR potential. These combined applications included
a co-application of biochar and basanite and the equivalent rock-enhanced
biochar produced from co-pyrolysis of biomass and basanite. Understanding the
effects of combined compared to pure applications could enhance the potential
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of these amendments for soil fertility improvement (Study A and B) and CDR
via SOC dynamics (Study A, C, and D). To address this, the dissertation is
structured around four major research objectives (Figure 1): (1) assessing
amendment effects on chemical and physical soil properties (Study A), (lI)
evaluating amendment effects on microbially mediated nutrient dynamics
(Study B), (1) investigating the amendment effects on SOC stability and
mineralization over time, including responses to labile C input (Study C), and
(1v) determining the mineralization (Study D) and stabilization (Study A and D)
of native and amendment-derived SOC following amendment application.
Across all studies, comparing the effects of pure biochar or basanite application,
their co-application, and rock-enhanced biochar represented the focus of this
dissertation. The specific objectives of the studies related to this dissertation
were:

Study A

The objective of Study A was to determine the potentials of pure and combined
amendments for soil improvements under near-field conditions by (I)
investigating chemical and physical soil properties and (lI) quantifying
stabilization mechanisms for SOC in a field-based lysimeter experiment.

Study B

The objective of Study B was to assess microbial nutrient demands following the
application of pure and combined amendments by (1) quantifying kinetics of
extracellular enzymes related to C-, N-, and P-cycle, to (II) gain insights into
potential nutrient limitations in a field-based lysimeter experiment.

Study C

The objective of Study C was to understand the effects of pure and combined
amendments on SOC dynamics by (1) quantifying SOC mineralization over time,
(1) extrapolating SOC mineralization dynamics into distinct SOC pools with
associated mean residence times, and (1) assess how amendments influence
the short-term soil system’s response to labile C input (glucose) on SOC
mineralization (glucose-induced priming). Throughout, (1v) the influence of
feedstock and (V) soil properties on these amendment effects was considered.

Study D

The objective of Study D was to compare the effect of pure and combined
amendments on (1) the mineralization of native SOC (amendment-induced
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priming) and (1) the stabilization of native SOC in aggregates and mineral-
associations. Accordingly, the (l11I) mineralization and stabilization of amend-
ment-derived SOC was quantified. Additionally, (1v) the influence of soil
properties on those native and amendment-derived SOC dynamics was
included.

Pure biochar / basanite vs. Co-application vs. Rock-enhanced biochar
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Figure 1: Scheme of the studies related to this dissertation focusing on the effects of
pure biochar and silicate rock powder (basanite) applications compared to their
combined applications (co-application of biochar and basanite; rock-enhanced biochar
from co-pyrolysis of biomass and basanite) for soil fertility improvement and carbon
dioxide removal (CDR), focusing on soil organic carbon (SOC) dynamics, in field-based
lysimeters (Study A and B) and laboratory incubation experiments (Study C and D).
C = carbon, CO2 = carbon dioxide, fPOM = free particulate organic matter, MAOM =
mineral-associated organic matter, N = nitrogen, oPOM = occluded particulate organic
matter, P = phosphorus.

Embedment within the PyMiCCS project

This doctorate is embedded in the PyMiCCS project (Pyrogenic carbon and
carbonating Minerals for enhanced plant growth and Carbon Capture and



34 1 Introduction

Storage). The project involves an interdisciplinary group of researchers,
including soil science, geochemistry, ecology, and biogeochemical modelling
from the University of Hamburg, Ithaka Institute, Hochschule Geisenheim
University, and Potsdam Institute for Climate Impact Research. The project is
funded by the German Federal Ministry of Research, Technology and Space
(FKZ: 01LS2109). The shared research objective of the PyMiCCS project is to
combine biochar and enhanced rock weathering to maximize the potential of
these amendments for CDR, soil fertility improvement, and yield enhancement.
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2 Material and methods

2.1 Agricultural topsoils and soil amendments

Three agricultural topsoils (0-30 cm) were used for the experiments within this
dissertation, exemplary for temperate and tropical soil properties, differing in C
and N contents, texture, and soil pH (Table 1). These soils included a temperate
silty soil from central Germany (Goldbach, Germany, 49°59'32.4"N
9°09'53.8"E), a temperate sandy soil from northern Germany (Gartow,
Germany, 53°01'26.9"N 11°27'12.7"E), and a tropical sandy soil from central
Kenya (Machanga, Kenya, 0°27'26.8"S 37°39'37.4"E). Soils in the respective
areas are classified as Cambisol (LFU, 2025), Podzol (LBEG, 2017), and Nitisol
(FAO & UNESCO, 1974) according to the world reference base (IUSS WORKING
GRouP WRB, 2022). For each of the studies, a selection of the three topsoils was
mixed with different soil amendments, tailored to answer the specific research
questions of the respective study. This set up, including three soils, allowed
investigating the amendment effects in soils with differing properties and in turn
the impact of soil properties on amendment effects. The investigated amend-
ments included at least one pure biochar, pure basanite rock powder, at least
one co-application of biochar and basanite, and the equivalent rock-enhanced
biochar produced from co-pyrolysis of biomass and basanite. Detailed
information on the applied amendments is given in the respective studies.

Table 1: Initial properties of temperate silty, temperate sandy, and tropical sandy
agricultural topsoils.

Properties Temperate silty soil Temperate sandy soil Tropical sandy soil

C [g kg'1] 18.5+0.0 12.4+0.0 4.7 £0.0
TOC [g kg'] 13.3+0.1 12.0£0.0 4.6 £ 0.0
TIC [g kg™!] 5.2+0.1 0.4%0.0 0.1+ 0.0

N [g kg1] 1.3£0.0 1.1£0.0 0.3 £ 0.0

C:N 13.9+0.0 11.6+0.0 15.0 = 0.0

513C [%o] -23.2+0.1 -26.7+0.0 -19.2 £ 0.0

pH [CaCl2] 6.9+0.0 4.7+0.0 4.7 £0.0

Sand [%] 28.2+1.0 93.8+0.7 68.9 = 0.6

Silt [%] 58.0+ 1.0 2.5+0.4 20.4 + 0.6

Clay [%] 13.8+0.3 3.7+0.3 10.7 £ 0.2

Data is presented as mean =+ standard error (n = 3). C = total carbon, N = total
nitrogen, TOC = total organic carbon, TIC = total inorganic carbon.



36 2 Material and methods

2.2 Study design

The studies related to this dissertation aimed to determine how the effects of
combined biochar and basanite powder applications, including co-application
and rock-enhanced biochar, differ from those of the pure amendment
applications. The main investigated aspects were the potential of these
amendments to improve physical, chemical, and biological soil properties and
processes, determining soil fertility, as well as the CDR potential of these
amendments, focusing on their effect on SOC dynamics. To achieve this aim,
the four studies of this dissertation were each specifically designed to
investigate at least one of the described aspects. The studies included in this
dissertation range from field-based lysimeter-experiments including plants,
representing near-natural conditions, to Ilaboratory experiments under
controlled conditions, allowing the targeted investigation of individual processes
with regard to SOC dynamics.

Field-based lysimeter experiment (Study A & B)

To represent near-natural conditions, 45 lysimeters (each 20 cm inner diameter,
30 cm soil depth, sealed with stainless-steel mesh at the bottom allowing
drainage into a catchment vessel below) were embedded in sand beds
(Figure 2), ensuring soil temperatures close to field conditions. Inside the
lysimeters, PVC bags were installed, containing the soil samples of the different
treatments (n=9). As control, lysimeter bags were filled with temperate sandy
soil. For the amended treatments, the soil was mixed with either pure biochar
produced from woody biomass, pure basanite powder, a co-application of both
amendments, or the equivalent rock-enhanced biochar from co-pyrolysis of
woody biomass and basanite. All lysimeters were arranged in a randomized
complete block design (scheme of lysimeter arrangement in Appendix of Study
A and B). Each lysimeter was watered and planted with a cabbage turnip
seedling (Brassica oleracea var. gongylodes L.). To follow plant inputs into SOC
fractions, a pulse-labeling was conducted using 99% 13C-CO2z. After nine weeks
of plant growth, the soils of the lysimeter experiment were carefully harvested
in July 2024 to determine amendment effects on soil fertility. Soil cores were
taken in each lysimeter to determine physical soil properties in undisturbed
samples (Study A). The remaining soil sample was sieved (2 mm) to remove
coarse fragments and roots, air-dried, and used to analyze chemical and further
physical soil properties as well as SOC stabilization. A subsample of the fresh
sieved soil was cooled and used to determine amendment effects on extra-
cellular enzyme kinetics and microbial biomass C (Study B).
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Lysimeter set-up:

Temperate sandy soil w L &
+ A\

Amendments:
+ control /
+ biochar‘;v/
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+ rock-enhanced biochalﬁ
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Figure 2: Field-based lysimeter experiment consisting of 45 lysimeters planted with
cabbage turnip (Brassica oleracea var. gongylodes L.) related to Study A and B. Early
(@) and late (b) growth stage of cabbage turnip in lysimeters placed in a sand bed (c).
SOC = soil organic carbon.

Laboratory-based incubation experiments (Study C & D)

Three different incubation experiments were set up to investigate the effect of
amendment applications on different aspects of SOC dynamics (Figure 3). These
incubations included the three agricultural topsoils, allowing to assess whether
amendment effects depend on soil properties.

A long-term incubation (874 days) was set up to observe the effects of the
different soil amendments on the stability and mineralization of SOC over time,
measured as the release of CO; (Study C). Therefore, the three agricultural
topsoils were mixed with pure biochar derived from willow wood (Salix viminalis
L.) or wheat straw (Triticum aestivum L.), pure basanite powder, the co-
application of the biochars and basanite powder, or the equivalent rock-
enhanced biochars from co-pyrolysis (n=4). This set up allowed for a
comparison of pure and combined application effects as well as to investigate
the impact of feedstock on the effects of those biochar-containing amendments.

A short-term incubation (17 days) was set up to investigate how the
amendment applications altered the system’s response to input of labile C,
represented by glucose (Study C). This glucose addition could potentially affect
the mineralization of both native and amendment-derived SOC, referred to as
glucose-induced priming. Therefore, the three agricultural topsoils were mixed
with pure biochar derived from willow wood (Salix viminalis L.) or wheat straw
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(Triticum aestivum L.), pure basanite powder, the co-application of the biochars
and basanite powder, or the equivalent rock-enhanced biochars from co-
pyrolysis in two sets. One set (n=4) was incubated with and another set (n=4)
without the addition of !3C-labeled glucose. The !3C-glucose-label allowed
distinguishing between glucose- and SOC-derived CO, and thus determine the
mineralization of those C sources during the incubation.

-‘. ., 4,‘

| Temperate silty Temperate sandy Tropical sandy
60% wHC | [l 20°C

+ Amendments + Amendments + 13C-labeled amendments
control / control / control /
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Figure 3: Three incubation experiments related to Study C (874- and 17-day
incubations) and D (66-day incubation). Biochar-containing amendments were derived
from wheat straw or willow wood. CO2 = carbon dioxide, SOC = soil organic carbon,
WHC = water holding capacity.

To gain further insights into the effects of the applied amendments on SOC
dynamics, a 66-day incubation was set up to investigate the amendment-
induced priming effect on the mineralization of native SOC, the stabilization of
native and amendment-derived SOC, and the mineralization of the amendments
themselves (Study D). Therefore, the three agricultural topsoils were mixed with
pure !3C-labeled wheat straw biochar (Triticum aestivum L.), pure basanite
powder, the co-application of the '3C-labeled biochar and basanite powder, or
the equivalent *3C-labeled rock-enhanced biochar from co-pyrolysis (n=4). The
13C-label of the applied biochar-containing amendments allowed distinguishing
between CO. from native and amendment-derived SOC and thus the
mineralization of those C sources during the incubation. After the incubation,
the stabilization of native and amendment-derived SOC in aggregates and on
mineral surfaces was determined.
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2.3 Chemical and physical soil properties

General soil and amendment characterization

Initial properties of the soils and amendments were determined prior to the
experiments (Study A, B, C, and D). Initial C and N content, pH, and electric
conductivity of the soil-amendment-mixtures were determined prior to the
incubation experiments, allowing to track amendment-induced effects during
the incubations (Study C and D). To compare amendment-induced effects on C
and N content, soil pH, and electric conductivity at the end of the respective
experiments, these parameters were also determined after the experiments
(Study A, B, C, and D). For samples derived from the field-based lysimeter
experiment, total and organic C were considered equivalent due to the slightly
acidic soil pH of all treatments (< 6.6) (Study A and B). The C in samples derived
from the incubation experiments was distinguished between organic and
inorganic C (Study C and D).

Physical soil properties

The amendment effects on physical soil properties, focusing on soil water
dynamics and soil structure, were analyzed based on soil samples taken at the
end of the nine-week field-based lysimeter experiment (Study A). A sieved soil
sample (2 mm) was used to determine the water holding capacity as the amount
of water the soil can hold against gravity for 24 hours. Soil water retention was
determined on undisturbed, water saturated 100cm3 soil cores using the
pressure plates method (DIN, 2014). Saturated and unsaturated hydraulic
conductivity were determined based on 250 cm? soil cores using a KSAT device
and HYPROP®, respectively (both Meter Group Inc., Munich, Germany). All soil-
core data were processed in HYPROP® SoilView based on the van Genuchten
bimodal PDI model (IDEN & DURNER, 2014; PETERS, 2014) to calculate air capacity
(pF 0-1.8), plant-available water (pF 1.8-4.2), and unavailable water (> pF
4.2). The soil bulk density was determined by relating the volume of the
undisturbed 100 cm?3 soil cores to the dry soil weight it contained.

Cation exchange capacity and plant-available nutrients

To assess amendment effects on soil nutrient content and availability, soil
samples from the lysimeter experiment were analyzed for their cation exchange
capacity and contents of plant-available P and K (VDLUFA, 1991) (Study A and
B). Additionally, contents of mineral N in soil (DIN, 2005) were determined
(Study B).
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2.4 Extracellular enzyme Kinetics

To determine amendment effects on soil nutrient dynamics, extracellular
enzyme kinetics were determined using fluorogenic substrates, following the
protocol of MARX et al. (2001) (Study B). Those investigated enzymes include
B-glucosidase related to the C cycle, chitinase related to C and N cycle, leucine-
aminopeptidase related to the N cycle, and acid phosphatase related to the P
cycle. The kinetic parameters were calculated following MICHAELIS & MENTEN
(1913). To more easily compare microbial nutrient demands, extracellular
enzyme stoichiometry was calculated as the ratio of C- (B-glucosidase), N-
(leucine-aminopeptidase), and P-related (acid phosphatase) enzyme kinetics
following the concept of SINSABAUGH et al. (2008). While a ratio of C:N:Pof 1:1:1
represents an equilibrated system, a value >1 indicates a limitation of the
respective nutrient.

2.5 Soil organic carbon dynamics

Soil organic carbon mineralization and pools

To quantify the effect of amendment application on potentially mineralizable
native SOC and the mineralization of the amendment-derived SOC, soil samples
were incubated for up to 874 days under optimum water and temperature
conditions in sealed flasks (Study C and D). The accumulation of COz in the flask
headspace was monitored as a proxy for SOC mineralization. A double first-
order exponential decay model (ANDREN & KATTERER, 1997) based on the CO.
release during the 874-day incubations was used to distinguish fast and
intermediate SOC pools, containing native and more labile amendment-derived
SOC, and their mean residence times (Study C). A third, long-term stable SOC
pool was distinguished to extrapolate the amount of SOC present over time.
This pool contains the stable SOC derived from biochar-containing amendments,
determined by hydropyrolysis (HAGEMANN et al., 2025; MEYER zU DREWER et al.,
2025).

Priming effect induced by glucose or biochar-containing

amendments

To trace the mineralization of native SOC, amendment-derived SOC, and
glucose and to investigate amendment- and glucose-induced priming effects,
013C values of the initial materials and of the CO2 released during the
incubations were measured. The 313C (%o0) describes the abundance of 13C,
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representing the ratio of 13C:12C relative to the Vienna-PeeDee-Belemnite
Standard.

To investigate glucose-induced priming effects (Study C), the isotopic
signatures of 13C-labeled glucose and SOC were used to partition the CO2
released during the 17-day incubation into glucose- and SOC-derived by
applying a two-pool mixing model following BAMMINGER et al. (2014) and FANG
et al. (2015). The glucose-induced priming effect was calculated as the relative
difference in SOC mineralization between glucose-amended and -unamended
samples.

To investigate amendment effects on the mineralization and stabilization of
native and amendment-derived SOC (Study D), the use of 13C-labeled biochar-
containing amendments allowed the distinction between amendment-derived
and native SOC in CO2 and SOC fractions (Kuzyakov, 2011) by applying a two-
pool mixing model following BAMMINGER et al. (2014) and FANG et al. (2015).
Amendment-induced priming effects were calculated as the difference in native
SOC mineralization between amended and unamended samples.

Soil organic carbon stabilization

To determine the amendment effects on SOC stabilization, the SOC was divided
into fractions stabilized by different mechanisms. After the nine-week lysimeter
experiment, a sieve fractionation of the soil samples was conducted following
JusT et al. (2021) and LUGATO et al. (2021) (Study A). A 53 um sieve was used
to separate particulate organic matter (POM), defined as >53 ym, from MAOM,
defined as <53 pm, by size. The 8!3C value of the sieve fractions allowed to
trace the incorporation of '3C-labeled plant material into the SOC.

Following the 66-day incubation using *3C-labeled amendments, a density
fractionation was conducted following GOLCHIN et al. (1994) and VIRET & GRAND
(2019) (Study D). In comparison to the sieve fractionation, the density
fractionation additionally distinguishes fPOM and oPOM. This is especially useful
in soils with finer texture, which are more likely to form aggregates. A sodium
polytungstate (3 Na:WO4 - 9 WOs-H,0) solution with a density of 1.8 g cm™3
allowed the density-based differentiation between fPOM, oPOM stabilized in
aggregates, and MAOM. The 3!3C value of the density fractions allowed to trace
SOC from native and biochar-containing amendments in these fractions.

Microbial biomass and dissolved organic carbon

Microbial biomass C was determined using the chloroform fumigation extraction
method adapted from VANCE et al. (1987) (Study A, B, C, and D). The difference
between the extracted C in fumigated and non-fumigated samples was
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interpreted as microbial biomass C (JOERGENSEN, 1996). The C in the non-
fumigated samples is considered as DOC. The use of !3C-labeled amendments
(Study D) allowed to trace the incorporation of native and amendment-derived
C in the microbial biomass.

2.6 Statistical analyses

Differences in target variables (p < 0.05) were evaluated by analysis of variance
(Study A, B, C, and D) or, for repeated measurements, by linear mixed-effects
models (Study B, C, and D). Both analysis of variance and linear mixed-effects
models were followed by a Tukey HSD post-hoc test for pairwise comparison.
Prior to analysis, model residuals were checked visually for normality and
homogeneity of variance. All statistical analyses were performed in RStudio
4.5.1, using ‘dplyr’ package (WIckHAM et al., 2023) for data handling, ‘Ime4’
package (BATES et al., 2015) for linear mixed-effects models computing,
‘emmeans’ (LENTH et al., 2025) and ‘multcomp’ (HOTHORN et al., 2008) for
pairwise comparison and compact letter display, ‘ggplot2’ package (WICKHAM,
2016) and ‘gridExtra’ (AUGUIE & ANTONOV, 2017) for data visualization.
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3 Key findings

Table 2: Overview of objectives and key findings of the studies related to this

dissertation.

Study Objectives Key findings
Study A: e Comparing effects of | ¢ Biochar dominated the effect of
Effect of pure and combined combined biochar and basanite
combined amendments on soil applications

biochar and

properties under

e Biochar-containing amendments

basanite near-field conditions improved chemical and physical
applications e Assessing amendment | soil properties and increased
on chemical effects on chemical both particulate and mineral-
and physical and physical soil associated SOC
properties of properties, affecting e Rock-enhanced biochar was
a sandy soil fertility more resistant to physical
agricultural e Quantifying amend- breakdown, but less effective in
soil ment effects on the improving soil fertility in this
stabilization of SOC as | nine-week timeframe compared
particulate and to co-applied biochar
mineral-associated e Pure basanite rock powder
organic C application had no effect on the
analyzed parameters, probably
due to low weathering rates
Study B: e Comparing effects of | ¢ Biochar dominated the effect of
Biochar pure and combined combined biochar and basanite
dominated amendment applica- applications
the combined tions on nutrient e Biochar-containing amendments
effect of dynamics under near- increased P availability and thus

silicate rock
powder and
biochar
application on
extracellular
enzyme
kinetics and
nutrient
dynamics in a
sandy soil

field conditions

¢ Quantifying amend-
ment effects on extra-
cellular enzyme
kinetics

e Assessing amendment
effects on microbial
nutrient demands and
potential nutrient
limitations, affecting
soil fertility

reduced microbial P demand,
increasing the relative N demand
and leading to a shift towards a
more balanced microbial nutrient
demand

e Pure biochar application resulted
in the highest short-term P
availability, while rock-enhanced
biochar potentially results in a
more long-term fertility
improvement
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Study Objectives Key findings
e Pure basanite rock powder
application had no effect on
nutrient dynamics, probably due
to low weathering rates
Study C: e Comparing effects of | e Biochar dominated the effect of
Effects of pure and combined combined biochar and basanite
combined amendment applications
biochar and applications on SOC e Effects of amendments on short-
basanite dynamics as part of term glucose-induced priming
application on the amendments’ CDR | differed between soils
short-term potential e Combined applications partly
glucose- e Determining effects of | reduced SOC mineralization less

priming and
long-term soil
carbon
stability

feedstock and soil
properties on
amendment effects

¢ Investigating
amendment effects on
short-term glucose-
induced priming

¢ Quantifying
amendment effects on
SOC mineralization
over time

e Assessing amendment
effects on SOC pools
and their mean
residence times

strongly than pure biochar over
time

e Wood-derived amendments more
strongly reduced SOC
mineralization over time and
resulted in higher long-term
stable SOC pools, beneficial for
CDR, compared to wheat-derived
amendments

e Co-pyrolysis to wheat-derived
rock-enhanced biochar increased
the long-term stable SOC pool to
similar or higher levels as wood-
derived biochar

e Effects of wheat-derived
amendments on SOC
mineralization over time were
likely determined by initial soil
pH

e Effect of basanite rock powder
application on SOC dynamic
intensified over time due to
progressive weathering and was
more pronounced in low-pH
sandy soils
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Study Objectives Key findings
Study D: e Comparing effects of | ¢ Biochar dominated the effect of
Rock- pure and combined combined biochar and basanite
enhanced amendment applications

biochar has
similar
priming effect
as pure
biochar
application,
but improves
short-term
carbon
stabilization
in agricultural
soils

applications on
mineralization
(amendment-induced
priming) and
stabilization of native
SOC in aggregates
and mineral-
associations
Quantifying
mineralization and
stabilization of
amendment-derived
SOC from pure and
combined applications
Understanding effects
of soil properties on
SOC dynamics,
affecting the
amendments’ CDR
potential

Short-term priming effects
induced by biochar-containing
amendments were triggered by
low-pH and sandy texture

¢ Amendment-derived SOC was

incorporated in aggregates and
mineral-associations

e Amendment-derived SOC

incrporation exceeded occasional
losses of native SOC in mineral-
associations

Rock-enhanced biochar had a
higher short-term stability and
increased mineral-associated
SOC stronger than pure and co-
applied biochar

Pure basanite rock powder
application had no effect on SOC
mineralization and stabilization,
probably due to low weathering
rates

C = carbon, CDR = carbon dioxide removal, N = nitrogen, P = phosphorous, SOC = soil

organic carbon.

3.1 Effects of combined and pure amendment applications on soil

fertility

The application of biochar-containing amendments (pure biochar, co-appli-
cation, rock-enhanced biochar) affected soil physical, chemical, and biological
properties and processes and thus improved overall soil fertility of the
investigated temperate sandy soil during the nine-week field-based lysimeter
experiment (Study A and B). Biochar-containing amendments partly improved
physical properties by increasing water holding capacity and reducing bulk
density (Study A). These improvements are especially beneficial in sandy soils
(BLANCO-CANQUI, 2017; RAZzAGHI et al., 2020; ZHANG et al., 2021), such as the
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temperate sandy soil investigated in this study. However, air capacity and plant-
available water, two important physical soil parameters relevant for plant
growth (RITCHIE, 1981), remained unaffected by the application of biochar-
containing amendments. Air capacity is generally high in sandy soils (ARCHER &
SMITH, 1972), explaining the limited additional benefit of biochar-containing
amendment application. In contrast, plant-available water is often relatively
scarce in organic-poor sandy soils, which typically makes biochar particularly
effective at improving water availability in such soils (RAzzAGHI et al., 2020;
Buss et al., 2021). The absence of a short-term improvement in plant-available
water may be attributed to the high ash content (AURANGZEIB et al., 2025) and
larger particle size (IBRAHIMI & ALGHAMDI, 2022) of the biochar-containing
amendments. Since process-derived changes in physical soil properties may
take years to become measurable (CosTANZO et al., 2025), positive long-term
effects of the biochar-containing amendments remain likely (BLANCO-CANQUI,
2017).

The application of biochar-containing amendments altered several chemical
soil properties, including the supply of nutrients. Due to the high C content of
biochar-containing amendments (JOSePH et al., 2010; GRrRoss et al., 2021; QIu
et al., 2023), the soil C content increased more strongly than its N content,
resulting in a widened C:N ratio. The dissolution of biochar ash increased the
content of available nutrients, such as P (JIN et al., 2016; GLASER & LEHR, 2019;
WANG et al., 2025), by releasing P,0s over time (GHODSzAD et al., 2021; Buss
et al., 2022). The increased soil pH following the biochar-containing amendment
application likely additionally enhanced P availability, potentially exceeding the
amount of P released via biochar ash dissolution, and reduced P leaching
(SHEPHERD et al., 2017; GHobszAD et al., 2021). These changes in nutrient
availability were directly reflected in extracellular enzyme kinetics (Study B),
indicating a shift in microbial nutrient demand following the application of
biochar-containing amendments. The increase in plant-available P allowed
microorganisms to down-regulate the production of acid phosphatase, a P-
acquiring enzyme (SINSABAUGH et al., 2008; ALLISON et al.,, 2011).
Simultaneously, the biochar-containing amendment applications increased the
relative microbial demand for N, reflected in an enhanced investment in the
N-acquiring enzyme leucine-aminopeptidase (SINSABAUGH et al., 2008; ALLISON
et al., 2011). This increased N demand was likely a consequence of the widened
soil C:N ratio and the potential adsorption of mineral N on the surfaces of
biochar-containing amendments (CLOUGH et al., 2013). While P remained the
primary limiting nutrient for microorganisms, the application of biochar-
containing amendments appeared to shift the soil system towards a more
balanced nutrient demand with a relative increase in N demand.
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The observed increase in microbial biomass, a key driver for biological soil
processes (SINGH & GUPTA, 2018), likely reflects improved microbial habitat and
growth conditions (GHODszAD et al., 2021) following the application of biochar-
containing amendments (Study A and B). These improvements were probably
driven by increases in soil pH, nutrient and water retention capacity, and labile
C availability (VAN ZWIETEN et al., 2010; Liu et al., 2015), e.g. through DOC
released from biochar-containing amendments (AzeeM et al., 2023; CHEN et al.,
2024).

The improved soil fertility following the application of biochar-containing
amendments can increase plant growth and yield (JOSEPH et al., 2021; ZHANG et
al., 2021), making those amendments a suitable option for agricultural use.
However, the magnitude of biochar-containing amendment effects on soil
fertility differed between application types (Study A and B). The co-application
of biochar and basanite rock powder largely mirrored the effects of pure biochar,
indicating that co-application did not compromise the beneficial effects of
biochar while synergistic effects remain possible over time (HONVAULT et al.,
2024). Indeed, the increase in soil pH and electrical conductivity was most
pronounced following co-application, suggesting a synergistic effect driven by
the combined liming and ionic contributions of both amendments. In contrast,
rock-enhanced biochar partly resulted in comparatively smaller short-term
improvements of soil fertility. However, this attenuated short-term response
during the field-based lysimeter experiment suggests the use of rock-enhanced
biochar as a potential slow-release amendment for long-term soil improvement
(LAMMIRATO et al., 2011; Buss et al., 2022).

In contrast to the biochar-containing amendments, pure basanite rock
powder application neither improved nor impaired soil fertility, likely due to
limited basanite weathering during the nine-week field-based lysimeter
experiment (Study A and B). Basanite can have comparatively low weathering
rates given its mineralogical composition (HAMMES et al., 2025). Consistent with
previous studies reporting positive effects of silicate rock powder over longer
time scales (KAHNT et al., 1986; DupLA et al., 2024; RICHARDSON, 2025),
beneficial effects on soil fertility are likely in the long term.

3.2 Effects of combined and pure amendment applications on soil

organic carbon dynamics

The application of biochar-containing amendments affected all investigated SOC
dynamics (Study A, C, and D). Soil properties were one of the dominant factors
controlling the stability and mineralization of amendment-derived SOC as well
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as the amendment-induced priming effect on the mineralization of native SOC
(Study D). The mineralization of amendment-derived and native SOC were
higher in both sandy soils compared to the temperate silty soil during the 66-
day incubation, likely driven by the low initial pH (4.7) and coarse texture of
these soils. The strong pH increase following the application of biochar-
containing amendments in both sandy soils from 4.7 to 7.2-7.4 during pre-
incubation, compared to the weaker increase in the temperate silty soil from 6.9
to 7.5 during pre-incubation, likely promoted microbial activity and modified the
microbial community composition (Luo et al., 2011; ZHANG et al., 2018; Xu et
al., 2021). The input of labile C compounds from the biochar-containing
amendments potentially amplified this effect, particularly in sandy soils that are
poor in organic matter (ZIMMERMAN et al., 2011; WANG et al., 2016). Clay-poor
or sandy soils commonly experience positive priming following biochar
application (FANG et al., 2015; Liu et al., 2015; WANG et al., 2016), whereas
clay-rich soils often show negative priming (BRUUN et al., 2014; HERATH et al.,
2015; Yu et al., 2020). This underlines the role of soil texture and pH in
controlling amendment-induced priming (ZIMMERMAN et al., 2011; WANG et al.,
2016) and short-term stability of biochar-containing amendments (BRUUN et al.,
2014; YANG et al., 2022; ScHMIDT et al., 2025), thus affecting their CDR
potential.

The relevance of soil properties for the amendment’s effects on the
mineralization of SOC (native and amendment-derived) was additionally
affected by feedstock type and time (Study C), with the effects of wheat-derived
amendments being particularly sensitive to soil properties during the 874-day
incubation. The application of the wheat-derived amendments increased the
SOC mineralization in the temperate silty soil over time, while reducing it in
both sandy soils. This pattern over time is opposing to the short-term
mineralization dynamics during the 66-day incubation, indicating time-
dependent effects of wheat-derived biochar-containing amendments on SOC
mineralization. However, also on longer time scales, the different responses of
SOC mineralization to this amendment application was likely linked to the higher
soil pH of the temperate silty soil (WANG et al., 2022), as higher pH has been
shown to reduce biochar stability (WANG et al., 2022). In contrast, consistently
across soils and throughout the 874-day incubation, wood-derived biochar-
containing amendments reduced SOC mineralization more strongly than wheat-
derived amendments, reflecting the inherently higher stability of woody
feedstock (Luo et al., 2011; VAUGHN et al., 2013; WANG et al., 2016). This
highlights the potential of biochar-containing amendments, particularly those
derived from wood, to lower SOC mineralization and thus to reduce soil-borne
CO; emissions, directly contributing to CDR.
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This feedstock-effect was reflected in the long-term stable SOC pool, which
was larger following the application of wood- compared to wheat-derived
amendments in all three soils (Study C). This long-term stable SOC pool, which
likely has a mean residence time of over 1000 years (KuzyAkov et al., 2009;
LEHMANN et al., 2015; ScHMIDT et al., 2025), consisted of the aromatic
compounds of biochar-containing amendments and represents the long-term
CDR potential of these amendments. Co-pyrolyzing wheat straw with basanite
resulted in similar or even larger stable SOC pools than pure and co-applied
wood-derived biochar. This likely results from the higher initial stability of rock-
enhanced biochar compared to pure and co-applied biochar (MEYER zU DREWER
et al., 2025). Thus, co-pyrolysis is an equally important factor as feedstock in
controlling long-term stability and thereby CDR potential of biochar-containing
amendments, likely compensating for inherent feedstock-determined stability
limitations. These findings show the need to validate the potential of rock-
enhanced biochar from co-pyrolysis in long-term field experiments (WANG et al.,
2022; Azzi et al., 2024).

Beyond these general feedstock and soil effects, soil-amendment-inter-
actions can produce irregular SOC dynamics, as observed for wood-derived
rock-enhanced biochar applied to the tropical sandy soil. After more than 250
days, the CO; release of this soil-amendment-combination started to increase -
contrasting to the typical decline of SOC mineralization as labile C compounds
are depleted over time (Kuzyakov et al., 2009; AMELOOT et al., 2013; HAN et al.,
2020). This late increase in SOC mineralization suggests a shift in microbial
dominance (L1U et al., 2020) toward fungal activity, which intensifies as bacterial
mineralization of labile compounds declines and recalcitrant C sources prevail
(LEHMANN et al., 2009; AMELOOT et al., 2013; WANG et al., 2022). That this
response occurred only in the tropical sandy soil amended with wood-derived
rock-enhanced biochar may reflect an inherently higher fungal:bacterial ratio in
this soil (MALIK et al., 2016) and/or the high proportion of recalcitrant
compounds in woody feedstock (VAUGHN et al., 2013; WANG et al., 2016; WANG
et al., 2022) triggering fungal activity. While the underlying mechanisms remain
speculative, this observation demonstrates the context-dependency of biochar-
containing amendment effects on SOC dynamics.

The stability and mineralization of native and amendment-derived SOC are
known to be strongly determined by their stabilization mechanisms (VON LUTZOwW
et al., 2006). The application of biochar-containing amendments led to similar
or increased SOC contents in fPOM, oPOM, and MAOM compared to the
unamended soils following the 66-day incubation (Study D) and the nine-week
field-based lysimeter-experiment (Study A). The increase in fPOM content
mainly originated from amendment-derived SOC, as biochar has been observed
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to accumulate in the fPOM fraction (HERATH et al., 2014; SINGH et al., 2014;
PAETSCH et al., 2017). The stability of those free biochar-containing amendment
particles is mainly determined by their chemical composition, including readily
available and highly stable C compounds (SCHIEDUNG et al., 2020; AMELOOT et
al., 2013; WANG et al., 2016). The strong persistence of SOC derived from
biochar-containing amendments increased the recalcitrance of overall fPOM,
changing the properties of this otherwise rather Ilabile SOC fraction.
Amendment-derived SOC was additionally incorporated in oPOM and MAOM in
all three soils (Study D), suggesting its further stabilization in aggregates and
on mineral-surfaces (Azz1 et al., 2024; BRODOWSKI et al., 2006; SINGH et al.,
2014). This enhances the CDR potential of biochar-containing amendments by
further reducing their accessibility to microbes. However, the application of
biochar-containing amendments led to a loss of native fPOM and MAOM
compared to the unamended temperate soils. The loss of native fPOM following
the application of biochar-containing amendments was, at least partly, caused
by a shift of native fPOM to oPOM, indicating an enhanced stabilization of native
SOC via aggregate occlusion following the application of biochar-containing
amendments. The amendment-induced priming of the typically stable MAOM
might have been caused by its response to released labile amendment-derived
C compounds (PAETSCH et al., 2017; SCHIEDUNG et al., 2020). These could
mobilize native MAOM due to the high sorption affinity of SOC derived from
biochar-containing amendments, particularly in sandy soils with limited sorption
capacity (KLEBER et al., 2015). However, the incorporation of amendment-
derived SOC in all SOC fractions compensated for the partial loss of native fPOM
and MAOM, resulting in a positive contribution to CDR.

Similarly to SOC mineralization, also SOC stabilization was affected by soil
properties (Study D). Particularly the initial native SOC content determined the
amendment effects on SOC stabilization, as aggregate-occlusion and mineral-
association of SOC was more pronounced in the initially SOC-poor tropical sandy
soil. Simultaneously, the incorporation of amendment-derived C in the microbial
biomass was more pronounced in this tropical sandy soil. Both could indicate
higher microbial turnover of native and amendment-derived SOC, potentially
triggering the microbially mediated formation of MAOM (MANzONI & COTRUFO,
2024) in this SOC-poor soil. While FANG et al. (2018) and SCHIEDUNG et al. (2020)
identified fine soil texture as the main driver of biochar-derived SOC stabilization
in column and field experiments, we observed strong interactions between
amendment-derived SOC and soil minerals also in coarse textured soils. The
magnitude of those interactions within only 66 days suggests the potential of
biochar-containing amendments for progressive SOC stabilization and thus CDR.
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Another factor influencing SOC dynamics is the input of labile C compounds,
which enter the soil naturally via e.g. root exudates (Kuzyakov et al., 2000),
simulated by using glucose (Study C). The addition of glucose as an easily
available C source can enhance the mineralization of native SOC (Wu et al.,
2020; GAUDEL et al., 2022) and SOC derived from biochar-containing
amendments (LEHMANN et al., 2009; FANG et al., 2014), since the microbial
utilization of glucose can promote the co-metabolic decomposition of SOC
(HAMER et al., 2004; Kuzyakov et al., 2009). However, the glucose-induced
priming, as well as its response to amendment application, differed strongly
between soils. In the temperate sandy soil, glucose addition had only minor
effects on the mineralization of SOC, regardless of whether and which
amendment was applied. This absence of glucose-induced priming could be
caused by the higher proportion of POM in this soil, which suggests that more
easily available substrates were already decomposed, leaving POM as a more
recalcitrant fraction that is less likely to be primed (LAVALLEE et al., 2020; ZHENG
et al., 2023). In the tropical sandy soil, glucose addition increased the minerali-
zation of SOC, potentially due to the initially low SOC content (4.7 g kg™') of this
soil. In such soils, microbial communities are often C limited and thus respond
more strongly to fresh substrate inputs, resulting in a more pronounced glucose-
induced priming effect (Kuzyakov et al., 2009; BASTIDA et al., 2019; Wu et al,,
2020). Pure and co-applied wood-derived biochar were, however, able to
suppress this glucose-induced loss of SOC, potentially due to the adsorption of
glucose onto the biochar surface (IPpPoLITO et al., 2020; KALU et al., 2024; HAMER
et al., 2004), thereby preventing SOC mineralization and enhancing the CDR
potential of these amendments. In the temperate silty soil, the application of
biochar-containing amendments increased the system’s response to glucose
addition. While the SOC mineralization of the unamended temperate silty soil
did not respond to glucose addition, biochar-containing amendments increased
the glucose-induced priming. This might result from an interaction between
glucose and biochar-containing amendments (Luo et al., 2017b), potentially
combining glucose- and amendment-induced priming (Luo et al., 2017b).
Alternatively, biochar-containing amendments could adsorb mineral N onto their
surfaces (CLOUGH et al., 2013), thus increasing the microbial N demand, causing
an N-mining, and thus enhancing decomposition of native soil organic matter
(CrRAINE et al., 2007; CHEN et al., 2014). The variability of the amendment effects
on glucose-induced priming indicated complex interactions between soil,
amendment, and C inputs with implications for the context-dependency of the
amendments' CDR potential.

While glucose-induced priming is often a rather short-term effect (Kuzyakov
et al., 2000), the effects of biochar-containing amendments varied over time.
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Biochar mineralization is known to decrease over time, once labile compounds
are decomposed (Kuzvakov et al., 2009; AMELOOT et al., 2013). Thus, the
amendment-derived SOC mineralized during the 66-day incubation (Study D)
probably reflected the more easily available C compounds of the amendments
(Azz1 et al., 2024; HAGEMANN et al., 2025; SANEI et al., 2025). As already
indicated by the decreasing amendment mineralization during this rather short-
term incubation, this process is expected to decline over time (AMELOOT et al.,
2013; WANG et al., 2016; Azzi et al., 2024). Similarly, also the positive priming
of native SOC in both sandy soils following the application of biochar-containing
amendments decreased during the first incubation days. As the release of easily
available biochar-derived C declines (BRUUN et al., 2008; BRUUN et al., 2014),
previous studies showed a shift from positive to negative biochar-induced
priming over time (MAESTRINI et al., 2015; DING et al., 2018; JOSEPH et al.,
2021). This projected decrease of amendment-derived and native SOC
mineralization was already visible in the reduced mineralization of SOC over the
course of the 874-day incubation (Study C), supporting the long-term CDR
potential of biochar-containing amendments.

While the application of biochar-containing amendments affected SOC
dynamics throughout the 874-day incubation, the effects of basanite rock
powder application on CO. release intensified with increasing incubation
duration (Study C). This indicated progressive basanite weathering and
subsequent impacts on soil C dynamics, explaining the missing effect of basanite
during the more short-term experiments of Study A, B, and D (SokoL et al.,
2024; Xu et al., 2025). However, similar to the effects of biochar-containing
amendments on SOC mineralization, those of basanite also depended strongly
on soil properties, particularly initial soil pH. In both low-pH sandy soils, basanite
application reduced cumulative CO. release compared to the respective
unamended soils over time, while increasing the CO, release from the neutral-
pH temperate silty soil. The increased CO; release from the basanite-amended
temperate silty soil indicated stimulated microbial activity enhancing SOC
mineralization (Buss et al., 2021; FANG et al., 2023; LEI et al., 2025) that
exceeded COz2 uptake via weathering (DIETZEN et al., 2018; TE PAs et al., 2026),
thereby limiting the CDR potential of basanite in this neutral-pH soil. In contrast,
the reduced CO; release from both basanite-amended sandy soils indicated
either reduced SOC mineralization (Buss et al., 2023) and/or enhanced CO;
uptake during weathering (TE PAs et al., 2026). The latter is supported by the
steady pH in those two basanite-amended soils, indicating an ongoing alkalinity
release (HARTMANN et al., 2013; BEERLING et al., 2020), while all other treatments
showed a reduction in pH during the 874-day incubation. Given that increasing
pH generally rather promotes than suppresses microbial activity (DIETZEN et al.,
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2018), a reduced SOC mineralization appears unlikely as the dominant
mechanism reducing the CO; release from the sandy soils. Thus, the results
suggest that measurable basanite weathering was faster or more effective in
both sandy soils with initial low pH (HARTMANN et al., 2013; ABDALQADIR et al.,
2024).

In both combined applications, the effect of biochar was dominant compared
to basanite. However, the stability and stabilization of rock-enhanced biochar
repeatedly differed from those of pure and co-applied biochar. Rock-enhanced
biochar itself had a higher initial stability (MEYER zu DREWER et al., 2025). This
was reflected in a lower short-term mineralization (Study D), a reduced
susceptibility to physical breakdown during sieve fractionation (Study A), and a
larger long-term stable SOC pool (Study C), directly enhancing the CDR
potential of rock-enhanced biochar compared to pure and co-applied biochar.
Rock-enhanced biochar released more DOC than pure and co-applied biochar
(Study A), probably caused by the pyrogenic coating formed during co-
pyrolysis, consisting of rather labile C compounds (MEYER zu DREWER et al.,
2025). Since DOC can be directly adsorbed onto mineral surfaces (YANG et al.,
2016; YANG et al., 2021), this higher DOC release likely explained at least a part
of the pronounced amendment-derived MAOM formation following rock-
enhanced biochar application (Study D) (MANzONI & COTRUFO, 2024). This
difference in the short-term stability and stabilization of rock-enhanced biochar
highlights the potential of co-pyrolyzing biomass and basanite to further
improve the persistence of amendment-derived C and thus the amendments’
CDR potential.

3.3 Comparison of pure and combined amendment application
effects

The effects of both combined applications on soil fertility and CDR, reflected as
SOC dynamics, generally followed those of pure biochar across all studies,
indicating limited effects of basanite rock powder. This likely reflected low
basanite weathering rates during the short-term experiments (Study A, B, and
D), while synergistic effects remain possible over longer time scales (HONVAULT
et al., 2024; TE PAs et al., 2026). In line with this, basanite showed progressive
weathering and associated CO; uptake in both low-pH sandy soils during the
874-day incubation (Study C). This showed the long-term potential of basanite
rock powder as a CDR technology and suggests that the ongoing weathering
might also result in a soil fertility improvement (SwWoOBODA et al., 2022; DuPLA et
al., 2024).
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While effects of basanite were particularly small in co-application, they
became more visible in rock-enhanced biochar. Compared to pure and co-
applied biochar, rock-enhanced biochar application resulted in a weaker
improvement of several soil properties, ranging from nutrient release over soil
pH increase to bulk density reduction, during the nine-week field-based
lysimeter experiment (Study A and B). This reduced short-term effectiveness is
likely caused by the inclusion of basanite particles within biochar pores during
feedstock preparation or co-pyrolysis. As described by MEYER zu DREWER et al.
(2025) and observed in Study D, this inclusion decreased pore space and
specific surface area, thereby limiting the interaction between soil and rock-
enhanced biochar. While this led to a weaker short-term modification of
physical, chemical, and biological soil properties and processes (Study A and B),
rock-enhanced biochar could be suitable as a slow-release amendment
improving soil fertility over longer time spans (LAMMIRATO et al., 2011; Buss et
al., 2022). Additionally, this reduced reactivity likely protects rock-enhanced
biochar against decomposition, potentially improving its stability and CDR effect
(ARCHANJO et al., 2017; Buss et al., 2024b; ScHMIDT et al., 2025). In line with
this, rock-enhanced biochar had the highest short-term stability, reflected in the
lowest mineralization (Study D), showed a greater resistance to physical
breakdown during sieving (Study A), and resulted in the largest long-term stable
SOC pool (Study C) compared to pure and co-applied biochar. By co-pyrolysis,
this stable SOC pool following the application of wheat-derived rock-enhanced
biochar was even similar or higher as that following the application of wood-
derived biochar, thereby offsetting inherent feedstock limitations for long-term
amendment stability (Study C) and CDR potential. Furthermore, rock-enhanced
biochar resulted in a more strongly promoted MAOM formation (Study D)
compared to pure and co-applied biochar. Whether this MAOM formation
primarily occurred during amendment preparation or after the soil application
remains unclear. On the one hand, MEYER zU DREWER et al. (2025) observed the
formation of pyrogenic coating on the rock particles, suggesting MAOM
formation during feedstock preparation or co-pyrolysis. On the other hand, this
coating mainly consists of rather labile C compounds (MEYER zU DREWER et al.,
2025), which may have promoted the enhanced release of DOC (Study A) and
its direct adsorption as MAOM (MANzONI & COTRUFO, 2024). Despite these
advantages of rock-enhanced biochar, pure biochar was more effective in
reducing overall SOC mineralization on longer time scales compared to rock-
enhanced biochar (Study C). Yet, the overall benefits of rock-enhanced biochar
for short- and long-term SOC stability and stabilization may largely compensate
for this lower effectiveness in reducing overall SOC mineralization. Taken
together, inclusion of basanite within biochar pores promoted the stability and
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stabilization of SOC, but simultaneously limited the short-term reactivity of
rock-enhanced biochar. However, the effects of rock-enhanced biochar on soil
fertility improvement may progressively increase over time. Thus, the choice
between application types depends on the intended management goal - while
pure and co-applied biochar are preferable for relatively rapid soil fertility
improvement, rock-enhanced biochar may be more suitable for enhancing SOC
stability and stabilization, thus increasing its long-term CDR potential, while
potentially improving soil fertility to similar extends over time.
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4 Conclusions and outlook

4.1 Conclusion

This dissertation advanced the understanding of the effects of combined biochar
and basanite rock powder applications compared to pure biochar and basanite
applications on soil fertility and SOC dynamics, affecting the amendments’ CDR
potentials. The combined applications included the co-application of biochar and
basanite as well as rock-enhanced biochar from co-pyrolysis of biomass and
basanite. The effects of pure and combined amendment applications were
assessed in field-based lysimeters with plants and laboratory incubation
experiments, with the latter additionally considering the impact of feedstock and
different soil properties.

The application of biochar-containing amendments (pure biochar, co-
application, rock-enhanced biochar) consistently improved soil fertility of the
investigated temperate sandy soil in the field-based Ilysimeters. These
improvements were reflected in increased water holding capacity, reduced bulk
density, elevated soil pH, and enhanced plant-available nutrient contents. As a
result, these amendments affected extracellular enzyme kinetics, indicating a
shift in microbial nutrient demand towards a more balanced acquisition of C, N,
and P, driven by the improved P availability and the relative increase in N
demand. Together with increased microbial biomass C, these findings indicate
enhanced biological activity, while also showing the need for tailored N
fertilization strategies to avoid potential nutrient limitations following the
application of biochar-containing amendments.

In addition to soil fertility improvements, biochar-containing amendments
demonstrated the potential for CDR by affecting short- and long-term SOC
stability and improving SOC stabilization in the three investigated soils with
differing soil properties. However, direction and magnitude of these effects
depended on feedstock and soil type. Wood-derived amendments had a higher
short-term stability and consistently reduced SOC mineralization across time
and soils. In contrast, wheat-derived amendments showed more variable and
soil-dependent responses over time, with stronger short-term amendment-
induced positive priming and higher amendment mineralization in low-pH sandy
soils. Similarly, the effect of amendments on labile C input in the form of glucose
(glucose-induced priming) also differed between soils, potentially determined
by SOC content, stability, and stabilization. Additionally, atypical SOC
mineralization dynamics in certain soil-amendment-combinations showed the
complexity of soil-amendment-interactions and underlined the context-
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dependency of amendment effects on SOC dynamics and thus on CDR potentials
of biochar-containing amendments.

Across all experiments, the type of amendment application affected both
soil fertility and SOC dynamics in field and laboratory experiments. Biochar
dominated the effect of both combined applications and especially the co-
application of biochar and basanite largely resembled the effects of pure biochar,
with rare indications of synergistic interactions with basanite during the
investigated time frames. However, due to the contrasting temporal dynamics
- rather rapid effects of biochar versus weathering-based long-term effects of
basanite - co-application may provide complementary benefits over longer
timescales. Whether these interactions result in synergistic, additive, or
diminishing effects remained unclear and require long-term field validation. In
contrast to both pure and co-applied biochar, rock-enhanced biochar had a
reduced short-term reactivity under field and laboratory conditions. On the one
hand, this reduced reactivity resulted in weaker short-term improvements of
soil fertility, but on the other hand enhanced the stability of rock-enhanced
biochar simultaneously. The latter was reflected in a reduced short-term
mineralization, a larger long-term stable SOC pool, a greater resistance to
physical breakdown, and an enhanced stabilization of amendment-derived SOC
in mineral associations following the application of rock-enhanced biochar.
Overall, rock-enhanced biochar more strongly improved SOC stability and
stabilization, increasing its CDR potential compared to pure and co-applied
biochar. Notably, co-pyrolysis of wheat straw with basanite to rock-enhanced
biochar compensated for feedstock-related limitations in amendment stability,
yielding stable SOC pools comparable to or exceeding those of wood-derived
biochar across soils. This suggested co-pyrolysis as an equally important factor
for long-term amendment stability and thus CDR as feedstock type. Those
effects of rock-enhanced biochar are likely explained by the inclusion of basanite
particles into biochar pores, reducing surface area and thus limiting interactions
with the soil compared to conventional biochar.

Pure basanite application showed, in contrast to the biochar-containing
amendments, negligible short-term effects on soil fertility and SOC dynamics,
likely reflecting limited weathering during this time frame. However, basanite’s
increasing effects on SOC mineralization during the 874-day incubation
suggested progressive weathering in both low-pH, sandy soils over time,
indicating potential long-term effects for CDR and soil fertility.

Overall, the findings of this dissertation demonstrate that all investigated
amendments showed potential to improve soil fertility and contribute to CDR
and climate change mitigation, while the magnitude and timescale of their
effects varied between amendment and soil types. While pure and co-applied
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biochar were particularly effective for rather rapid improvement in soil fertility,
rock-enhanced biochar represented a more stable, slow-release amendment
with enhanced short- and long-term SOC stabilization and thus a more sustained
climate change mitigation potential. These findings underline that amendment
effects on soil fertility and SOC dynamics, affecting CDR, are context-
dependent, necessitating amendment selection based on the intended effect,
management timescale, and properties of the target soil.

4.2 Further research perspectives

This dissertation is the first study comparing the effects of pure biochar and
basanite rock powder with their co-application and their respective rock-
enhanced biochar from co-pyrolysis on soil fertility and the amendments’ CDR
potentials, focusing on SOC dynamics. The complex interactions between
amendment type, feedstock type, soil properties, and timescale were
demonstrated in a stepwise approach, scaling from mechanistic laboratory
incubations to a short-term field-based lysimeter experiment. Building on these
findings, further research — spanning both controlled laboratory experiments
and long-term field studies across diverse soils and climates — will be required
before fully incorporating combined amendments into global CDR strategies.
At the laboratory scale, certain underlying mechanisms determining the
effects of combined applications on soil properties and processes remained
unclear. The feedstock range investigated in this dissertation was limited to
woody biomass and wheat straw, while biochar is often produced from a broad
feedstock supply, including manure, grass, and sludge (JOSEPH et al., 2010; HAN
et al., 2020). Since feedstock strongly determined the properties and effects of
biochar-containing amendments in soils investigated in this dissertation, further
investigations of combined applications from various feedstocks are necessary
to understand the feedstock-dependent range of potential effects on soil fertility
and CDR via SOC dynamics. Additionally, the increased SOC mineralization in
the tropical sandy soil amended with wood-derived rock-enhanced biochar,
while all other soil-amendment combinations showed the typical decrease over
time, potentially indicated a change in microbial community and triggered fungal
activity. This underlines that amendment effects on SOC dynamics depended
not only on feedstock and soil types, but also on individual interactions between
amendments and soil biota. As microbial activity and soil biota emerged as an
important potential factor driving SOC dynamics and soil fertility, the microbial
community composition should be more thoroughly investigated. Generally
when investigating the effect of biochar and basanite, the experimental design
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must be adapted accordingly, since established soil analytical methods can be
limited in fully capturing amendment effects, particularly for biochar (e.g.
MUNERA-ECHEVERRI et al., 2018). This could include a combined use of density
and sieve fractionation with thermal analysis to gain further information on SOC
stabilization, particularly at mineral surfaces (BURGEON et al., 2021; FOUCHE et
al., 2023), as well as micro- and spectroscopy to investigate inner-pore
processes governing the effects of rock-enhanced biochar. Such mechanistic
insights from laboratory experiments will be beneficial to conduct field-scale
studies and interpret their results.

Beyond the laboratory scale, the time-dependent nature of amendment
effects observed in this dissertation - particularly the progressive basanite
weathering and the potential slow-release dynamics of rock-enhanced biochar
- suggests that short-term experiments may be insufficient to capture the full
potential of basanite-containing amendments and underlines the need for long-
term field trials with plants (SokoL et al., 2024; ANTHONY et al., 2025; COSTANZO
et al., 2025). Such experiments would allow to understand the effects of
combined amendments on plant growth and yield and to test whether the
beneficial effects of rock-enhanced biochar observed under controlled conditions
translate to field conditions. Given the pronounced soil-dependent effects of
most amendments observed in this dissertation, these field trials should include
a range of soil types and climatic conditions to assess combined amendment
effects on soil properties and processes more comprehensively. Since both
biochar and basanite are particularly effective in low-fertility, low-pH soils under
tropical conditions (JEFFERY et al., 2017; SwoOBODA et al., 2022), future field
studies should investigate the effects of combined applications under tropical
climate in soils with differing fertility and mineralogy to test where the combined
benefits may be most beneficial and where the CDR potential is highest.

Transferring the findings of this dissertation to global CDR approaches
requires quantifying the benefits of combined applications compared to pure
biochar and basanite application. Rock-enhanced biochar showed higher long-
term SOC stability and stabilization, but whether these benefits outweigh the
additional efforts and costs of co-pyrolysis compared to pure or co-application
remains uncertain (MEYER zU DREWER et al., 2025). Combined applications may
result in trade-offs between soil fertility improvement and CDR potential, since
e.g. weathering-stimulated microbial activity could accelerate biochar
mineralization (FANG et al., 2023), while biochar-induced pH increases could in
turn reduce basanite weathering (HARTMANN et al., 2013; SWOBODA et al., 2022).
However, improved microbial habitat and activity following biochar application
could enhance rock powder weathering (AMANN & HARTMANN, 2019) and
secondary mineral formation following enhanced weathering could improve the
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stabilization of C derived from biochar-containing amendments (TE PAs et al.,
2026). Whether such mutually limiting or synergistic effects are relevant at field
scale in the long-term remains unknown. Resolving these uncertainties will be
essential to evaluate whether combined biochar and basanite amendments can
meaningfully contribute to climate mitigation.
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A. Abstract

Biochar and silicate rock powder are two soil amendments coupling carbon
dioxide removal and soil improvement. Despite potential synergistic effects,
their combined effects on soil fertility, soil organic carbon (SOC) stabilization,
and soil water dynamics remain poorly constrained. Here, we compare pure
wood biochar and pure basanite rock powder with a co-application of both
amendments and with rock-enhanced biochar from co-pyrolysis of biomass and
basanite. A sandy agricultural topsoil was mixed with these soil amendments
and filled in semi-field-based lysimeters planted with cabbage turnip (Brassica
oleracea var. gongylodes L.) for nine weeks. After harvest, we assessed the
amendment effects on physical and chemical soil properties, including SOC
stabilization.

All biochar-containing amendments increased soil carbon, nitrogen, nutrient
availability (P, K), microbial biomass, dissolved organic carbon, soil pH, water
holding capacity (WHC), total pore volume, and enhanced the incorporation of
SOC in particulate and mineral-associated organic matter. Especially the co-
applications effects were mainly determined by biochar. Basanite, both pure and
in co-application, showed only nearly no effects on the analyzed soil properties,
probably due to limited rock weathering within this short-term experiment. In
contrast, rock-enhanced biochar application had less pronounced effects
compared to co-application on nutrient availability, WHC, pore volume, and the
SOC stabilization in mineral-associations. These differences may result from the
inclusion of basanite particles into biochar pores during feedstock preparation
or co-pyrolysis. This makes rock-enhanced biochar more resistant to break-
down and mineralization, but less effective for soil improvement. Contrary to
our hypothesis, both combined applications showed merely additive effects at
most, not indicating synergistic effects on soil properties within the nine weeks.

Keywords

carbon dioxide removal (CDR), enhanced rock weathering (ERW), nutrient
availability, rock-enhanced biochar, sandy soil, soil fertility, soil organic carbon
(SOC) stabilization, soil water dynamics

Highlights

e Combinations: Co-application of biochar and basanite vs. rock-enhanced
biochar from co-pyrolysis

e Biochar dominated the effects of both combined applications on soil
properties
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e Biochar-containing amendments improved soil fertility and increased SOC
stabilization

¢ Rock-enhanced biochar partly less effective in improving soil properties
than co-application

A.1 Introduction

Biochar and silicate rock powder are two amendments combining soil-based
carbon dioxide removal with soil fertility improvement (Buss et al., 2021; JOSEPH
et al., 2021; BEERLING et al., 2025). While most recent studies investigated both
soil amendments separately, their combined application might offer synergistic
effects (AMANN & HARTMANN, 2019; JOSEPH et al., 2021; Buss et al., 2024b). A
combined application can be implemented by co-applying biochar and silicate
rock powder or co-pyrolyzing biomass and rock powder into rock-enhanced
biochar (Buss et al., 2022; MEYER zU DREWER et al., 2025; VORRATH et al., 2025).
While the effects of a co-application on soils are increasingly studied (HONVAULT
et al., 2024; CosTANZzO et al., 2025; SOHNG et al., 2025), rock-enhanced biochar
has rarely been investigated yet.

Biochar is the carbon-rich product of biomass pyrolysis (HAGEMANN et al.,
2018), consisting of highly aromatic and thus barely bioavailable carbon (C)
(JosepH et al., 2010; AMELOOT et al., 2013). Biochar application can thus enhance
the stable pool of soil organic C (SOC) (WANG et al., 2016), but also increase
the soil pH (CHAN et al., 2008; VAN ZWIETEN et al., 2010), improve nutrient
retention by increasing cation exchange capacity (CEC) (LIANG et al., 2006;
ZHANG et al., 2021), and improve soil hydrology (BLANCO-CANQUI, 2017)
especially in sandy soils. Additionally, depending on biomass feedstock and
pyrolysis conditions, biochar can be an important source of essential nutrients,
such as phosphorous (P) and potassium (K) (ANGST & SOHI, 2013; MUKHERIJEE &
ZIMMERMAN, 2013), which are often scarce in sandy soils. The interplay of these
biochar-induced effects can result in increased crop yields (JEFFERY et al., 2011).

While the influence of biochar on soil properties is well studied, the effects
of silicate rock powder application for enhanced rock weathering (ERW) on soils
remains less investigated (HARTMANN et al., 2013; Xu et al., 2024b). Especially
effects of silicate rock powder, such as basanite, on soil water dynamics and
other physical soil properties are not well understood (SwWoOBODA et al., 2022;
CosTANZzO et al., 2025). Previous studies indicate the beneficial effects of silicate
rock powder on soil fertility (DUPLA et al., 2024). This includes increasing soil pH
(Guo et al., 2023) and enhancing nutrient supply and availability (AMANN et al.,
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2020; SwoBODA et al., 2022), which potentially increases crop yields (SWOBODA
et al., 2022).

Furthermore, the application of both amendments can affect SOC
stabilization (WANG et al., 2017; Buss et al., 2024a). Generally, SOC can be
distinguished into particulate and mineral-associated organic matter, which
differ in formation pathway and stabilization mechanisms (voN LUTzow et al.,
2008; KLEBER et al., 2015). Particulate organic matter (POM) originates directly
from organic inputs (vON LUTZoOw et al., 2008), is stabilized by its recalcitrance
(SOLLINS et al., 1996), and can additionally be stabilized in aggregates (VON
LUTZOow et al., 2006). Mineral-associated organic matter (MAOM) is formed by
the adsorption of dissolved organic C (DOC) to mineral surfaces or microbial
processing (MANzONI & COTRUFO, 2024), and is stabilized through physical
protection (KLEBER et al., 2015). Soil applied biochar remains mostly in the form
of POM (KALU et al., 2024), partly occluded in aggregates (Yoo et al., 2017;
JOSEPH et al., 2021), but can also bind to mineral surfaces as MAOM (YANG et
al., 2016; YANG et al., 2021). Additionally, biochar can promote the stabilization
of native SOC (WANG et al., 2017; Xu et al., 2024a). Weathering of silicate rock
powder releases bivalent cations (e.g. Ca and Mg) that can promote aggregate
formation via cation bridging and soil particle flocculation (Buss et al., 2024a;
Xu et al., 2025), which can further stabilize POM within aggregates. Pristine
mineral surfaces and the formation of reactive secondary minerals during
weathering can adsorb SOC to form MAOM (REICHENBACH et al., 2021; Buss et
al., 2024a). This might be especially beneficial in sandy soils, which are
inherently poor in reactive mineral surfaces (YAN et al., 2025). Both amend-
ments can increase microbial biomass C (MBC) (LEHMANN et al., 2011; Xu et al.,
2024b), potentially enhancing microbial activity which can on the one hand
enhance biogeochemical cycling of SOC and nutrients and the incorporation of
microbial necromass in MAOM (CHEN et al., 2023; YAN et al., 2025), and on the
other hand stimulate ERW (Buss et al., 2021; REGINATO, 2025). The combined
application of biochar and silicate rock powder may affect both the mechanisms
and magnitude of their individual impacts on soil properties. Previous studies
mainly observed additive and partly synergistic effects from co-applications on
chemical and physical soil properties (HONVAULT et al., 2024; COSTANZO et al.,
2025). The mineral surfaces of silicate rock particles may further stabilize
biochar-derived SOC (MEYER zU DREWER et al., 2025). Co-pyrolysis of biomass
and minerals can increase the plant-available nutrient content of the pyrolysis
product (MEYER zu DREWER et al., 2025) and the stable C content (Buss et al.,
2022) and could improve the stability of rock-enhanced biochar and create a
slow-release fertilizer (LAMMIRATO et al., 2011; Buss et al., 2022). However,
empirical evidence of those combined effects is scarce.Therefore, objective of
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this study was to compare how either pure or combined applications of biochar
and basanite rock powder affect the properties of a sandy agricultural soil. We
hypothesized that these amendments (i) improve chemical and physical soil
properties and thus general soil fertility and (ii) increase the amount of SOC in
POM and MAOM compared to unamended soils. Where biochar and basanite are
co-applied or applied as rock-enhanced biochar from co-pyrolysis, (iii) these
effects on soil properties might exceed additive effects of both pure
amendments, indicating synergistic effects. We conducted a semi-field-based
lysimeter-experiment using a sandy agricultural topsoil from Germany,
amended with either pure or combined amendments. The lysimeters were
planted with cabbage turnip (Brassica oleracea var. gongylodes L.) and once
labeled with 3C-CO,. After the experiment, the soil samples were analyzed to
determine the amendment effects on chemical and physical soil properties,
focusing on soil fertility, water dynamics, and SOC pools.

A.2 Material and methods

A2.1 Soils and amendments

This study was conducted using an arable sandy topsoil (0-30 cm; Table A.1).
It was collected in Northern Germany (Gartow, Germany, 53°01'26.9"N
11°27'12.7"E) and stored air-dried until further use.

We used the four different soil amendments biochar, basanite rock powder,
a co-application of both, and the respective rock-enhanced biochar from co-
pyrolysis of biomass and basanite. The biochar was produced from a 1:1 mixture
of wood chips and woody sieving residues from green waste composting facility.
This feedstock was pyrolyzed at 650 °C for 20 minutes using a PYREG500
commercial pyrolysis unit (P YREG GmbH, Do&rth, Germany operated by
Sonnenerde GmbH, Riedlingsdorf, Austria) (Table A.1). As silicate rock powder,
we used basanite (“Eifelgold”) with a grain size ranging from 0.5 to 300 um
(further information in Table A.2 in Appendix). To produce rock-enhanced
biochar, the woody biomass and basanite were mixed in an 80:20 weight-ratio,
pelletized, and co-pyrolyzed at 650 °C for 20 minutes on the same pyrolysis
unit (Table A.1). Based on the TOC contents of biochar and rock-enhanced
biochar, the latter consisted of ~68% biochar and ~32% basanite. To compare
co-pyrolysis with simple mixing of the amendments, we co-applied biochar and
basanite in the same ratio as calculated for the rock-enhanced biochar. Further
characterizations of the amendments in MEYER zU DREWER & HAGEMANN (2025).
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Table A.1: Properties of sandy agricultural topsoil, biochar, and rock-enhanced biochar.

Properties Soil? Biochar® Rock-enhanced biochar®
pH [CaCl:] 4.7 £ 0.0 9.0 9.2
CEC [mmolc kg] 21.3+x 0.4 n.d. n.d.
C [g kg'1] 12.4 £ 0.0 494 336
TOC [g kg1] 12.0 £ 0.0 482 332
TIC [g kg'!] 0.4 £ 0.0 12 4
313C [%o] -26.7 + 0.0 -27.3+0.45° -27.0+0.22
N [g kg'!] 1.1 £ 0.0 7.0 4.1
P2Os [g kg] n.d. 9 8
C:N 11.6 £ 0.0 80 82
H:C n.d. 0.35 0.23
Ash [%] n.a. 44.3 62.9
Sand [%] 93.8 £ 0.7 n.a. n.a.
Silt [%] 2.5+ 0.4 n.a. n.a.
Clay [%] 3.7 £ 0.3 n.a. n.a.

a Data is presented as mean % standard error (n = 3), ° values were measured by
Eurofins Umwelt-Ost GmbH (Bobritzsch-Hilbersdorf, Germany) according to the
analytical guidelines of the European Biochar Certificate (EBC, 2024). CEC = cation
exchange capacity, C = total carbon, TOC = total organic carbon, TIC = total inorganic
carbon, N = total nitrogen, n.d. = not determined, n.a. = not applicable.

A2.2 Experimental design

We used 45 lysimeters (each 20 cm inner diameter, 30 cm soil depth, sealed
with stainless-steel mesh at the bottom allowing drainage into a catchment
vessel below) which were set-up with five treatments (n = 9). The lysimeters
and their catchment vessels were embedded in sand beds to achieve closer-to-
natural soil temperatures compared to pot experiments. The leachate in the
catchment vessel was removed regularly to prevent water accumulation. Inside
the lysimeters, PVC bags were installed to contain the samples. For the control
treatment, each bag was filled with 9 kg of soil (dry weight equivalent). For the
biochar treatment, 379.1 g of biochar (equals ~4.2 wt%) was mixed with the
soil before filling and installing the bags in the lysimeters. The rock powder
treatment contained soil mixed with 178.2 g of basanite rock powder (~2 wt%).
For the co-pyrolysis treatment, the soil was amended with 557.3 g of rock-
enhanced biochar (~6.2 wt% of which ~4.2 wt% biochar and ~2 wt% basanite
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rock powder). For the mass-equivalent co-application, the soil was amended
with 379.1 g of biochar (~4.2 wt%) and 178.2 g of basanite rock powder
(~2 wt%). All lysimeters were arranged in a randomized complete block design
(Figure A.4 in Appendix). Each lysimeter was watered and planted with one
cabbage turnip seedling (Brassica oleracea var. gongylodes L.), selected from a
larger batch to ensure similar development and strength of plants. Organic
fertilizer (Carbuna AND, Carbuna AG, Memmingen, Germany) based on Vinasse
and mineral fertilizer (Ferty 2 Mega, Hauert MANNA Diingerwerke GmbH,
Nurnberg, Germany) were applied alternately five times during the nine-week
growth period, supplying 0.005 g N, 0.0017 g P,0Os, and 0.0077 g K;O in total
per lysimeter. The lysimeters were generally rainfed, but supplemented by drip
irrigation during dry periods. A pulse-labeling of the experiment was conducted
using 99% 13C-CO2 (Merck, Darmstadt, Germany). Therefore, a transparent
tent was placed over the lysimeters for approximately 30 minutes. Perforated
tubing was installed along the entire length of the tent at canopy height of the
cabbage turnips to ensure homogeneous distribution of the injected 13C-CO-.

A2.3 Soil sampling and processing

After nine weeks of plant growth, the plants and soils of the lysimeter
experiment were carefully harvested in July 2024 (for further information on
plant growth see HAMBURGER et al. (2026)). One large (250 cm3) and two small
(100 cm?3) soil cores were taken in the upper 15 cm of each lysimeter to
determine physical soil properties in undisturbed samples. The remaining
sample was sieved (2 mm) to remove coarse fragments and roots. Since biochar
and rock-enhanced biochar have not been crushed prior to application, coarse
amendment particles (>2 mm) were also removed during sieving. A
representative subsample of this sieved soil was first stored at 4 °C in a sealed
plastic bag for later determination of MBC. The remaining sieved sample and all
particles >2 mm were air-dried. To comprehensively assess amendment effects
on chemical and physical soil properties, we mixed a subsample of the sieved
soil with the removed amendment particles. Therefore, amendment particles
were separated from other coarse material, carefully crushed, and sieved to 2
mm. For remixing, a subsample of 200 g of the sieved soil (equals 2.2% of total
soil weight in lysimeter) was mixed with 2.2% of the crushed and sieved
amendments, representing the original weight ratio.
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A2.4 Analysis of chemical and physical soil properties

The water content (WC) of the field-moist samples (% dry weight) was
determined as the difference between the fresh sample and after drying the
sample at 105 °C until constant weight. The field-moist samples were used to
determine MBC using the chloroform fumigation extraction (CFE) method after
DIN (2011) adapted from VANCE et al. (1987). Two times 12.5 g sample (dry
weight equivalent) were weighed in glass flasks. One of the samples was directly
extracted with 50 ml of 0.05 M K,S0O4 solution to quantify DOC. The second
sample was fumigated with chloroform to lyse microbial cell walls and was
afterwards extracted using K>SO4 solution. The extracts were analyzed using a
TOC analyzer (TOC-L, Shimadzu Corporation, Kyoto, Japan). The difference
between the extracted C in fumigated and non-fumigated samples is interpreted
as MBC (mg kg), using an extraction factor kec of 0.45 (JOERGENSEN, 1996).

Air-dried soil samples (including crushed amendment particles) were used
to analyze chemical soil properties after the experiment. Plant-available P was
extracted using calcium lactate and quantified using a spectrophotometer
(DR5000, Hach Lange GmbH, Dusseldorf, Germany) with a wavelength of
580 nm, plant-available K was extracted using hydrochloric acid and quantified
using an atomic absorption spectrometer (AAS; AA280FS, Varian, Palo Alto,
California, USA), both following VDLUFA (1991). The effective cation exchange
capacity (CEC) was determined using a 1 M KCl solution and the extract,
containing the released NH4* ions, was measured using a spectrophotometer.
Soil pH was measured using a 0.01 M CaCl; solution (1:2.5 soil:CaCl, solution
mass-ratio) with a pH meter (MP230, Mettler-Toledo GmbH, GieBen, Germany).
The electric conductivity (EC) was measured in distilled water (1:2.5 soil:water
mass-ratio) using a conductivity meter (Cond 330i, WTW GmbH, Weilheim,
Germany). Water holding capacity (WHC) was determined as the amount of
water retained against gravity. Soil samples were placed on a filter paper in a
funnel and saturated with distilled water. After 24 h, the samples were weighed,
dried at 105 °C to constant mass, and weighed again. The WHC (% dry weight)
was calculated as the difference between wet and dry mass divided by the dry
mass. A part of the air-dried sample was ground and dried at 105 °C to measure
the C and N contents using an elemental analyzer (Vario Max Cube, Elementar
Analysensysteme GmbH, Langenselbold, Germany). Due to the slightly acidic
soil pH of our samples (< 6.6), we consider total and organic C equivalent.

Soil water retention at pressure levels of 3, 20, 60, 130, 300, and 1.000 hPa
was determined on the fully saturated, undisturbed 100 cm? soil cores using the
pressure plates method (DIN, 2014). To quantify the fine pores, disturbed
samples were measured at 3.000 and 15.000 hPa. The 250 cm? soil cores were
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used to determine saturated hydraulic conductivity using a KSAT device and
unsaturated hydraulic conductivity and water retention using HYPROP® (both
Meter Group Inc., Munich, Germany). All soil-core data (100 cm? and 250 cm?)
were processed in HYPROP® SoilView based on the van Genuchten bimodal PDI
model (IDEN & DURNER, 2014; PETERS, 2014) to calculate air capacity (pF 0-1.8),
plant-available water (pF 1.8-4.2), and unavailable water (> pF 4.2). The bulk
density (g cm™) was determined by relating the volume of the undisturbed
100 cm? soil cores to the dry soil weight it contained.

A2.5 Sieve fractionation

The POM and MAOM fractions were quantified by sieve fractionation following
JusT et al. (2021). Approximately 50 g of air-dried soil was weighed into a glass
beaker and 250 ml of distilled water slowly added. To disrupt aggregates, the
sample was treated with an ultrasonication probe (450 J ml~!; Bandelin HD-200
with probe UW2070, Bandelin electronic GmbH & Co.KG, Berlin, Germany) for
53 minutes. After dispersion, the sample was wet sieved with 2 | of distilled
water using a 53 pym sieve to separate POM (>53 ym) from MAOM (<53 um)
(LuGgaTO et al., 2021). Both fractions were dried at 60 °C until constant weight,
weighed, and grounded. A recovery rate (POM+MAOM) of 98-100% of the initial
sample weight was achieved. The sieve fractions were measured at an elemental
analyzer (Vario Max Cube, Elementar Analysensysteme GmbH, Langenselbold,
Germany) to determine C and N content, and at an isotope ratio mass spectro-
meter (Delta V Plus, Thermo Fisher Scientific, Bremen, Germany) to determine
the 013C value (%o). The 8!3C value represents the ratio of 13C:'2C relative to
the Vienna-PeeDee-Belemniten-Standard, defined as [(Rsampie — Rstandard) /
Rstandara] X 1000.

As an indicator for the present stabilization mechanisms, the ratio of SOC in
POM to SOC in MAOM (POM: MAOM) was calculated according to Equation Al:

SO0Cpom
POM: MAOM = S0Cyron (A1)
where S0Cp,y is the SOC in the sieve fraction >53 pm (mg g soil) and SOCy40m
is the SOC in sieve fraction <53 pm (mg g soil). Values <1 indicate MAOM as
dominant stabilization mechanism, while values >1 show that most of the SOC

is present as POM.
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A2.6 Statistical analysis

To test for significant differences (p < 0.05), we used a linear model with the
block as random factor, followed by a Tukey HSD post-hoc test for pairwise
comparison. Prior to analysis, model residuals were checked visually for
normality and homogeneity of variance. All calculations and statistical tests were
conducted in RStudio (version 4.4.2) using ‘dplyr’ (WickHAM et al., 2023) for
data handling, ‘baseR’ for linear models, ‘emmeans’ (LENTH et al., 2025) and
‘multcomp’ (HOTHORN et al., 2008) for pairwise comparison and compact letter
display, ‘ggplot2’ (WickHAM, 2016) and ‘gridExtra’ (AUGUIE & ANTONOV, 2017) for
data visualization.

A.3 Results

A3.1 Effects of amendments on soil chemical properties

The application of biochar-containing amendments (biochar, co-application, and
co-pyrolysis treatments) almost doubled the soil C content (Figure A.1A). Both
pure biochar and co-application increased N contents by up to 14%, while the
N contents of the co-pyrolysis treatment did not differ significantly from the
control (Figure A.1B). Since the increase in C content was more pronounced
than in N content, the C:N ratio increased in all biochar-containing treatments
(Figure A.1C).

The content of plant-available P and K, MBC, DOC, as well as soil pH and EC
were increased following the application of biochar-containing amendments
(Figure A.1E,F,G,H,I,]J). For MBC and pH, this increase was equally strong
following the application of all three biochar-containing amendments
(Figure A.1G,I). For P content and EC, the increase was stronger in pure biochar
and co-application than in the co-pyrolysis treatment (Figure A.1E,J). The
increase in plant-available K content was more pronounced in the co-application
compared to co-pyrolysis treatment (Figure A.1F). The increase in DOC content
was stronger in the co-pyrolysis compared to co-application treatment
(Figure A.1H).

In contrast to the strong effect of biochar-containing amendments, pure
basanite application did not alter any of the analyzed soil properties
(Figure A.1). The only parameter analyzed in this study, which was not affected
by any of the amendments, was CEC (Figure A.1D).
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Figure A.1: Total carbon (C) content (Panel A), total nitrogen (N) content (Panel B), C:N
ratio (Panel C), effective cation exchange capacity (CEC) (Panel D), plant-available
phosphorus (P) content (Panel E), plant-available potassium (K) content (Panel F),
microbial biomass C (MBC) (Panel G), dissolved organic C (DOC) (Panel H), pH in CaCl2
(Panel I), and electric conductivity (EC) (Panel J) in five treatments (n = 9). RP = rock
powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis treatment
containing rock-enhanced biochar. Lower case letters indicate significant differences
between treatments within one soil property (p < 0.05).
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A3.2 Effects of amendments on SOC stabilization

The application of biochar-containing amendments significantly increased the C
stored in both sieve fractions compared to control (Figure A.2A). The increase
in the >53 um fraction (defined as POM) was more pronounced than in the
fraction <53 pm (defined as MAOM), leading to an increase of the ratio between
the C in the fractions >53um : <53um (POM:MAOM) compared to control
(Figure A.2B). In the co-pyrolysis treatment, the increase of C in the >53 pym
fraction was stronger compared to both pure biochar and co-application
treatments, whereas the C in the <53 um fraction showed a weaker increase
(Figure A.2A). This is reflected in a stronger increase of the ratio between C in
the fractions >53um : <53um (POM:MAOM) in the co-pyrolysis treatment
(Figure A.2B).
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Figure A.2: Carbon (C) content (mg g soil excluding amendment weight) of both sieve
fractions (Panel A) (<53 pm similar to mineral-associated organic matter (MAOM),
>53 pm similar to particulate organic matter (POM); mean and standard error), ratio of
C content in sieve fractions >53 pym : <53 ym (POM:MAOM) (Panel B), and the fractions
0!3C values (Panel C) in five treatments (n = 9). In (Panel A) and (Panel C), lower case
letters indicate significant differences between treatments within the <53 pm sieve
fraction, capital letters indicate significant differences between treatments within the
>53 pm sieve fraction, * indicate significant differences between both sieve fractions
within one treatment (p < 0.05). In (Panel B), lower case letters indicate significant
differences between treatments. RP = rock powder treatment containing basanite, BC
= biochar treatment, Co-app. = co-application treatment containing biochar and
basanite, Co-pyr. = co-pyrolysis treatment containing rock-enhanced biochar.

In the control treatment, the fraction <53 ym had a lower 8'3C value than the
fraction >53 um (Figure A.2B). In contrast, the fraction <53 um had a higher
0!3C value than the fraction >53 um in the co-pyrolysis treatment. In pure
basanite, pure biochar, and co-application, both fractions had similar 3!3C
values.
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A3.3 Effects of amendments on soil physical properties

The distribution of pore space for air capacity, plant-available water, and
unavailable water remained largely unaltered following application of soil
amendments (Figure A.3A). Only the proportion of unavailable water in the total
pore space was increased in the biochar treatment compared to control. The
WHC increased following the application of biochar-containing amendments by
up to 19%. This was stronger in the co-application than the co-pyrolysis
treatment (Figure A.3B). The soil bulk density was reduced by the biochar-
containing amendments by up to 10%, less pronounced in the co-pyrolysis
treatment than in biochar and co-application treatment (Figure A.3C). In
contrast to the biochar-containing amendments, pure basanite application did
neither alter WHC nor bulk density compared to control (Figure A.3B,C).
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Figure A.3: Pore space availability for air capacity, plant-available water, and
unavailable water (Panel A) (mean and standard error), water holding capacity (WHC)
(Panel B), and bulk density (Panel C) in five treatments (n = 9). Lower case letters
indicate significant differences between treatments within one parameter (p < 0.05).
RP = rock powder treatment containing basanite, BC = biochar treatment, Co-app. =
co-application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis
treatment containing rock-enhanced biochar.

A.4 Discussion

A4.1 Effect of pure biochar application on chemical and physical soil

properties

The application of biochar improved the overall soil fertility. This is in line with
the results of previous studies showing increased nutrient availability (GLASER &
LEHR, 2019; GuoO et al., 2025), microbial biomass C (LEHMANN et al., 2011), pH,
and improved soil structure (ZHANG et al., 2021). The missing effect of biochar-
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containing amendments on CEC is, however, unexpected, as previous studies
often observed an improvement (LIANG et al., 2006; ZHANG et al., 2021).
Conventional CEC methods can face limitations in biochar-amended soils
(GRABER et al., 2017; MUNERA-ECHEVERRI et al., 2018; LAGO et al., 2021) as high
hydrophobicity, heterogeneity, and low density of biochar particles can
complicate accurate determination, potentially masking changes in CEC (GRABER
et al., 2017). Additionally, biochar CEC has been shown to increase with aging,
as progressive oxidation of biochar surfaces leads to the formation of carboxylic
functional groups (CHENG et al., 2006; AMELOOT et al., 2013). Thus, the absence
of a measurable CEC increase in this study may reflect the relatively short
duration of the experiment combined with methodological constraints.

The overall increase in SOC following our biochar application resulted from
an increase of SOC in both sieve fractions. The pronounced increase in POM
(sieve fraction >53 pm) in our study originates from the remain of biochar-
derived SOC in this C pool (HERATH et al., 2014; SINGH et al., 2014; PAETSCH et
al., 2017). A noteworthy incorporation of plant-derived C in POM did not occur,
since the cabbage turnip showed a strong enrichment in 13C due to the labeling
(HAMBURGER & KAMMANN, 2026), which was not found in POM. This strong remain
of biochar-derived SOC increased the overall recalcitrance of the otherwise
rather labile POM pool, which should be kept in mind when discussing SOC pools
following biochar application. Furthermore, the application of biochar-containing
amendments increased the SOC in the sieve fraction <53 pm, interpreted as
MAOM. This can indicate the stabilization of biochar-derived SOC as MAOM
(SINGH et al., 2014; PAETSCH et al., 2017), but also a breaking of biochar in
particles <53 uym, a shift of native POM to MAOM (ANSARI et al., 2026), or the
stabilization of plant-derived C as MAOM (WENG et al., 2017; KALU et al., 2024).
Like POM, an incorporation of plant-derived C in MAOM following biochar
application is unlikely, since no enrichment in 3C is found in MAOM. Regardless
of the SOC source, the application of biochar led to an increase of SOC in the
fine sieve fraction, described as the stable MAOM pool.

An increase in WHC and a reduction of bulk density following biochar
application have also been reported in previous studies, especially in sandy soils
(BLANCO-CANQUI, 2017; RAzzAGHI et al., 2020; ZHANG et al., 2021). Those
improvements in soil physical properties can enhance plant growth and thus
increase yield (JOSEPH et al., 2021; ZHANG et al., 2021). However, air capacity
and plant-available water, two important physical soil parameters relevant for
plant growth (RITCHIE, 1981), remained unaffected by the application of biochar
in our experiment. Air capacity is generally high in sandy soils (ARCHER & SMITH,
1972), explaining the limited additional benefit of biochar application. In
contrast, plant-available water is often relatively scarce in organic-poor sandy
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soils, which typically makes biochar in those soils particularly useful to improve
water availability (RAzzAGHI et al., 2020; Buss et al., 2021). However, the high
ash content (AURANGZEIB et al., 2025) and larger particle size (IBRAHIMI &
ALGHAMDI, 2022) of our (rock-enhanced) biochar could explain why no improve-
ment in plant-available water was observed in the present study. Despite those
limitations of biochar for plant-available water, soil physical properties overall
remained constant or were improved through the application of biochar-
containing amendments.

A4.2 Effect of pure basanite application on chemical and physical
soil properties

In contrast to the biochar-containing amendments, pure basanite application
had no effect on soil chemical and physical properties. This might either result
from limited rock weathering within our nine-week experiment or from uptake
and/or leaching of all weathering products. Basanite has rather low weathering
rates due to its mineralogical composition and showed the lowest alkalinity
export when compared to other silicate rocks and artificial silicates in a two-
year pot experiment from HAMMES et al. (2025). The uptake of weathering
products by the cabbage turnip in our study seems unlikely, since plant yield
was not increased (HAMBURGER et al., 2026). However, basanite application
increased the cation load (Na, Si) and total alkalinity in the leachate of a
complementary lysimeter experiment, indicating a certain amount of basanite
weathering within the nine weeks (VORRATH et al., 2026). Thus, in line with
previous studies that observed positive effects of silicate rock powder on longer
time scales (KAHNT et al., 1986; RICHARDSON, 2025; SOHNG et al., 2025),
improvements of chemical and physical soil properties become more probable
in the long-term.

A4.3 Effect of combined applications on chemical and physical soil
properties

Both combined applications had comparable effect as pure biochar application
on chemical and physical soil properties. Especially the co-application of biochar
and basanite strongly mirrored the effects of pure biochar, rarely showing
effects of basanite. Thus, adding basanite to the biochar did not compromise
the beneficial effects of biochar on our sandy soils, while synergistic effects
remain possible in the long-term (HONVAULT et al., 2024).



94 A: Effect of combined applications on chemical and physical soil properties

The effects of rock-enhanced biochar application differed from those of co-
applied amendments for several chemical and physical soil parameters,
indicating an effect of co-pyrolysis. The reduced release of plant-available
nutrients (P, K) and salts from rock-enhanced biochar combined with a less
pronounced increase of WHC and a weaker decrease of bulk density suggests
the occlusion of basanite particles in biochar pores during feedstock preparation
or co-pyrolysis. As described by MEYER zu DREWER et al. (2025), this process
strongly decreases pore space and specific surface area and thus the potential
interface of rock-enhanced biochar and soil compared to biochar. On the one
hand, this lower exposed surface area of rock-enhanced biochar resulted in a
weaker modification of chemical and physical soil properties within our nine-
week experiment. On the other hand, this offers the opportunity to use rock-
enhanced biochar as a dense, slow-release amendment improving soils over
longer time spans (LAMMIRATO et al., 2011; Buss et al., 2022). Additionally, such
inner-pore mineral interactions can further protect the biochar from
decomposition, potentially improving its long-term stability and CDR effect
(ARCHANJO et al., 2017; ScHMIDT et al., 2025). Further research could include
micro- and spectroscopy to gain further insights into these inner-pore processes
occurring during co-pyrolysis.

While most chemical soil properties were less strongly increased by rock-
enhanced biochar application compared to co-applied biochar, rock-enhanced
biochar application led to a more pronounced increase of the soils DOC content.
This stronger release of DOC might originate from pyrogenic coating on the
surface of rock powder particles, which occurs during co-pyrolysis and forms a
layer of pyrogenic C compounds which are ought to be rather labile (MEYER zU
DREWER et al., 2025). These compounds could be released into the soil as DOC,
explaining the higher DOC content following rock-enhanced biochar application
compared to co-applied biochar. This DOC could be beneficial for MAOM
formation (MANZONI & COTRUFO, 2024).

Surprisingly, the application of rock-enhanced biochar led to a less strong
increase of SOC in the sieve fraction <53 um, interpreted as MAOM, than pure
and co-applied biochar. This could indicate a reduced stabilization of rock-
enhanced biochar-derived SOC as MAOM. Alternatively, the correspondingly
higher remain of rock-enhanced biochar-derived SOC in the sieve fraction >53
MM, interpreted as POM, could indicate an increased stability of rock-enhanced
biochar particles compared to biochar, resulting in a reduced physical
breakdown of rock-enhanced biochar particles below 53 pym. This ambiguity of
the results shows a limitation of the sieve fractionation, separating SOC pools
by size but not necessarily into conceptual pools (LEUTHOLD et al., 2024).
Complementary size- and density fractionations could yield further insights.
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Still, a higher stability and thus lower availability of rock-enhanced biochar
aligns well with the reduced release of nutrients and salts compared to co-
applied biochar.

Commonly, POM has lower 3!3C values compared to MAOM, since POM is
similar to the plant material while MAOM is often microbially processed (VOLK et
al., 2018; MibwoopD et al., 2021; LEUTHOLD et al., 2024). The unamended soil as
well as the soil amended with rock-enhanced biochar showed significant
differences in the d!3C signal of POM and MAOM. While the soil amended with
rock-enhanced biochar showed the common pattern, POM in the unamended
soil had significantly higher 8'3C values than MAOM. The pattern in the
unamended soil indicates an incorporation of 3C-labeled plant material in POM,
increasing its 8'3C value (MibwoobD et al., 2021; WITZGALL et al., 2021). Due to
the high share of rock-enhanced biochar in POM and the thus bigger POM pool,
this incorporation of plant-derived C in POM is not visible anymore in the 3!3C
value.

A.5 Conclusions

The biochar-containing amendments (pure biochar, co-application, rock-
enhanced biochar) improved soil fertility, SOC stabilization, and partly soil water
dynamics, highlighting the suitability of these amendments in sandy soils. Co-
applications had largely similar effects as pure biochar, showing little effects of
basanite rock powder. Comparably, also pure basanite rock powder had no
detectable effect during the nine-week semi-field-based lysimeter experiment,
likely reflecting limited rock weathering within this time frame. Importantly,
basanite rock powder did not negatively affect any measured parameters,
supporting its potential as a safe long-term carbon dioxide removal technology.
Contrary to our hypothesis, co-application indicated no synergistic effects on
soil properties, suggesting that short-term experiments may be insufficient to
capture the full potential of basanite-containing amendments and potential
long-term effects of basanite rock powder could enhance its relevance.

The improvements in soil fertility, SOC stabilization, and soil water dynamics
observed after the application of rock-enhanced biochar were partly less
pronounced than those of co-applied biochar and basanite. The potential filling
of biochar pore space by basanite particles during co-pyrolysis likely reduced
the porosity and thus the surface area available for nutrient release and water
retention. Also the increase in MAOM (sieve fraction <53 pm) was weaker
following the application of rock-enhanced biochar, with most of the rock-
enhanced biochar-derived C remaining in POM (sieve fraction >53 um). This
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pattern indicates either a lower effectiveness of rock-enhanced biochar or a
higher stability of rock-enhanced biochar, which might develop its potential in
the long-term. To disentangle short-term limitations from potential long-term
advantages, monitored long-term field experiments across different soil types
are required. The findings presented here provide a promising starting point for
such studies.
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A.7 Appendix

A7.1 Basanite rock powder properties

The chemical composition of the rock powder (Table A.2) was analyzed using X-
ray fluorescence (XRF) at the Mineralogical Institute, University of Hamburg,
while the mineralogical composition was determined by Qmineral using X-ray
diffraction (XRD), as described in VORRATH et al., 2025. Following the
classification of volcanic rocks by STRECKEISEN (1980) or LE BAs et al. (1986),
this rock can be classified as a basanite. The basanite was obtained from
Rheinische Provinzial-Basalt- u. Lavawerke, Sinzig, Germany.

Table A.2: Main compounds, trace elements, mineral composition and grain size of used
basanite rock powder Eifelgold. Bdl = below detection limit; LOI = loss on ignition.

Main Trace . Grain size

compounds [wt%] Elements [ppm] Mineralogy [wt%] [um] [wt%]
SiOz 43.86 As bdl Clinopyroxene 44.4 > 300 0.00
TiOz 2.79 Ba 1026 Plagioclase 15.5 300 - 250 0.13
Al;O3 14.15 Bi bdl Nepheline 11.2 250-210 0.17
Fe,0s 11.28 Ce 104 Leucite 9.9 210-180 0.14
MnO 0.18 Co 51 Olivine 6.3 180 - 150 0.26
MgO 8.21 Cr 53 2:1 layer silicates 5.1 150 -120 1.20
CaO 11.63 Cu 66 Hematite 3.1 120 - 100 2.87
Na,O 3.26 Ga 17 Spinel-type minerals 1.9 100 - 86 4.17
K20 3.35 La 52 Apatite 1.1 86 -74 5.67
P,0s 0.6 Nb 52 Analcime 0.9 74-62 8.13
SO3 bdl Nd 28 Quartz 0.7 62-52 8.89
LOI 0.44 Ni 124 52-44 8.50
Sum 99.74 Pb 5 44 - 36 9.63
Rb 86 36-30 7.86
Sc 22 30-26 5.50
Sr 882 26-22 5.64
Th 8 22-18 5.72
u 3 18 - 0.5 25.52

302

Y 24

Zn 90

Zr 271
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A7.2 Randomized complete block design
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Figure A.4: Visualization of randomized complete block design of lysimeter experiment.
Squares represent blocks, circles represent lysimeters. C = control treatment, RP = rock
powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment, Co-pyr. = co-pyrolysis treatment containing rock-enhanced

biochar.
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B. Abstract

The application of biochar or silicate rock powder as soil amendments combines
carbon dioxide removal with soil improvement. However, their combined short-
term effects on nutrient dynamics and microbial activity are poorly understood.
Therefore, we combined wood biochar and basanite powder via co-application
and via co-pyrolysis of biomass and basanite to rock-enhanced biochar in a nine-
week semi-field-based lysimeter experiment with cabbage turnip (Brassica
oleracea var. gongylodes L.). We measured carbon (C), nitrogen (N), available
phosphorous (P), mineral N, dissolved organic C (DOC), microbial biomass C
(Cmic), soil pH, and electric conductivity (EC). We examined extracellular enzyme
kinetics of B-glucosidase (BG), chitinase (CH), leucine-aminopeptidase (LAP),
and acid phosphatase (AP) related to C, N, and P cycles. From potential enzyme
activity (Vmax) of BG, LAP, and AP we calculated extracellular enzyme
stoichiometry (EES), vector angle and length to assess nutrient limitations.

In combined applications, the influence of biochar was dominant. The
application of biochar-containing amendments (biochar, co-application, co-
pyrolyzed rock-enhanced biochar) to our sandy topsoil significantly increased C,
P, DOC, Cni, pH, and EC. Co-application even exceeded single biochar in
increasing N, pH, and EC. Single biochar application resulted in the highest
short-term P availability, while combined applications potentially result in a
long-term P supply. While LAP’s Vmax increased following biochar-containing
amendment application, Vmax of the other enzymes decreased. Although AP
showed the highest Vmay, indicating a P limitation, the enzyme patterns and EES
suggest an increased N demand and a shift from P-limited towards a more
balanced microbial nutrient demand following biochar-containing amendment
application.

Keywords

basanite, carbon dioxide removal (CDR), nutrient demand, fluorometric enzyme
assay, rock-enhanced biochar, enhanced rock weathering (ERW)

Highlights

e Combined applications mainly driven by biochar, not by basanite

e Biochar and combined applications increased P availability and relative N
demand

e Co-pyrolysis showed no advantage compared to co-application of biochar
and basanite
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¢ No basanite weathering during 9-week planted lysimeter experiment
visible in soil

e Basanite application caused no negative effects, highlighting its CDR
potential

B.1 Introduction

Biochar is a carbon-rich solid produced from biomass by pyrolysis (HAGEMANN et
al., 2018; LEHMANN & JOSEPH, 2024) and is traditionally used as a soil amendment
around the world (ALLEN, 1847; GLASER et al., 2001; WIEDNER et al., 2015). Due
to its high aromaticity, biochar carbon is barely bioavailable and largely
stabilized against decomposition (ZIMMERMAN, 2010; AMELOOT et al., 2013;
Kuzyakov et al., 2014; WANG et al., 2016). Thus, soil-applied biochars are a
long-term carbon (C) sink (STEINER et al., 2007; RECHBERGER et al., 2017;
LEHMANN et al., 2021) providing carbon dioxide removal (CDR). Nevertheless,
biochars contain a labile fraction consisting of more easily available C and
nutrients (BAKSHI et al., 2018; ZHAO et al., 2018). Biochars can maintain or
improve soil properties (JOSEPH et al., 2010; ScHMIDT et al., 2021), e.g. by
increasing soil pH (CHINTALA et al., 2014; DAl et al., 2017) and enhancing
nutrient availability (GLASER & LEHR, 2019; HOSSAIN et al., 2020; BEKCHANOVA et
al., 2024). The application of biochars often result in an increased microbial
biomass C (Cmic) as well as microbial activity and can shift microbial community
composition, which in turn may alter nutrient cycles and affect plant growth
(LEHMANN et al., 2011; Buss et al., 2021).

Silicate rock powder is applied to agricultural soils for enhanced rock
weathering (ERW) as a CDR technology and due to its potential to influence key
soil properties and thus increase soil fertility (ABDALQADIR et al., 2024; DUPLA et
al., 2024) and yield (HAQUE et al., 2020; SwOBODA et al., 2022). During silicate
rock weathering, cations and anions, such as potassium and phosphorus (P),
are released (AMANN et al., 2020; Guo et al., 2023; BEERLING et al., 2025),
resulting in an increased nutrient content (Buss et al., 2023). Silicate rock
powder application can increase soil pH (SWOBODA et al., 2022; Xu et al., 2024a)
and by this increase the availability of nutrients, such as P, even further
(SWOBODA et al., 2022; BEERLING et al., 2025). These changes in soil properties
can result in an altered Cmic (SOKOL et al., 2024; Xu et al., 2024b) and a shift in
microbial community (CARSON et al., 2007; ZHou et al., 2018). The activity of
soil microorganisms can in return stimulate the weathering of silicate rock
powder (Buss et al., 2021; L1 et al., 2025; REGINATO, 2025). Even though Vicca
et al. (2022) underlined the importance of biological processes for the efficiency
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of ERW, little is known about the coupling between ERW and soil micro-
organisms.

Most recent research considered biochar and silicate rock powder
separately, while their combined application could offer synergistic effects for
CDR as well as for key soil properties and processes, such as nutrient cycles and
microbial activity (AMANN & HARTMANN, 2019; Buss et al., 2021). In addition to
simple co-application, co-pyrolysis of biomass and rock powder to rock-
enhanced biochar provides another potential approach to combine those soil
amendments (MEYER zU DREWER et al., 2025; VORRATH et al., 2025). The effects
of such combined applications of those two amendments on soil properties,
including nutrient dynamics and microbial processes, is currently unknown.

Soil microorganisms produce and release extracellular enzymes to meet
their nutrient demand (ALLISON et al., 2011; JIN et al., 2024). These extracellular
enzymes can trigger the degradation of complex organic substances into smaller
molecules (SHI, 2011), thereby enhancing nutrient availability for microbial
uptake (ALLISON et al., 2011; JIN et al., 2024). However, after their release,
extracellular enzymes can be adsorbed to reactive particle surfaces, such as soil
organic matter (ALLISON, 2006; BURNS et al., 2013; Luo et al., 2017) or biochar
(LEHMANN et al., 2011). Despite this immobilization, absorbed enzymes remain
a significant reservoir of potential enzyme activity, responding rapidly to
changes in nutrient availability (BURNS et al., 2013). Consequently, extracellular
enzymes serve as valuable indicators for nutrient cycling and availability in soils
(Luo et al., 2017). The enzyme B-glucosidase (BG) is one of the primary
catalysts of cellulose degradation to glucose and thus plays an important role in
the soil C cycle (BAKSHI & VARMA, 2011; MOORHEAD et al., 2016). Chitinase (CH)
is responsible for the degradation of chitin and is part of both C and nitrogen
(N) cycle in soils (BAKSHI & VARMA, 2011). Leucine-aminopeptidase (LAP) can
catalyze the cleavage of leucine amino acid from peptide substrates, such as
proteins, and thus is an indicative part of the soil N cycle (MOORHEAD et al.,
2016). Acid phosphatase (AP) can catalyze the hydrolysis of esters and
anhydrides of phosphoric acids, leading to a release of inorganic P for soil
microbes and plants (BAKSHI & VARMA, 2011; MOORHEAD et al., 2016). The ratios
of the potential activities of these enzymes involved in C, N, and P cycling,
referred to as extracellular enzyme stoichiometry (EES), and the resulting
enzymatic C:N:P ratio can indicate microbial nutrient limitations (SINSABAUGH et
al., 2008; YANG et al., 2020).

It has not been studied yet how the combined application of biochar and
silicate rock powder, such as basanite, to soils influence nutrient cycles and
microbial enzyme kinetics. We hypothesize that the combined application of
biochar and basanite (i) significantly improves soil properties relevant to
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microbial activity, leading to changes in (ii) the extracellular enzyme kinetics of
BG, CH, AP, and LAP as well as (iii) EES, compared to unamended soils. We
further investigate how these effects compare to those of single biochar or single
basanite application. The combined application of biochar and basanite was
tested as a simple co-application of both amendments and as rock-enhanced
biochar. We conducted a semi-field experiment in lysimeters using sandy
agricultural soil (control) amended with either biochar (biochar treatment),
basanite powder (rock powder treatment), rock-enhanced biochar (co-pyrolysis
treatment), or the co-application of biochar and basanite powder (co-application
treatment). We sampled and analyzed the soil samples after the plant harvest
for soil properties, such as pH and exchangeable nutrients, and conducted a
fluorometric enzyme assay followed by EES calculations.

B.2 Material and methods

B2.1 Soils and amendments

The study was conducted using a sandy arable topsoil (0-30 cm; Table B.1).
The soil was collected in summer 2023 in Northern Germany (Gréaflich
Bernstorff'sche Betriebe, Gartow, Germany, 53°01'26.9"N 11°27'12.7"E) and
was air-dried until used in summer 2024.

We used four different soil amendments for this study. The biochar was
produced from a mixture of wood chips and woody sieving residues from green
waste composting in a weight-ratio of 1:1. This woody biomass was pyrolyzed
at 650 °C for 20 minutes on a Pyreg 500 (Pyreg GmbH, Dérth, Germany) full
scale commercial pyrolysis unit (Sonnenerde GmbH, Riedlingsdorf, Austria)
(Table B.1). As silicate rock powder, we used the locally available basanite
Eifelgold with a grain size between 0.5 and 300 um (further information in
Table B.2 in Appendix). Additionally, two combined applications of biochar and
basanite were used - co-application and co-pyrolysis. For the latter, the woody
biomass and basanite were mixed in a weight-ratio of 80:20, pelletized, and
afterwards pyrolyzed at 650 °C for 20 minutes to produce rock-enhanced
biochar (Table B.1). Based on the TOC contents of biochar and rock-enhanced
biochar, we calculated that the rock-enhanced biochar consisted of ~68%
biochar and ~32% basanite. To compare the effect of combined pyrolysis to a
simple mixing, we co-applied biochar and basanite in the same ratio as found in
the rock-enhanced biochar. More detailed information about the amendments
can be found in MEYER zU DREWER & HAGEMANN (2025).
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Table B.1: Properties of temperate sandy agricultural topsoil, biochar, and rock-
enhanced biochar.

Properties Soil® Biochar® Rock-enhanced-biochar®
pH [CaClz] 4.7 £ 0.0 9.0 9.2
C [g kg™] 12.4 £ 0.0 494 336
TOC [g kg'!] 12.0 = 0.0 482 332
TIC [g kg'1] 0.4 £ 0.0 12 4
N [g kg'!] 1.1 £ 0.0 7.0 4.1
C:N 11.3 £ 0.0 80 82
H:C n.d. 0.35 0.23
0:C n.d. 0.14 0.08
P20s [g kg] n.d. 9 8
Ash [%] n.d. 44.3 62.9
Sand [%] 93.83 £ 1.15 n.a. n.a.
Silt [%] 2.47 £ 0.77 n.a. n.a.
Clay [%] 3.70 £ 0.46 n.a. n.a.

2 Values are the mean of analytical replicates (n = 3), ° values were measured by
Eurofins according to the analytical guidelines of the European Biochar Certificate (EBC,
2024). C = total carbon, TOC = total organic carbon, TIC = total inorganic carbon, N =
total nitrogen, n.d. = not determined, n.a. = not applicable.

B2.2 Experimental design

We used 45 lysimeters (each 20 cm diameter, 30 cm soil depth, stainless steel
mesh allowing drainage into a catchment vessel below) consisting of five
treatments (n = 9). The lysimeter tubes with their catchment vessels were
embedded in sand beds to enable closer-to-natural soil temperatures compared
to pot experiments. The leachate in the catchment vessel was pumped out
regularly to prevent water accumulation. Inside the lysimeters, bags consisting
of PVC were installed to contain the samples. For the control treatment, the
bags inside the lysimeters were filled with 9 kg of soil (dry weight equivalent).
For the biochar treatment, 379.1 g of biochar (equals ~4.2 wt%) was mixed
with the soil and the mixture was filled into the respective bags and installed in
the lysimeters. The rock powder treatment contained soil mixed with 178.2 g of
basanite powder (equals ~2 wt%). The co-pyrolysis treatment was filled with a
mixture of soil and 557.3 g of rock-enhanced biochar (equals ~6.2 wt%
consisting of ~4.2 wt% biochar and ~2 wt% basanite powder). For the
equivalent co-application treatment, the bag within the lysimeter was filled with
a mixture of soil, 379.1 g of biochar (equals ~4.2 wt%), and 178.2 g of basanite
powder (equals ~2 wt%). The lysimeters containing the different treatments
were arranged in a randomized complete block design (Figure B.5 in Appendix).
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Every lysimeter was planted with one cabbage turnip (Brassica oleracea var.
gongylodes L.) seedling each. The seedlings were as similar as possible in
development and strength by selecting them from a larger batch. Fertilizer
(CARBUNA AND, Carbuna AG, Memmingen, Germany as organic fertilizer based
on Vinasse and mineral fertilizer Ferty 2 Mega, Hauert MANNA Dlngerwerke
GmbH, Nirnberg, Germany) was applied five times over the nine weeks of plant
growth. The lysimeters were watered by rainfall and, if necessary, by drip
irrigation.

B2.3 Soil sampling and processing

After nine weeks of plant growth, the lysimeter experiment was harvested in
July 2024 (no visible effect of amendment application on plant growth, see
HAMBURGER et al. (2026)). The soil was sieved through a 2 mm sieve to remove
coarse soil fragments and roots. Since biochar and rock-enhanced biochar have
not been crushed prior to application, coarse amendment particles were also
removed while sieving. A subsample of the sieved soil material was stored in a
2 ml Eppendorf Tube® at 4 °C until the enzyme assay was conducted
(description see chapter B2.5 and appendix chapter B7.3). Another subsample
was stored in a plastic bag at 4 °C for further physical and chemical analysis.
The remaining sieved soil was air dried.

B2.4 Physical and chemical analysis of soil samples

Dried soil samples were used to measure total C and total N contents using an
elemental analyzer (Vario Max Cube, Elementar Analysensysteme GmbH,
Langenselbold, Germany). Due to the low soil pH of our samples (< 6.5), we
consider total C and TOC as equivalent. Available P content was determined
using calcium lactate and hydrochloric acid following VDLUFA (1991) and
measured using a spectrophotometer (DR5000, Hach Lange GmbH, Dusseldorf,
Germany) with a wavelength of 580 nm. Soil pH was determined in 0.01 M CaCl;
solution (soil : CaCl, solution = 1:2.5) using a pH meter (MP230, Mettler-Toledo
GmbH, GieBen, Germany). The electric conductivity (EC) was measured in
deionized water (soil : water = 1:2.5) using a conductivity meter (Cond 330i,
WTW GmbH, Weilheim, Germany).

The water content (WC) of the fresh samples was determined by weighing
the difference between the cooled sample and after drying the sample at 105 °C
until constant weight. Mineral N (Nmin) of the cooled samples was extracted
following DIN (2005) using 0.0125 M CaCl; and the extract was measured using
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a spectrophotometer (LLG-unispec 4, Lab Logistics Group GmbH, Meckenheim,
Germany) for ammonium and using high performance liquid chromatography
(1100 HPLC, Agilent Technologies Inc., Santa Clara, California, USA) for nitrate
and nitrite. These field-moist samples were also used to determine Cnic using
the chloroform fumigation extraction (CFE) method after DIN (2011) adapted
from VANCE et al. (1987). Two times 12.5 g dry weight equivalent per sample
were weighed in glass flasks. One of the samples was directly extracted with 50
ml of 0.05 M K;SO. solution to quantify dissolved organic carbon (DOC). The
second sample was fumigated with chloroform to lyse microbial cell walls and
was afterwards also extracted using K>SO4 solution. The extracts were analyzed
using a TOC analyzer (TOC-L, Shimadzu Corporation, Kyoto, Japan). To be able
to measure the CFE extracts also at an isotopic ratio mass spectrometer, we
used 0.05 M K,S04 solution (WERTH & Kuzyakov, 2010). The difference between
the extracted C contents in fumigated and non-fumigated samples is interpreted
as Cnmic, Using an extraction factor kec of 0.45 (JOERGENSEN, 1996).

B2.5 Fluorometric enzyme assays

Enzyme activities were determined as a proxy for nutrient dynamics using
fluorogenic substrates (). Four fluorogenic substrates were used associated with
either 4-methylumbelliferon (MUF) or 7-amido-4-methylcoumarin (AMC): MUF-
B-D-glucoside (for detection of BG), MUF-N-acetyl-B-D-glucosidase (for
detection of CH), MUF-phosphatase (for detection AP), and L-leucine-AMC-
hydrochloride (for detection of LAP).

Homogenized cooled (4 °C) soil samples (0.5 g dry weight equivalent) were
weighed in sterile 100 ml glass flasks and 50 ml of sterile water was added.
Each sample was sonicated using an ultrasonication probe for two minutes with
an output energy of 40 ] s!. A volume of 50 pl of the soil suspensions was
pipetted into sterile deep-well plates (Nunc™ F96 MicroWell™ plate, black, 96
well, Thermo Scientific™). Afterwards, 50 pl of MES or TRIZMA buffer (for MUF-
and AMC-linked substrates respectively) and 100 ul of substrate solution were
added. The use of differently concentrated substrate solutions resulted in final
concentrations of 0, 1, 2, 3, 4, 5, 10, and 20 umol g dry soil for MUF-linked
substrates and of 0, 1, 2, 3, 5, 10, 20, and 40 ymol g dry soil for AMC-linked
substrates in the deep-well plates. Three analytical replicates were measured
for each sample at each substrate concentration.

For calibration, soil suspensions (50 ul per well) and MES or TRIZMA buffer
solutions (150, 140, 130, 100, 70, and 30 ul, respectively) were mixed in deep-
well plates with either 10 uM MUF or AMC standards (0, 10, 20, 50, 80, and
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120 pul, respectively). Fluorescence of all deep-well plates was measured directly
and 120 minutes after substrate addition (excitation wavelength of 355 nm,
emission wavelength of 460 nm) using a microplate reader (Victor® 1420-05
Multi label Counter, PerkinElmer, USA). A more detailed description of the
method can be found in appendix chapter B7.3.

B2.6 Data analysis

The kinetic parameters Vmax and Kn were calculated using the Michaelis Menten
equation (Equation B1; after MICHAELIS & MENTEN, 1913), while soil enzyme
efficiency K, was calculated using Equation B2 (after NDossI et al., 2020; XIAO
et al., 2024):

v = (Vnax * [S]) / (K + [S]) (Equation B1)

K; = Viax / Km (Equation B2)
where v is the reaction rate of the respective soil enzyme at a certain substrate
concentration (nmol MUF/AMC h't g dry soil), ., represents the maximum
rate of soil enzyme reaction at saturated substrate concentration at the given
temperature (nmol substrate h! g'! dry soil), K,, is the substrate concentration
at 2 Vmax (umol gt dry soil) representing the respective enzyme binding
affinity to its specific substrate, [S] is the substrate concentration (uM), and K,
is the catalytic enzyme efficiency.

Extracellular enzyme stoichiometry (EES), a proxy for microbial nutrient
demand, was calculated as the ratio of C- (BG), N- (LAP), and P-related (AP)
enzymes after the concept of SINSABAUGH et al. (2008) following the descriptions
of DENG et al. (2019) and YANG et al. (2020):

Enzyme C: N ratio = In(V,,0x BG) / In(Vy0x LAP) (Equation B3)
Enzyme C: P ratio = In(V,,q BG) / In(V,qx AP) (Equation B4)
Enzyme N: P ratio = In(V,,ux LAP) / In(V,0x AP) (Equation B5)

The ratio of the activities of C-, N-, and P-acquiring enzymes is used to assess
soil microbial nutrient limitation. While a ratio of C:N:P (InBG : InLAP : InAP) of
1:1:1 represents an equilibrated system, a value >1 indicates a limitation of the
respective nutrient. To have comparable ratios for the five treatments, the ratios
were standardized to a C-value of 1. In addition, these ratios can be used to
calculate the length and the angle of connecting the respective nutrient ratio in
a C:N-to-C:P figure relative to the figure origin The vector length indicates the
relative C-to-P/N-limitation with an increasing vector length suggesting an
increasing C limitation. The vector angle indicates a relative N-to-P-limitation,
with a vector angle <45° representing N limitation and >45° representing P
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limitation (MOORHEAD et al., 2016; DING et al., 2016). Vector length and angle
were calculated after MOORHEAD et al. (2016):

vector length = /(x2 + y?) (Equation B6)
vector angle = arctan(x, y) (Equation B7)

where x is the enzyme C:P ratio and y the enzyme C:N ratio.

To test for significant differences (p < 0.05), we used a linear mixed effects
(LME) model and a linear model for enzyme kinetics and soil properties,
respectively, followed by a Tukey HSD post-hoc test for pairwise comparison.
Outliers of v, Vmax, Km, Ka, and EES were detected using the Dixon’s Q test to
check the measurement accuracy and to check the influence of sample and block
on measurement results. P-values < 0.1 are in general interpreted as the
tendency towards a difference. All calculations and statistical tests were
conducted in RStudio (version 4.4.2) using ‘outliers’ package (KoMsTA, 2022) to
detect outliers, ‘Ime4’ package (BATES et al., 2015) for LME computing,
‘multcomp’ package (HOTHORN et al., 2008) for compact letter display, ‘ggplot2’
package (WICKHAM, 2016) for data visualization, and ‘ggcorrplot’” package
(KAssAMBARA, 2023) for correlation matrices.

Differences (%) of amended treatments compared to control were
calculated using Equation B8:

valuecontrol - valueamended *

difference = 100 (Equation B8)

valueamended
where value.,nro1 1S the measured or calculated value of the control treatment
and valuegmengeqa 1S the measured or calculated value of the amended treatments
(rock powder, biochar, co-application, and co-pyrolysis treatment).

B.3 Results

B3.1 Effect of amendment application on soil properties

The application of biochar-containing amendments (biochar, co-application, and
co-pyrolysis treatments) significantly increased the soil C content by up to 69%
(Figure B.1A). The co-application significantly increased N contents by 8%,
while neither biochar nor co-pyrolysis treatment altered N contents
(Figure B.1B). Since the increase in C content was more pronounced than the
increase in N content, the C:N ratio was significantly increased in the biochar-
containing treatments (Figure B.1C).
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Figure B.1: Total C content (A), total N content (B), C:N ratio (C), dissolved organic
carbon (DOC) content (D), microbial biomass C (Cmic) content (E), total mineral N (Nmin)
content (F), available P content (G), pH in CaCl> (H), and electric conductivity (EC) (I)
of five treatments of soil with different amendments (n = 9 per treatment). RP = rock
powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment, Co-pyr. = co-pyrolysis treatment containing rock-enhanced
biochar. Small letters indicate significant differences (p < 0.05) between treatments

within one soil property.
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The application of biochar-containing amendments significantly increased DOC,
Cnmic, P, pH, and EC compared to control (Figure B.1 D, E, G, H, I). Additionally,
all of these soil properties except Cmic showed significant differences between
the three biochar-containing treatments. The available P content was increased
by 125% in biochar treatment compared to the control, followed by the co-
application treatment with an increase of 110% (Figure B.1G). A lower, but still
significant increase in P content of 65% was visible in co-pyrolysis treatment
compared to control. For pH and EC, their increase was higher in co-application
treatment compared to co-pyrolysis treatment (Figure B.1 H, I). The increase
in DOC content by 83% was most pronounced in co-pyrolysis treatment and
lowest in co-application treatment (47%; Figure B.1D). For both pH and DOC
content the increase following biochar application was not significantly different
from both combined amendments (Figure B.1 D, H).

In contrast to the strong effect of biochar-containing amendments, basanite
application alone did not alter any of the analyzed soil properties significantly
(Figure B.1 A-I). Only the available P content tended to decrease (p < 0.1)
following basanite application (Figure B.1G). The only soil property analyzed in
this study, which was not influenced by any of the amendments, was Nnmin
(Figure B.1F).

B3.2 Effect of amendment application on extracellular enzyme
Kinetics

Potential enzyme activity Vmax was generally highest for AP with values up to 24
times higher in all treatments compared to the other enzymes (p < 0.001),
while LAP tended generally to have the lowest Vimax (p < 0.1; Figure B.2 A-D).
The application of biochar-containing amendments strongly influenced Vmax of
all four enzymes. Both biochar and co-application treatment resulted in a
significant decrease of Vmax for AP and CH compared to control by up to 57%.
The co-pyrolysis treatment had the smallest influence among the three biochar-
containing treatments on Vmax. The co-pyrolysis treatment significantly
decreased Vmax Of AP by 35% compared to control but showed a significantly
lower effect compared to biochar treatment. While biochar-containing amend-
ments mainly decreased Vmax of AP and CH, Vmax of LAP showed the opposite
pattern. Both biochar and co-application doubled Vmax of LAP compared to
control treatment and the co-pyrolysis treatment tended to increase Vmax
(p < 0.1) compared to control by 45%. In contrast to the strong effect of
biochar-containing amendments, basanite application did not influence Vmax for
all four enzymes compared to the control.



B: Biochar dominated the combined effect on nutrient dynamics in a sandy saoil 119

acid phosphatase (a) R-glucosidase (b) chitinase (c) || leucine-aminopep.(d)
3001 ¢ 1 1 1
b
- c
T 1 ab ab |
Ton 2001 E’j * b ab -
ks | 1T b I
£
= ab a " B ab
: @ ‘ ] * 1 a a ] b
> 100 b .
E{E—“ EF -?*%*i-aabgﬂ-ab
. i ==
N I | R . =TT T
acid phosphatase (e) R-glucosidase (f) chitinase (g) || leucine-aminopep.(h)
154
b
‘I-m b ab 4 b
= a
o] . a a ab
g ° ab o a ab ab 58 * @ q ab
il - + B
= e o 7 B | B o T +
0- 1 - 1 %
acid phosphatase (i) B-glucosidase (j) chitinase (k) || leucine-aminopep.(l)
c b
90+
¢ bc ||
a
60 ab ab , a
m * . | ab :
z .
- — - bc ) bc - a 2
201 é + Eﬂ * ab 2 g .
a -
LR P RS &P RN PR &P S
cP 1 o P ol S cP & P cP & S
treatment

Figure B.2: Potential enzyme activity Vmax (a-d), enzyme affinity Km (e-h), and catalytic
enzyme efficiency Ka (i-1) of acid phosphatase (AP), B-glucosidase (BG), chitinase (CH),
and leucine-aminopeptidase (LAP) in five treatments of soil with different amendments
(n = 9 per treatment). RP = rock powder treatment containing basanite, BC = biochar
treatment, Co-app. = co-application treatment, Co-pyr. = co-pyrolysis treatment
containing rock-enhanced biochar. Small letters indicate significant differences
(p < 0.05) between treatments within one parameter and enzyme. To increase
readability, the y-axis of BG, CH, and LAP for Vmax and Ka have a higher resolution than
those of AP.
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The differences in Km between enzymes and treatments is less pronounced than
the differences between enzyme and treatments we observed in Vmax (Figure B.2
E-H). The application of biochar decreased K. of AP by 33% and quadrupled Kn,
of LAP compared to control, while it did not influence Km of BG and CH. The
co-application increased Kn of BG by 97% compared to control, but had no
significant effects on Kn, of the AP, CH, and LAP. Both basanite and co-pyrolysis
treatments did not alter Kn, of any of the enzymes.

In all treatments, AP showed up to 16 times higher enzyme efficiency K,
compared to BG, CH, and LAP (Figure B.2 I-L). Both biochar and co-application
significantly decreased Ka of AP and BG by up to 50% and decreased (biochar)
or tended to decrease (co-application) Ks of CH by up to 45% compared to
control (Figure B.2 I-K). Reflecting the patterns of Vmax, Co-pyrolysis treatment
had the smallest influence on K, of the three biochar-containing amendments
(biochar, co-application, and co-pyrolysis treatments). The co-pyrolysis
treatment tended to lower the K, value of BG compared to control (p < 0.1),
while it did not alter K, of AP, CH, and LAP. In contrast to AP, BG, and CH, K, of
LAP was not influenced by the application of biochar-containing amendments
(Figure B.2L). Basanite application in general did not significantly influence K,
of any of the studied enzymes.

Soil extracellular enzyme stoichiometric C:N and N:P ratio changed signify-
cantly through the application of biochar-containing amendments compared to
control, while the C:P ratio was not altered (Figure B.3). The enzyme C:N ratio
decreased by up to 42% compared to control (Figure B.3A), while the enzyme
N:P ratio was up to doubled following the application of biochar-containing
amendments (Figure B.3C). Based on those C:N, C:P, and N:P ratios, the
combined enzymatic C:N:P ratios reflected the strong influence of biochar-
containing amendments on N dynamics. The control treatment had an
enzymatic C:N:P ratio of 1:0.28:1.74. Biochar application had the strongest
influence and resulted in an enzymatic C:N:P ratio of 1:0.66:1.67, followed by
co-pyrolysis and co-application treatments with enzymatic C:N:P ratios of
1:0.62:1.59 and 1:0.60:1.56, respectively. Basanite application did neither
alter EES nor the enzymatic C:N:P ratio significantly compared to control.

The control treatment had a calculated vector length of 2.5 £ 0.5 and an
angle of 76.4° + 3.4° (Figure B.4). The application of biochar-containing
amendments resulted in a decrease in vector length and angle, most
pronounced in the biochar treatment with a calculated vector length of 1.5 +
0.2 and an angle of 66.4° £ 4.5°, Basanite application did neither alter vector
length nor angle compared to control.
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Figure B.3: Extracellular enzyme stoichiometry (EES) ratios of C:N (In(BG): In(LAP))
(a), C:P (In(BG): In(AP)) (b), and N:P (In(LAP): In(AP)) (c) in five treatments of soil with
different amendments (n = 9 per treatment). In(BG) = In of Vmax of B-glucosidase,
In(LAP) = In of Vmax of leucine-aminopeptidase, In(AP) = In of Vmax of acid phosphatase.
RP = rock powder treatment containing basanite, BC = biochar treatment, Co-app. =
co-application treatment, Co-pyr. = co-pyrolysis treatment containing rock-enhanced
biochar. Small letters indicate significant differences (p < 0.05) between treatments
within one stoichiometric ratio.
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Figure B.4: Relationship between ratios of C:N (In(BG):In(LAP)) and C:P (In(BG):In(AP))
in five treatments of soil with different amendments (n = 9 per treatment) with arrows
indicating the treatment-specific vector length from the figure origin. The angle between
the vector and the x axis represents the vector angle. In(BG) = In of Vmax of B-
glucosidase, In(LAP) = In of Vmax Of leucine-aminopeptidase, In(AP) = In of Vmax Of acid
phosphatase. RP = rock powder treatment containing basanite, BC = biochar treatment,
Co-app. = co-application treatment, Co-pyr. = co-pyrolysis treatment containing rock-
enhanced biochar.

B3.3 Correlation between soil properties and enzyme Kinetics

The enzyme kinetics (Vmax, Km, Ka) and analyzed soil properties showed strong
significant correlations for all four enzymes. For AP, enzyme Kkinetics showed
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strong negative correlations with all investigated soil properties across all
treatments (Figure B.6 in Appendix). The effects of C, N, P, and Cmic content as
well as pH and EC were especially pronounced on AP’s Vmax but were often also
significant in Km and Ka. Similarly to AP, Vmax and Ka (but not Km) of CH showed
negative but less pronounced correlations with C, P, and Cmic content as well as
pH and EC (Figure B.7 in Appendix). The enzyme kinetics of CH did not correlate
significantly with Nmin and N contents. The enzyme kinetics of BG showed several
negative correlations the analyzed soil properties, such as DOC and Cric content
as well as pH and P content (Figure B.8 in Appendix). In contrast to AP, BG, and
CH, the enzyme kinetics of LAP showed solely positive correlations with the
analyzed soil properties (Figure B.9 in Appendix). Both Vmax and Km of LAP
correlated positively with C, N, and P content as well as C:N ratio and soil pH.
Catalytic enzyme efficiency K, of LAP correlated positively with only DOC
content.

B.4 Discussion

B4.1 Influence of amendments on soil C, pH, and nutrients

The application of all three biochar-containing amendments (biochar, co-
application, and co-pyrolysis treatments) increased C content, C:N ratio, and
Cmic content equally strong within our nine-week experiment. Consequently,
synergistic or diminishing effects of rock powder on those soil properties were
absent in both combined applications (co-application and co-pyrolysis
treatments). Increased C content (GROss et al., 2021; CHAGAS et al., 2022;
WANG et al., 2025a), C:N ratio (DING et al., 2023), and Cmic content (LEHMANN et
al., 2011; Liu et al., 2015; Buss et al., 2021; CHAGAS et al., 2022) following
biochar application align with the results of former studies. Even though
amendment particles > 2 mm were removed in our study, a significant increase
in C content and C:N was visible, mainly resulting from the high content of
stable C in biochar (JOsSePH et al., 2010; GRoss et al., 2021; QIu et al., 2023).
The observed enhancement of Cnic in our study likely reflects improved microbial
habitat and growth conditions due to the application of biochar-containing
amendments (GHODSzAD et al., 2021). These are probably driven by increases
in soil pH, nutrient and water retention capacity, and labile C availability (VAN
ZWIETEN et al., 2010; Lwu et al., 2015), e.g. from increased DOC content (AZEEM
et al., 2023; CHEN et al., 2024).

Biochar application is generally known to result in increased soil pH (DAI et
al., 2017; Buss et al., 2018) and to potentially increase EC (CHINTALA et al.,
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2014; Hu et al., 2025). The observed increases in soil pH and EC in our study
were most pronounced following the co-application of biochar and basanite. This
suggests a synergistic effect likely driven by the combined liming and ionic
contributions of both amendments. The application of the co-pyrolyzed rock-
enhanced biochar showed a less pronounced effect compared to co-application.
This attenuation may be attributed to altered mineral availability or reduced
soluble salt content resulting from thermal transformation during co-pyrolysis.

By modifying soil pH (SHEPHERD et al., 2017; GHODSZzAD et al., 2021) or by
increasing cation exchange capacity (CEC; LIANG et al., 2006; KAREEM et al.,
2025), biochar application can increase P availability and reduce P leaching.
Additionally, biochar application can increase available P content in soils (JIN et
al., 2016; GLASER & LEHR, 2019; WANG et al., 2025a) from the dissolution of
biochar ash which contains P,Os that is released into the soil over time
(GHoDSszAD et al., 2021; Buss et al., 2022). These effects can be short-, mid-,
or long-term (GLASER & LEHR, 2019), depending strongly on soil and biochar
properties (GHODSzAD et al., 2021). The strong correlation between P content
and soil pH in our study highlights the indirect influence of biochar-containing
amendment applications on P availability via pH increase. However, the pH
increase was similar in biochar and co-application, while the increase in available
P content was most pronounced following single biochar application. The
reduced increase in P availability following combined applications compared to
single biochar could result from reduced biochar ash dissolution, possibly due to
clogged biochar pores, or reduced CEC and thus reduced retention of fertilizer
P. The pelletizing of the rock-enhanced biochar prior to pyrolysis could explain
the even less pronounced increase in available P compared to co-application,
due to compressing biomass pores and thus reducing specific surface area.
Building on these findings, future work assessing amendment characteristics,
such as specific surface area, could deepen our understanding of the
mechanisms involved. A reduced ash dissolution in the short-term might lead
to a more stable P supply in the long-term following combined application
(LAMMIRATO et al., 2011; Buss et al., 2022).

The application of biochar to sandy soils can have diverse positive and
negative impacts on content, retention, and availability of Nmin (AHMAD et al.,
2021; HEMATIMATIN et al., 2024). In our study, the content of Nmin was neither
increased nor reduced by the application of the biochar-containing amendments.
Since the application of these amendments significantly reduced nitrate leaching
(Hamburger et al., 2026), nitrate retention was improved and suggests with the
constant Nmin content an increased microbial uptake of Nmin following the
application of the biochar-containing amendments.
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In contrast to the biochar-containing amendments, the single application of
basanite did not influence any of the analyzed soil properties during the nine
weeks of plant growth. In contrast, other studies discovered a variety of effects
of silicate rock powder application on soil properties, such as altered TOC
(AMOAKWAH et al., 2023; Buss et al., 2023; SokoL et al., 2024; Xu et al., 2024b),
Cmic (VON MERsI et al., 1992; REIs et al., 2024; SokoL et al., 2024), and nutrient
contents (AMANN et al., 2020; Guo et al., 2023; WANG et al., 2025b) as well as
increased soil pH (ABDALQADIR et al., 2024; BEERLING et al., 2025; MEDEIROS et
al., 2025). These effects of ERW are often visible in the long-term (SwoBODA et
al., 2022; DupLA et al., 2024), possibly explaining the missing effects of basanite
application in our nine-weeks study.

Our results partly confirm our hypothesis that the combined application of
biochar and basanite improved soil properties relevant to microbial activity. Key
soil properties, such as C and P content, C:N ratio, and Cni, increased
significantly following combined application compared to control, indicating
positive effects. The observed changes were mainly driven by the biochar
component, while potential contributions of basanite may require more time to
become effective. Nevertheless, the pronounced changes in pH and EC under
co-application compared to co-pyrolysis suggest potential for synergies between
biochar and basanite without a significant benefit of combined pyrolysis.

B4.2 Influence of amendments on extracellular enzyme Kinetics

All treatments showed, despite the fertilization, a P limitation and, possibly due
to the fertilization, a generally low N demand. This is indicated by the high Vmax
of AP, low Vmax Of LAP, vector angles > 45°, and enzymatic C:N:P ratios with P-
values > 1 and N-values < 1 (VON MERSI et al., 1992; ALLISON et al., 2007;
MOORHEAD et al., 2016). The application of biochar-containing amendments
seemed to induce a shift in microbial nutrient demand. The decrease in Vmax of
AP is consistent with the observed increase in available P. This improved P
availability, potentially further enhanced by the pH increase (SWOBODA et al.,
2022; BEERLING et al., 2025), allowed the microorganisms to down-regulate the
production of AP (SINSABAUGH et al., 2008; ALLISON et al., 2011).
Simultaneously, the increased Vmax of LAP indicates an enhanced demand for N,
likely driven by the widened soil C:N ratio and the adsorption of Nmin (CLOUGH et
al., 2013) following the application of biochar-containing amendments. This
increases the relative stoichiometric imbalance between C and N from the
microbial perspective, which can stimulate investment in N-acquiring enzymes
such as LAP (SINSABAUGH et al., 2008; ALLISON et al., 2011) and strengthen the
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microbial community involved in N cycling (ANDERSON et al., 2011). Even though
P remained the limiting nutrient for microorganisms, the application of biochar-
containing amendments seemed to shift the system towards a more balanced
nutrient demand with a relative increase in N demand. The potential enzyme
activity Vmax of AP, CH, and LAP following the application of co-pyrolyzed rock-
enhanced biochar was similar to that of control, while both biochar and co-
application significantly altered those potential enzyme activities. This can likely
be explained by the strong correlation of Vmax with available P and soil pH, which
were also less strongly increased with rock-enhanced biochar application.
Despite that, the similar enzymatic C:N:P ratios following all three biochar-
containing amendments implies that the rock-enhanced biochar application
probably resulted in an equally strong balancing of the nutrient demand as
biochar and co-application.

The potential activity Vmax of the C-cycle-related BG was, contrary to our
hypothesis, not affected by the application of biochar-containing amendments.
In contrast, several other studies reported increased Vmax Of BG following
biochar application (HALMI & SIMARANI, 2021; JIN et al., 2024). However, biochar
produced at high temperatures (> 500 °C) has been observed to have minimal
or even inhibiting effects on BG activity (JIN et al., 2024; YANG et al., 2024),
potentially due to greater porosity and surface area (LIAO et al., 2022). The
application of biochar might relocate both C and microorganisms onto biochar
surfaces, which may improve microbial efficiency and reduce the need for BG
release (LEHMANN et al., 2011). BAMMINGER et al. (2014) interpreted an increase
in potential BG activity as a result of insufficient C supply from biochar to support
microbial growth. Since we observed an increased Cmic content and the
calculated vector lengths did not indicate a C limitation following biochar-
containing amendment application, the labile biochar part must have provided
sufficient C to sustain microbial growth. While our approach provides valuable
initial insights into effect of our amendments on C-cycle dynamics, the focus on
BG may only reflect part of the microbial response. Including additional C-
cycling enzymes, such as B-xylosidase or B-cellobiohydrolase, in future studies
could help to broaden the understanding of enzymatic activity patterns in
response to combined application of biochars and silicate rock powder
(LOEPPMANN et al., 2016).

In contrast to Vmax, the enzyme affinity K. of all four enzymes was barely
influenced by amendment application. Little is known about the influence of
biochar and basanite application of enzyme affinity Km, but our results indicate
robustness against the influence of both amendments. Since Km has rarely been
influenced by the amendments, catalytic enzyme efficiency K, as the quotient
of Vmax and Km showed similar patterns as Vmax. Both biochar and co-application
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may result in a reduced catalytic enzyme efficiency K; of AP, BG, and CH,
probably due to a strong increase in P and C supply.

The basanite treatment did neither improve nor impair enzyme kinetics and
EES, which makes basanite a promising CDR method without a harmful impact
on enzymes and microbial processes. Until now, there have been only a few
studies investigating the influence of silicate rock powder on soil microbial
processes in planted systems. These studies have inconsistent results ranging
from increased to decreased Vmax Of different enzymes, strongly depending on
soil and rock powder properties as well as the analyzed enzyme (VON MERSI et
al., 1992; L1 & DONG, 2013; REIS et al., 2024; WANG et al., 2025b). The enzyme
kinetics in our study strongly correlated with soil properties, such as nutrient
contents and soil pH, which determine nutrient availability and thus affect
enzyme activities (SINSABAUGH et al., 2008). Since those parameters were not
altered by basanite applied in our study - potentially due to low amounts or
insufficient time to weather -, a missing effect on enzyme kinetics, EES, and
vector length and angle is not surprising. REIS et al. (2024) showed a significant
decrease in AP activity first occurring four months after basalt application. This
long-term decrease in AP activity was explained by the low but apparently
sufficient content of P,Os in the basalt to supply microorganisms with P, thereby
reducing the need for AP release (REIS et al., 2024). Since our basanite had
similar P,Os contents (~0.6 wt.%) but did not alter AP activities, this supports
the impression of low basanite weathering rates in our experiment. In the long-
term, we would expect basanite application to have an impact on enzyme
kinetics, especially on AP.

Enzyme kinetics and thus enzyme-based nutrient limitation indices,
including EES and vector analysis, provide a valuable framework for comparing
microbial nutrient demand. However, these indices are influenced not only by
microbial stoichiometry, but also by abiotic factors such as enzyme adsorption
to biochar surfaces (LEHMANN et al., 2011; LAMMIRATO et al., 2011) and soil pH
and temperature (SINSABAUGH et al., 2008; MOORHEAD et al., 2016). The
threshold angle of 45° for distinguishing N from P limitation is an established
proxy (VON MERSI et al., 1992; ALLISON et al., 2007; MOORHEAD et al., 2016), but
may oversimplify the complex interactions between soils and microbes.
Nonetheless, the combined use of enzyme kinetics and stoichiometric ratios
applied in this study provides valuable first insights into the effects of single
versus combined amendment applications on nutrient dynamics, and future
work should complement this approach focusing on the microbial community to
further disentangle amendment-specific effects.
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B.5 Conclusions

Our experiment, conducted on a sandy agricultural soil, provides an important
first step toward understanding effects of the single and combined applications
of biochar and basanite on soil properties and microbial processes during a nine-
week experiment including plants. The results partly support our hypotheses
and reveal distinct short-term responses depending on the applied amendment.
Basanite application alone showed no significant effects, likely due to limited
weathering over the short experimental duration, which constrained the release
of nutrients from the mineral phase. To be able to assess the influence of silicate
rock powder application of soil properties and microbial processes, long-term
studies are necessary. Nonetheless, basanite application caused no negative
impacts within our nine-week experiment, supporting its potential as a safe and
promising long-term amendment for CDR and soil improvement.

The combination effect of biochar and basanite was primarily driven by
biochar, with co-pyrolyzed rock-enhanced biochar and co-application of biochar
and basanite resembling the response of single biochar application. These three
biochar-containing amendments significantly improved soil properties, such as
soil pH, available P, and Cni, and altered extracellular enzyme kinetics and
nutrient stoichiometry. All biochar-containing treatments increased soil C
content, C:N ratio, and Cnic to a similar extent. While single biochar application
enhanced short-term P availability, co-application and especially co-pyrolysis
treatments may offer a more sustained long-term P release. Co-application led
to the greatest increases in soil N content, pH, and EC, suggesting synergistic
effects between biochar and basanite on soil properties within weeks, with the
potential to combine the CDR effects of both amendments in the long-term.

Following the application of single biochar and co-application of both
amendments to our sandy soil, potential enzyme activity Vmax of AP, BG, and CH
decreased, but increased for LAP. The application of co-pyrolyzed rock-
enhanced mainly did not alter Vmax compared to control, likely due to less
pronounced increases in pH and available P. The enzymatic C:N:P ratio varied,
indicating a shift from a pure P limitation in the unamended soil to a more
balanced nutrient demand in biochar-containing treatments, with increased
relative N demand. When applied to agricultural soils, the biochar-containing
amendments improved P availability, but could cause long-term N-limitation if
not balanced by sufficient N supply.
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B.7 Appendix

B7.1 Basanite powder properties

The chemical composition of the rock powder (Table B.2) was analyzed using X-
ray fluorescence (XRF) at the Mineralogical Institute, University of Hamburg,
while the mineralogical composition was determined by Qmineral using X-ray
diffraction (XRD), as described in Vorrath et al. under review. Following the
classification of volcanic rocks by STRECKEISEN (1980) or LE BAs et al. (1986),
this rock can be classified as a basanite. The basanite was obtained from
Rheinische Provinzial-Basalt- u. Lavawerke, Sinzig, Germany.

Table B.2: Main compounds, trace elements, mineral composition and grain size of used
basanite powder Eifelgold. bdl = below detection limit; LOI = loss on ignition.

Main Trace . Grain size
compounds [wt%] Elements [ppm] Mineralogy [wt%] [um] [wt%]
SiO> 43.86 As bdl Clinopyroxene 44.4 > 300 0.00
TiOz 2.79 Ba 1026 Plagioclase 15.5 300 - 250 0.13
Al>O3 14.15 Bi bdl Nepheline 11.2 250 - 210 0.17
Fez03 11.28 Ce 104 Leucite 9.9 210 - 180 0.14
MnO 0.18 Co 51 Olivine 6.3 180 - 150 0.26
Mgo  8.21 cr 53 2:1layer o 150 - 120 1.20
silicates
Ca0 11.63 Cu 66 Hematite 3.1 120 - 100 2.87
Na.O 3.26 Ga 17 Spif\el—type 1.9 100 -86 4.17
minerals
K20 3.35 La 52 Apatite 1.1 86-74 5.67
P>0Os 0.6 Nb 52 Analcime 0.9 74 -62 8.13
SOs bdl Nd 28 Quartz 0.7 62-52 8.89
LOI 0.44 Ni 124 52-44 8.50
Sum 99.74 Pb 5 44 -36 9.63
Rb 86 36-30 7.86
Sc 22 30-26 5.50
Sr 882 26 - 22 5.64
Th 8 22 - 18 5.72
u 3 18 -0.5 25.52
302
Y 24
Zn 90

Zr 271




138 B: Biochar dominated the combined effect on nutrient dynamics in a sandy soil

B7.2 Randomized complete block design

0000000000000
0000000000000
0000000000000

Figure B.5: Visualization of randomized complete block design of lysimeter experiment.
Squares represent blocks, circles represent lysimeters. C = control treatment, RP = rock

powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment, Co-pyr. = co-pyrolysis treatment containing rock-enhanced
biochar.

B7.3 Fluorometric enzyme assay - method description

All equipment was sterilized before usage. Four fluorogenic substrates were
used associated with either 4-methylumbelliferon (MUF) or 7-amido-4-
methylcoumarin (AMC): MUF-B-D-glucoside (for detection of BG), MUF-N-
acetyl-B-D-glucosidase (for detection of CH), MUF-phosphatase (for detection
AP), and L-leucine-AMC-hydrochloride (for detection of LAP). This fluorogenic
method is based on the liberation of fluorescent MUF or AMC once the associated
substrate is used. MUF-B-D-glucoside, MUF-N-acetyl-B-D-glucosidase, and L-
leucine-AMC-hydrochloride were purchased as crystalline material from Sigma
Aldrich (Steinheim, Germany), while MUF-phosphatase was purchased as
crystalline material from abcr GmbH (Karlsruhe, Germany).

Two sterile buffer solutions were prepared using sterile water. The 0.1 M
MES buffer (from 20.673 g of 4-Morpholineethanesulfonic acid hemisodium salt
in 1000 ml of sterile water; Sigma Aldrich) was prepared for MUF-based
substrates and the 0.05 M TRIZMA buffer (from 0.985 g of Trizma® base and
2.66 g of Trizma® hydrochloride with 500 ml of sterile water; Sigma Aldrich)
was prepared for the AMC-based substrate. For preparing 10 mM substrate
stock solutions, the crystalline substrates were dissolved in dimethyl sulfoxide
and sterile water. These stock solutions were diluted with the respective buffer
solutions MES or TRIZMA to reach the desired substrate concentrations for the
enzyme assay. For MUF-B-D-glucoside, MUF-N-acetyl-B-D-glucosidase, and L-
leucine-AMC-hydrochloride, these concentrations were 0, 10, 20, 30, 40, 50,
100, and 200 pM. After a first check of AP enzyme activities, we decided to use
higher substrate concentrations of 0, 10, 20, 30, 50, 100, 200, and 400 uM for
MUF-phosphatase.
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To prepare the soil suspension, homogenized samples of cooled (4 °C) soil
were used. An equivalent to 0.5 g of dry soil was weighed in a respective glass
bottle and 50 ml of sterile water was added. Each sample was sonicated for 2
minutes with an output energy of 40 J s. A volume of 50 pl of the soil
suspension were pipetted into sterile deep-well plates (Nunc™ F96 MicroWell™
plate, black, 96 well, Thermo Scientific™) and 50 pl of MES or TRIZMA buffer as
well as 100 ul of substrate solution were added. The use of differently
concentrated substrate solutions resulted in a gradient of concentrations within
a deep-well plate. For MUF-B-D-glucoside, MUF-N-acetyl-B-D-glucosidase, and
L-leucine-AMC-hydrochloride, these final concentrations were O, 1, 2, 3, 4, 5,
10, and 20 pmol g* dry soil, respectively. For MUF-phosphatase this resulted in
final substrate concentrations of 0, 1, 2, 3, 5, 10, 20, and 40 ymol g dry soil.

For calibration purposes, standard solutions MUF and AMC were used. The
10 mM standard stock solutions were made by dissolving 0.1762 g of MUF or
0.0875 g of AMC, respectively, in 50 ml of methanol and 50 ml of sterile water.
For the 10 uM working solutions, the stock solutions were diluted with MES
buffer for MUF and TRIZMA buffer for AMC. For the determination of background
fluorescence or quenching effects, soil suspensions (50 ul per well) and MES or
TRIZMA buffer solutions (150, 140, 130, 100, 70, and 30 ul, respectively) were
mixed with either 10 uM MUF or AMC standards (0, 10, 20, 50, 80, and 120 ul,
respectively). These soil suspensions were made of a mix out of the nine
replicates per treatment.

Fluorescence of the solution in the deep-well plates was measured after O,
30, 60, and 120 minutes (excitation wavelength of 355 nm, emission
wavelength of 460 nm) using a microplate reader (Victor? 1420-05 Multi label
Counter, PerkinElmer, USA). During the experiment, the deep-well plates
remained at 22 °C. Before each reading of the plate in the microplate reader,
the respective plate was shaken carefully. The soil enzyme activity was
quantified by comparing with the plates containing the standard solutions.
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B7.4 Correlation matrixes

EC -077 -0.66 0.73 0.44 0.74 0.5 0.64 0.36 0.87 0.84 1
pH 083 -0.42 -0.67 0.93 0.52 0.94 0.72 0.64 0.93 1
P 0.86 0.42 0.73 0.84 0.53 0.84 0.62 0.7 q
Nmin ~ -0.35 -0.34 1
Chic =~ -0.61 -0.39 -0.42 0.51 0.56 0.6 1
Corr
1.0
DOC -048 -0.31 0.7 0.77 1
0.5
0.0
C:N -0.74 -0.35 -0.62 0.97 0.47 1 -
-1.0
N 0.51 -0.57 0.68 1
C -0.75 -0.33 -0.69 1
K, o8 1
Km 062 1
Vmax 1

Q@@- & N O < 0..% 0OC)
Figure B.6: Correlation matrix of soil properties and extracellular enzyme kinetics of acid
phosphatase (AP). Only significant correlations (p < 0.05) are shown. Vmax = potential
enzyme activity [nmol h'! gt dry soil] , Km = enzyme affinity [pmol g! dry soil], Ka =
catalytic enzyme efficiency, C = total C content [g kg'], N = total N content [g kg™!],
C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg'], Cmic
= microbial biomass C content [mg kg], Nmin = mineral N content [mg kg], P =
available P content [mg kg], pH = pH value in CaCl;, EC = electric conductivity [uS
cm].
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EC -052 0.61 0.73 0.44 0.74 0.5 0.64 0.36 0.87 0.84 1
pH 053 -0.61 0.93 0.52 0.94 0.72 0.64 0.93 1
P -058 -0.68 0.84 0.53 0.84 0.62 0.7 1
Nmin 1
Cmic 036 -0.45 0.51 0.56 0.6 1
Corr
1.0
DOC 0.7 0.77 1
0.5
0.0
C:N -045 -0.49 0.97 0.47 1 os
1.0
N 0.48 0.68 1
C -045 0.53 1
Ka -0.69 1
Kn 043 1
Vmax 1
> < > o A > O © & % Q> O
R4 s A L OO o Q& Q &

Figure B.7: Correlation matrix of soil properties and extracellular enzyme kinetics of
chitinase (CH). Only significant correlations (p < 0.05) are shown. Vmax = potential
enzyme activity [nmol h'! gt dry soil] , Km = enzyme affinity [umol g! dry soil], Ka =
catalytic enzyme efficiency, C = total C content [g kg™!], N = total N content [g kg™],
C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg], Cmic
= microbial biomass C content [mg kg], Nmin = mineral N content [mg kg], P =
available P content [mg kg], pH = pH value in CaCl, EC = electric conductivity [uS
cm].
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EC 0.45 -0.51 0.73 0.44 0.74 0.5 0.64 0.36 0.87 0.84 1
pH -033 0.36 -0.59 0.93 0.52 0.94 0.72 0.64 0.93 1
P 042 0.5 0.84 0.53 0.84 0.62 0.7 1
Nimin 0.4 -0.31 i
Chic 04 -0.34 0.51 0.56 0.6 1
Corr
1.0
DOC -0.32 -0.39 0.7 0.77 1
0.5
0.0
C:N 0.37 -0.54 0.97 0.47 1 o5
-1.0
N -0.42 0.68 1
C 0.4 0.58 1
Ka -0.65 1
Kn 046 1
Vmax 1
& <& 3 O A > O © © Q Ne O
& ¥ g P o Q <

Figure B.8: Correlation matrix of soil properties and extracellular enzyme kinetics of B-
glucosidase (BG). Only significant correlations (p < 0.05) are shown. Vmax = potential
enzyme activity [nmol h*! gt dry soil] , Km = enzyme affinity [umol g! dry soil], Ka =
catalytic enzyme efficiency, C = total C content [g kg'], N = total N content [g kg™!],
C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg], Cmic
= microbial biomass C content [mg kg], Nmin = mineral N content [mg kg], P =
available P content [mg kg], pH = pH value in CaClz, EC = electric conductivity [uS
cm].
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EC 035 0.75 0.44 0.76 0.5 0.64 0.36 0.87 0.85 1
pH o047 0.32 0.93 0.52 0.95 0.72 0.65 0.94 1
P o042 0.31 0.87 0.54 0.86 0.62 0.7 1
Nmin 1
Criis 0.54 0.59 0.61 1
Corr
1.0
DOC 0.37 0.69 0.76 1
0.5
0.0
C:N 0.46 0.34 0.96 0.47 1 i
1.0
N o038 0.32 0.68 1
G 0.5 0.39 1
K, 0.4 1
Kmn 071 1
Vmax 1
s & > o A3 > O © o Q Q> O
RO + A O 0O o Q& Q &

Figure B.9: Correlation matrix of soil properties and extracellular enzyme kinetics of
leucine-aminopeptidase (LAP). Only significant correlations (p < 0.05) are shown. Vmax
= potential enzyme activity [nmol h! g dry soil] , Km = enzyme affinity [pmol g dry
soil], Ka = catalytic enzyme efficiency, C = total C content [g kg'!], N = total N content
[g kg'], C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg-
11, Cmic = microbial biomass C content [mg kg'], Nmin = mineral N content [mg kg™], P
= available P content [mg kg™], pH = pH value in CaClz, EC = electric conductivity [US
cm].
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C. Abstract

Biochar and silicate rock powder are soil amendments contributing to terrestrial
carbon dioxide removal (CDR). Despite potential synergies, their combined
effects on soil organic carbon (SOC) dynamics and thus on net CDR remain
poorly understood. We compared pure biochar and basanite applications with
their co-application and with rock-enhanced biochar produced via co-pyrolysis
of biomass and basanite. Biochar-containing amendments were derived from
willow wood and wheat straw and tested in three agricultural topsoils differing
in texture, pH, and SOC content. Amendment effects on short-term glucose-
induced priming were assessed in a 17-day incubation experiment with 13C-
glucose addition, while long-term amendment effects on SOC dynamics, pool
sizes, and mean residence times were determined by fitting an exponential
decay model to an 874-day incubation.

Short-term glucose-induced priming and its response to amendment
application varied strongly between soils, likely depending on initial SOC and
nutrient content of the soils and indicating glucose-amendment-interactions.
However, reduction of SOC mineralization following biochar-containing
amendment application was sustained also following glucose addition. Over
time, application of wood-derived biochar-containing amendments consistently
reduced overall SOC mineralization across the three investigated soils. The
effects of wheat-derived amendments varied between soils, likely driven by
initial soil pH. Pure biochar was more effective in reducing SOC mineralization
than wheat-derived co-application and wood-derived rock-enhanced biochar.
However, the higher long-term stable SOC pool following rock-enhanced biochar
application compared to biochar could preserve long-term SOC enhancements,
improving the CDR potential of rock-enhanced biochar. Additionally, co-
pyrolysis increased the stable SOC pool in wheat-derived rock-enhanced biochar
to levels comparable to wood-derived biochar, overwriting feedstock-driven
limitations of amendment stability. Weathering of pure basanite became visible
over time in both low-pH sandy soils. Overall, feedstock, soil properties,
application type, and time since application proved decisive in controlling
amendment effects on SOC dynamics, with rock-enhanced biochar being
particularly beneficial for long-term SOC storage.

Keywords

rock-enhanced biochar, enhanced rock weathering (ERW), soil organic carbon
(SOC) pools, Mean Residence Time (MRT), incubation, *3C labeling, double first-
order exponential decay model
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Highlights

e Pure vs. combined applications (co-application, rock-enhanced biochar) of
biochar and basanite

¢ Amendment effects on SOC mineralization determined by soil properties
and time since application

¢ Wood-derived amendments reduced SOC mineralization stronger than
wheat-derived ones

e Co-pyrolysis to rock-enhanced biochar increased stable SOC pool
compared to biochar

e Combined applications partly diminished biochar’s reduction of SOC
mineralization
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C.1 Introduction

Carbon dioxide removal (CDR) technologies are gaining increasing attention as
an important tool to mitigate climate change and to reach long-term climate
targets by limiting global warming to 2 °C relative to pre-industrial times (Fuss
et al., 2018; RIAHI et al., 2022). The application of silicate rock powder for
enhanced rock weathering and biochar are two promising soil-based CDR
technologies, removing atmospheric carbon dioxide (CO.) and enhancing soil
carbon (C) storage (Buss et al., 2021; JosepH et al., 2021; BEERLING et al.,
2025). While both amendments are often investigated separately, their
combined application could have beneficial synergistic effects on soil fertility and
CO, sequestration (AMANN & HARTMANN, 2019; JOsePH et al., 2021; ANSARI et al.,
2026a; TE PAs et al., 2026). However, their combined effects on soil organic C
(SOC) dynamics remain poorly investigated.

The weathering of soil-applied silicate rocks, such as basanite, increases soil
C content through the reaction of CO;-derived acidity with minerals, producing
bicarbonate and carbonate (HARTMANN et al., 2013; BEERLING et al., 2025), which
can be stored as inorganic soil C for up to centuries (HARTMANN et al., 2013;
MARTIN, 2017). The rate of weathering and thus the associated CO, removal
depend, among other factors, on soil properties, such as texture and soil pH
(DIETZEN et al., 2018; ABDALQADIR et al., 2024; TE PAs et al., 2026). In addition
to inorganic C storage, silicate rock powder application can enhance the
stabilization of SOC in aggregates or on mineral surfaces and thus reduce the
mineralizability of SOC (RowLEY et al., 2018; Buss et al., 2023). However, the
application of silicate rock powder can also stimulate microbial activity (SokoL
et al., 2024; Xu et al., 2024), which might enhance SOC mineralization and thus
SOC losses, while accelerating weathering and thus increasing CO; uptake to
unfold the CDR potential of enhanced weathering (Buss et al., 2021; LI et al.,
2025; REGINATO, 2025).

Biochar is the solid product from organic-matter pyrolysis, consisting mainly
of highly aromatic pyrogenic compounds (ZHAO et al., 2013; HAGEMANN et al.,
2018) that contribute to persistent SOC pools (Kuzyakov et al., 2014; WANG et
al., 2016). These biochar properties, including quantity and quality of biochar
C, are governed by pyrolysis conditions and feedstock (ZHAO et al., 2013; LENG
& HUANG, 2018; LEHMANN et al., 2021). Wood-derived biochar has often a higher
content of aromatic C, while biochar derived from wheat straw contains more
low-molecular weight organic substances (VAUGHN et al., 2013; WANG et al.,
2016; HAN et al., 2020). Such compositional differences are reflected in biochar
stability in soils (HAMER et al., 2004; LEHMANN et al., 2015; LENG & HUANG, 2018)
and the effect of biochar on native SOC mineralization (WHITMAN et al., 2015;
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WANG et al., 2016). Mineralization of native and biochar-derived SOC is often
highest shortly after biochar application and declines over time (Kuzyakov et al.,
2009; AMELOOT et al., 2013; MAESTRINI et al., 2015), varying strongly between
soils depending mainly on texture and SOC content (MAESTRINI et al., 2015;
WANG et al., 2016; LENG & HUANG, 2018). As early mineralization rates may thus
not reflect long-term SOC stability, tracking temporal dynamics is necessary
(LEHMANN et al., 2015). To estimate biochar persistence and its effect on SOC
mineralization over time, incubations are commonly used (LENG et al., 2019;
HAN et al., 2020). Extrapolating incubation data using decay modeling allows
the long-term assessment of distinct SOC pools with different mean residence
times (MRT) to assess biochar potential for CDR over time (LENG et al., 2019;
Azz1 et al., 2024).

Beyond its direct effect on SOC mineralization, biochar application can also
alter the response of SOC dynamics to inputs of easily degradable organic C
compounds, such as root exudates. Such compounds can stimulate co-metabolic
mineralization of native and biochar-derived SOC (HAMER et al., 2004; LEHMANN
et al., 2009; Kuzyakov, 2010), commonly simulated using glucose and described
as glucose-induced priming effect (Kuzvakov et al., 2009; Kuzvakov, 2010;
WHITMAN et al., 2015). This glucose-induced priming is often positive, but the
magnitude can differ strongly between soils and is typically highest in low-
fertility soils (BASTIDA et al., 2019; Wu et al., 2020). The application of biochar
can affect direction and magnitude of glucose-induced priming, varying with
biochar and soil properties (HAMER et al., 2004; KuzyAakov et al., 2009 ; LEHMANN
et al., 2015). How the combined application of biochar and basanite rock powder
might affect glucose-induced priming has not been investigated yet.

Combining biochar and silicate rock powder application can be conducted as
a simple co-application as well as a co-pyrolysis of biomass and rock powder to
produce rock-enhanced biochar (MEYER zU DREWER et al., 2025; VORRATH et al.,
2025). A co-pyrolysis of biomass and minerals could enhance the nutrient
content (MEYER zU DREWER et al., 2025) and the C yield of the pyrolysis product
(Buss et al., 2022). The effect of co-application of biochar and rock powder on
SOC sequestration and storage has been increasingly researched (HONVAULT et
al., 2024; ANTHONY et al., 2025; SOHNG et al., 2025; TE PAs et al., 2026),
indicating additive or even synergistic effects. However, the effects of co-
application and rock-enhanced biochar on SOC mineralization over time and
their response to labile C input remain unknown.

Therefore, this study investigated how pure and combined amendment
applications (co-application and rock-enhanced biochar) derived from two
feedstocks (willow wood and wheat straw) affect SOC dynamics over time in
contrasting agricultural soils and how these amendments affect glucose-induced
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priming. We hypothesize that (i) biochar-containing amendments exert a soil-
and feedstock-specific effect on short-term glucose-induced priming, (ii)
amendment application decreases cumulative CO; emissions relative to
unamended soils over time, (iii) wood-derived biochar amendments are more
resistant to mineralization than wheat-derived amendments, and that (iv)
biochar-containing amendments increase the size and persistence of the long-
term stable SOC pool. We tested these hypotheses by combining short-term (17
days) !3C-glucose priming with a long-term incubation experiment (874 days).
Different soil properties were considered by including three agricultural topsoils
(temperate silty, temperate sandy, and tropical sandy) with differing pedo-
genesis, texture, pH, and SOC content. The CO; release and its 6'3C signatures
were monitored to quantify SOC mineralization and glucose-induced priming. A
decay model was used to extrapolate the measured CO; release and estimate
long-term SOC pool sizes and MRTs.

C.2 Material and methods

C2.1 Soils and amendments

The study was conducted using three agricultural topsoils (0-30 cm; Table C.1).
A temperate silty soil was collected in central Germany (Goldbach, Germany,
49°59'32.4"N 9°09'53.8"E), a temperate sandy soil was collected in Northern
Germany (Gartow, Germany, 53°01'26.9"N 11°27'12.7"E), and a tropical sandy
soil was collected in central Kenya (Machanga, Kenya, 0°27'26.8"S
37°39'37.4"E). The soil samples were air-dried until used for the incubation.
Soils in the respective areas are classified as Cambisol (LFU, 2025), Podzol
(LBEG, 2017), and Nitisol (FAO & UNESCO, 1974) according to the world
reference base (IUSS WORKING GRourP WRB, 2022).

We tested seven soil amendments for this study. Two biochars (Table C.2),
derived from willow wood (Salix viminalis L.) and wheat straw (Triticum
aestivum L.), respectively, were pyrolyzed at 650 °C for 15 minutes. As silicate
rock powder, we used the basanite Eifelgold (grain size 0.5-300 um; further
information in Table C.4 in Appendix). In addition, two types of combined
applications were tested - co-application and co-pyrolysis. For the co-applica-
tions, either wood- or wheat-derived biochar, respectively, and basanite powder
were mixed before use. To compare the effect of a simple mixing to a combined
pyrolysis, biomass (willow wood and wheat straw, respectively) and basanite
powder were mixed (90:10, w/w), pelletized, and pyrolyzed at 650 °C for 15
minutes to produce rock-enhanced biochar (Table C.2). Additional information
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regarding amendment production can be found in MEYER zU DREWER et al. (2025).
Based on the C contents of biochar and rock-enhanced biochar, we calculated
that the rock-enhanced biochar derived from willow wood consisted of ~75%
biochar and ~25% basanite powder. The rock-enhanced biochar derived from
wheat straw consisted of ~77% biochar and ~23% basanite powder. Biochars
and rock-enhanced biochars were hand-crushed, sieved to <2 mm, and
homogenized as described in TIAN et al. (2016) before further used.

Table C.1: Initial properties of temperate silty, temperate sandy, and tropical sandy
agricultural topsoil prior to pre-incubation.

. Temperate silty Temperate sandy Tropical sandy
Properties . . -
soil soil soil
C [g kg™] 18.5 £ 0.0 12.4 £ 0.0 4.7 £ 0.0
TOC [g kg™] 13.3 £ 0.1 12.0 £ 0.0 4.6 £ 0.0
TIC [g kg™!] 5.2+ 0.1 0.4 £ 0.0 0.1 £ 0.0
N [g kg'] 1.3+ 0.0 1.1 £ 0.0 0.3 £ 0.0
C:N 13.9 £ 0.0 11.6 £ 0.0 15.0 £ 0.0
013C [%o] -23.2 £ 0.1 -26.7 £ 0.0 -19.2 £ 0.0
pH [CaCl:] 6.9 £ 0.0 4.7 £ 0.0 4.7 £ 0.0
Sand [%] 28.2 £ 1.0 93.8 £ 0.7 68.9 £ 0.6
Silt [%] 58.0 £ 1.0 2.5+ 0.4 20.4 £ 0.6
Clay [%] 13.8 £ 0.3 3.7 £ 0.3 10.7 £ 0.2

Data is presented as mean + standard error (n = 3). C = total carbon, TOC = total
organic carbon, TIC = total inorganic carbon, N = total nitrogen.

Table C.2: Initial properties of biochars and rock-enhanced biochars.

Properties YVood Rock-enrlanced V_Vheat Rock-enr_lanced
biochar wood biochar biochar wheat biochar

C[gkgt]® 81.7 61.5 70.0 54.1

TIC [g kg'1] ® 0.9 0.8 0.7 0.7

TOC [g kg1] P 80.8 60.7 69.3 53.4
N [g kg']® 0.83 0.69 0.89 0.66
C:Nb 98 89 79 82
H:C® 0.20 0.19 0.20 0.18
0:C»® 0.052 0.048 0.060 0.047
0'3C [%o0] 2 -28.2 £ 0.0 -27.7 £ 0.1 -29.7 £ 0.1 -29.9 £ 0.3
Ash content [%] ° 13.5 35.1 23.7 41.9

a Data is presented as mean + standard error (n = 3), ° values are based on measure-
ments by Eurofins Umwelt-Ost GmbH (Bobritzsch-Hilbersdorf, Germany) according to
the analytical guidelines of the European Biochar Certificate (EBC, 2024). C = total
carbon, TOC = total organic carbon, TIC = total inorganic carbon, N = total nitrogen.



152 C: Effects of combined application on glucose-priming and soil carbon stability

C2.2 Experimental design

To assess the effects of the soil amendments on SOC dynamics, we applied the
amendments to the different soils in an aerobic incubation experiment (n = 4).
For the control treatment, 125 g of air-dried soil (dry-weight equivalent) were
used. For the biochar treatments, 4.4 g of wood-derived biochar (~3.5 wt%) or
4.0 g of wheat-derived biochar (~3.2 wt%) were mixed with the soil,
respectively. In the rock powder treatment, 2.5 g of basanite rock powder
(~2.0 wt%) was added to the soil. For the co-application treatment, 4.4 g of
wood-derived biochar (~3.5 wt%) or 4.0 g of wheat-derived biochar (~3.2
wt%), respectively, and 2.5 g of basanite powder (~2.0 wt%) were added. The
co-pyrolysis treatment contained a mixture of soil and 6.8 g of wood-derived
rock-enhanced biochar (~5.5 wt% consisting of ~4.1 wt% biochar and
~1.4 wt% basanite powder) or 6.5 g of wheat-derived rock-enhanced biochar
(~5.2 wt% consisting of ~4.0 wt% biochar and ~1.2 wt% basanite powder),
respectively. All results are expressed on a per-gram-SOC basis to ensure
comparability across treatments. The samples were adjusted to 40% water
holding capacity (WHC) using sterile distilled water and pre-incubated for 7 days
at 20 °C.

This set-up of samples was weighed three times for three incubation
approaches. One set was used for an 874-day incubation to observe amendment
effects over time as follows: after pre-incubation for 7 days, 60 g of each sample
(dry-weight soil equivalent excluding amendment weight) was adjusted to 60%
WHC using sterile distilled water, transferred into glass flasks sealed with rubber
septa, and incubated at 20 °C under aerobic conditions. To maintain a higher
pressure within the flasks compared to the surrounding air and to avoid oxygen
deficiency by high CO, concentrations, flasks were flushed with synthetic air
when necessary (>2% CO; in headspace). The accumulation of COz in the flask
headspace was measured regularly using a gas chromatograph (JAS 6890N GC,
Joint Analytical Systems GmbH, Moers, Germany).

The other two incubation sets (glucose and reference set) were incubated
for 17 days to observe short-term glucose-induced priming. The glucose set
received 60 mM !3C-labeled glucose solution (~566%eo0), representing labile C
inputs (Kuzvakov et al., 2009; KuzyvAakov, 2010; WHITMAN et al., 2015). The
glucose solution consisted of uniformly labeled '3C glucose (99% 3C) and
unlabeled glucose (ratio 1:163) and was added quantitatively equivalent to 50%
of the present microbial biomass C (MBC). The MBC was determined from the
remaining material following the pre-incubation of the 874-day incubation and
these values were used as the basis for calculating glucose additions to the
glucose set. No glucose was added to the reference set. Both sets were adjusted
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to 60% WHC and treated as the 874-day incubation set. Additionally, gas
samples for 813C analysis were taken (days 1, 2, 3, 6, 9, 13, 17), stored in
exetainers, and analyzed using an isotope ratio mass spectrometer (IRMS; Delta
V Plus, Thermo Fisher Scientific, Bremen, Germany). The sets with (glucose set)
and without 13C-labeled glucose (reference set) allowed us to quantify glucose-
induced priming and determine amendment effects on this priming by
separating glucose-derived CO2 from CO:z originating from native and amend-
ment-derived SOC (Kuzyakov, 2011).

C2.3 Analysis of soil samples

The remaining sample material following the pre-incubation of the 874-day
incubation was analyzed for soil sample properties, representing the initial soil
conditions prior to incubation applicable to all incubation sets. Air-dried samples
were used to determine soil pH in 0.01 M CaCl; solution (soil:CaCl; solution =
1:2.5) using a pH meter (MP230, Mettler-Toledo GmbH, GieBen, Germany) and
electric conductivity (EC) in deionized water (soil:water = 1:2.5) using a
conductivity meter (Cond 330i, WTW GmbH, Weilheim, Germany). A subsample
was ground and dried at 105 °C to determine total C and N contents using an
elemental analyzer (vario MAX cube, Elementar Analysensysteme GmbH,
Langenselbold, Germany). The total inorganic carbon (TIC) content was
determined using a TOC analyzer (soli TOC® cube, Elementar Analysensysteme
GmbH, Langenselbold, Germany). The total organic carbon (TOC) content was
calculated as the difference between total C and TIC. A fresh subsample of the
pre-incubated soil was frozen (-20 °C) and used to determine MBC using the
chloroform fumigation extraction (CFE) method after DIN (2011), adapted from
VANCE et al. (1987). Therefore, two times 12.5 g (dry weight equivalent) were
weighed into glass flasks. One was directly extracted with 50 ml of 0.05 M K>S0O4
solution to quantify DOC. The second was fumigated with chloroform to lyse
microbial cell walls and was afterwards extracted using K,SO4 solution. To
determine C contents, the extracts were measured using a TOC analyzer (TOCL,
Shimadzu Corporation, Kyoto, Japan). The difference between the fumigated
and non-fumigated extracts is interpreted as MBC, using an extraction factor kec
of 0.45 (JOERGENSEN, 1996). The MBC content after pre-incubation was used to
calculate the amount of added 13C-labeled glucose, as described in
chapter C2.2. After the 874-day incubation, soil pH as well as C and N content
were determined again (Table C.5 in Appendix).
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C2.4 Calculation of C mineralization and glucose-induced priming
effect

The CO, concentration in the headspace of the incubation flasks was used to
calculate the cumulative CO; release normalized to initial SOC (mg CO,-C g'!
SOCQC). To trace the fate of SOC (native and amendment-derived SOC) and 3C-
labeled glucose and to investigate glucose-induced priming, we determined &!3C
(%o0) of soils and amendments prior to the incubations and of the released CO;
during the 17-day incubations using an IRMS (Delta V Plus, Thermo Fisher
Scientific, Bremen, Germany). The abundance of !3C is expressed as 0!3C
representing the ratios of '3C:!?C relative to the Vienna-PeeDee-Belemnite-
Standard, defined as [(Rsampie — Rstandard) / Rstandara] X 1000. The isotopic
signatures of glucose and SOC were used to determine the source of the
produced CO; by using a two-pool mixing model (Equations C1 and C2) following
BAMMINGER et al. (2014) and FANG et al. (2015):

X = (Streatment - Sreference) +100 (Cl)
(Sglucose - Sreference)
Y=100-X (C2)

where X is the proportion of CO, derived from glucose (%), S8t eatment IS the d13C
value (%o) of the samples including soil, amendment, and glucose (glucose set),
Sreference 1S the 81°C value (%o) of the respective samples without glucose
(reference set), 8 uucose 1S the 813C value (%o) of the glucose solution, and Y is
the proportion of CO. derived from SOC (%). The mineralized SOC (mg
mineralized SOC g*! SOC) was calculated by multiplying the cumulative CO:
production (mg CO.-C g SOC) with Y.

The glucose-induced priming effect was calculated from the difference in the
SOC mineralization between samples with and without glucose addition
(Equation C3):

PE = (mineralized SOCyycose — mineralized SOCyeference)

«100 (C3)

mineralized SOCyeference
where PE is the priming effect (%), mineralized SOCypycos. IS the SOC mineralized

in the glucose-amended treatments (mg mineralized SOC g! SOC), and
mineralized SOCyeference 1S SOC mineralized in the reference samples without

glucose addition (mg mineralized SOC g SOC).
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C2.5 Double first-order exponential decay model

To describe and estimate SOC mineralization kinetics, we used a double first-
order exponential decay model (Equation C4) based on ANDREN & KATTERER
(1997) following WANG et al. (2016) and LI et al. (2024):

Ceum(®) = G+ (1= kD) 4 €5 (1 eh0) (C4)

where C.,, is the total CO; respired (mg CO,-C g SOC) at time t of our long-
term incubation, C; and C; are the fast and intermediate SOC pool (mg C g!
soil), respectively, and k; and k; are the respective decomposition rates (year™).
The Mean Residence Times MRT; and MRT; (years) of both SOC pools are
calculated as the reciprocal of both decomposition rates (LENG et al., 2019).
Treatments or samples, where no model adaptation was possible, e.g. when the
CO, production was not decreasing with increasing incubation duration or
showed inconsistencies, were excluded.

While both labile and intermediate pools contain native and more labile
biochar-derived SOC, a third SOC pool was distinguished to determine the
mineralization kinetics on longer time scales. This long-term stable SOC pool
contains the stable biochar-derived SOC (Table C.6 in Appendix) and was
determined by MEYER zU DREWER et al. (2025) using hydropyrolysis, as proposed
by HAGEMANN et al. (2025). The SOC in this stable pool is considered to remain
in the soil for several decades and is not part of the decay model.

C2.6 Statistical analysis

To test for significant differences (p < 0.05) between treatments within one soil,
a one-way analysis of variance (ANOVA) was conducted. For repeated
measurements of CO; release during the 874-day incubation, we used a linear
mixed effects (LME) model with the sample as a random factor. Both ANOVA
and LME were followed by a Tukey HSD post-hoc test for pairwise comparison.
Prior to analysis, normality and variance homogeneity of model residues were
checked visually. All calculations and statistical tests were conducted in RStudio
(version 4.5.1) using ‘dplyr’ (WICKHAM et al., 2023) for data handling, ‘Ime4’
(BATES et al., 2015) for LME computing, ‘multcomp’ (HOTHORN et al., 2008) for
compact letter display, ‘ggplot2’ (WickHAM, 2016) and ‘gridExtra’ (AUGUIE &
ANTONOV, 2017) for data visualization.
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C.3 Results

C3.1 Short-term glucose-induced priming

The glucose-induced priming effect during the 17-day incubation depended on
soil type and applied amendment (Figure C.1). In the temperate silty soil, the
SOC mineralization in the control treatment was reduced by glucose addition,
while the treatments containing biochar-containing amendments experienced
positive glucose-induced priming (Figure C.1A). In the temperate sandy soil, the
amended treatments reacted similar to the control treatments, showing no or
only small effects of glucose addition on SOC mineralization (Figure C.1B). In
the tropical sandy soil, most amended treatments reacted similar as the control
treatments, showing positive glucose-induced priming (Figure C.1C). Following
the application of pure and co-applied wood-derived biochar to the tropical
sandy soil, glucose addition did not affect SOC mineralization.

Temperate silty soil (A) Temperate sandy soil (B) Tropical sandy soil (C)
Glucose
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7, with c b B c ¢ +2
b b b D ;17
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Figure C.1: Cumulative respiration from native and amendment-derived SOC (mg
mineralized SOC gt SOC) of temperate silty (A), temperate sandy (B), and tropical
sandy soil (C) per treatment (n = 4, mean and standard error) at the end of the short-
term incubation (17 days) with and without glucose addition. Numbers above the bars
are the priming effect (%) of the treatment with glucose addition compared to the
respective treatment without glucose addition. Only significant priming values
(p < 0.05) are shown. Capital letters above the bars indicate significant differences
between treatments without glucose addition within one soil, lowercase letters above
the bars indicate significant differences between treatments with glucose addition within
one soil. RP = rock powder treatment containing basanite rock powder, BC = biochar
treatment containing biochar derived from either wood or wheat, Co-app. = co-
application treatment containing basanite and biochar derived from either wood or
wheat, Co-pyr. = co-pyrolysis treatment containing rock-enhanced biochar derived from
either wood or wheat.
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C3.2 CO:release over time following amendment application

The SOC mineralization during the 874-day incubation depended on soil type
and applied amendment, particularly amendment feedstock (Figure C.2; Table
C.7 in Appendix). Wood-derived amendments reduced the cumulative CO;
release from all three soils during the 874-day incubation. This reduction of CO;
release became less pronounced over time following the application of wood-
derived rock-enhanced biochar compared to pure biochar (temperate sandy soil)
or both pure and co-applied biochar (temperate silty and tropical sandy soil).
How fast the CO:2 release from wood-derived rock-enhanced biochar-amended
soils began to diverge from that of biochar-amended soils differed between soils,
occurring earliest in the tropical sandy soil (significant from day 6 onwards) and
latest in the temperate sandy soil (day 447). Differences between pure and co-
applied wood-derived biochar occurred solely in the temperate sandy soil from
day 447 onward. The reduction of CO2 release following wood-derived
amendments was more pronounced than following wheat-derived amendment
application. Additionally, wheat-derived amendment effects on the CO; release
differed between soils. In the temperate silty soil, the application of wheat-
derived amendments initially led to a lower or similar CO; release as the control
but exceeded those of control over time (Figure C.2A; Table C.7 in Appendix).
This increase in CO; release occurred fastest following the application of wheat-
derived rock-enhanced biochar (day 177), followed by co-application (day 279),
and latest after the application of pure biochar (day 419). In both sandy soils,
the three wheat-derived biochar-containing amendments reduced SOC
mineralization compared to the unamended control (Figure C.2B,C; Table C.7 in
Appendix). On longer time scales (earliest after 237 days), application of pure
wheat-derived biochar led to lower SOC mineralization compared to co-
application in all three soils (Figure C.2; Table C.7 in Appendix). Application of
wheat-derived rock-enhanced biochar either led to higher (temperate silty soil),
similar (temperate sandy soil), or lower (tropical sandy soil) CO. release
compared to pure and/or co-applied biochar with increasing incubation duration.
Basanite rock powder application increased the mineralization of SOC in
temperate silty (day 121), while reducing the CO; release from the temperate
sandy soil (day 77) (Figure C.2A,C; Table C.7 in Appendix). In the tropical sandy
soil, basanite powder application initially increased SOC mineralization, but
reached a similar cumulative CO; release as control on longer time scales (from
day 503) (Figure C.2B; Table C.7 in Appendix).
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Figure C.2: Cumulative respiration (mg CO:-C g! SOC) of temperate silty (A),
temperate sandy (B), and tropical sandy soil (C) per treatment (n = 4, mean and
standard error) during the 874-day incubation. Significance letters are listed in Table
C.7 in Appendix. RP = rock powder treatment containing basanite rock powder, BC =
biochar treatment containing biochar derived from either wood or wheat, Co-app. = co-
application treatment containing basanite and biochar derived from either wood or
wheat, Co-pyr. = co-pyrolysis treatment containing rock-enhanced biochar derived from
either wood or wheat.

C3.3 Size and Mean Residence Time of long-term SOC pools

The smallest part of SOC in all treatments can be considered labile with MRTs
ranging from 0.06 £ 0.01 to 0.20 + 0.02 years (Table C.3). While amendment
application did not affect the MRT of this labile pool, it partly reduced the labile
SOC pool size. While biochar-containing amendments were more likely to reduce
the size of the labile SOC pool, rock powder application increased the labile SOC
pool in the tropical sandy soil. The intermediate SOC pool contained most SOC
in control and rock powder treatments, ranging from 81.8 £ 4.0% to 93.7 %
3.2% of SOC across soils. Following the application of biochar-containing
amendments, the share of SOC in the intermediate pool was reduced, containing
between 19.1 £ 0.1% and 43.1 £ 0.2% of SOC. The MRT of this intermediate
SOC pool was partly increased, especially following the application of wood-
derived amendments in the tropical sandy soil. The stable biochar-derived SOC,
forming the stable SOC pool, contained the biggest share of SOC in the
treatments with biochar-containing amendments.
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Table C.3: Kinetic parameters of the double first-order exponential decay model
describing soil organic carbon (SOC; native and biochar-derived) pools and their mean
residence time (MRT) in temperate silty, temperate sandy, and tropical sandy soil per
treatment based on the long-term incubation (874 days). Lowercase letters indicate
significant differences (p < 0.05) between SOC pool sizes or MRTs within one SOC pool
and one soil.

Labile SOC pool Stable SOC
pool

Size (% SOC) MRT (years) Size (% SOC) MRT (years) Size (% SOC)

Intermediate SOC pool
Soil Treatment

Control  12.5+0.1° 0.19+0.01%® 87.5+0.19¢ 2.25= 0.07° -
Rock powder 12.4+0.9° 0.19+0.02% 87.6+0.9¢ 2.16 + 0.152 -
§ Wheat BC n.a. n.a. n.a. n.a. n.a.

£ Whaegg_co' 0.7£0.1° 0.19+0.01% 43.0%0.2°¢ 533+0.72° 56.2+0.32
§ Whg‘;:_co' 0.4+£0.02 0170022 387+1.0° 545%0.19° 60.9 1.1 bc
g Wood BC ~ 1.2+0.1° 0.21+0.02° 36.0+0.5% 3.70 £ 0.15% 62.9 % 0.6°¢
" WO;;DFO' 1.1+0.02 0.19+0.01° 381+02b 3.63+0.24% 60.8%0.2°
W°§3f°' 0.1£0.02 0.14+0.022 343+052 826£042° 65.6%0.5¢

Control n.a. n.a. n.a. n.a. -

Rock powder 6.3 +3.0° 0.13+0.08% 93.7+3.0° 2.41 % 0.65° -
2 Wheat BC 3.1+0.1% 0.07+0.00° 36.9%0.3¢ 1.37+0.082 60.0+0.4°2
g Whg;;_co' 27+£0.12 0.07£0.012 380£0.3¢ 1.29+0.102 59.3+0.32
% Whﬁ?’;'co' 2.7+£0.12 0.07£0.002 33.9+£0.2b 1380052 63.5+0.1¢
qé Wood BC 3.1+ 0.4 0.20+0.01> 32.7+0.5% 682+1.62° 642+0.1¢
2 Wo:sp_co' 1.8+£0.2° 0.14+0.02% 360+02 535+1.442 62.2+0.2°
WOI(j);er'CO- 20£0.62 0.16+0.02° 30.3£0.22 429+0.682 67.7+0.4¢

Control 7.5+1.3% 0.16+0.03%c 925+ 1.3¢ 8.09 % 3.36° -

Rock powder 18.5+3.9¢ 0.12 +0.03 % 81.5+3.95 1.50 % 0.23 2 -
3 WheatBC 2.9£0.1% 0.18%0.01% 209£0.1° 3.04+0.25° 76.20.2°
g Wh:;;_co' 2.7+0.1% 0.15+0.01%c 22.1+042 2.95+0.422 75.2%0.52
% Wh‘;f/tr CO- 21+02%® 019+£001¢ 19.2£0.2° 47840962 78.8+0.2¢
E Wood BC ~ 0.2+0.0° 0.09+0.012 21.9+0.1° 39.84+1.69° 78.0%0.1°¢
Wo:sp_co' 02+£0.0° 0.11+0.00% 22.0+0.22 3516+ 1.985 77.8+0.2°¢

WOS;‘rICO' n.a. n.a. n.a. n.a. n.a.

Data is presented as mean * standard error (n =

4). RP = rock powder treatment

containing basanite rock powder, BC = biochar treatment containing biochar derived
from either wood or wheat, Co-app. = co-application treatment containing basanite and
biochar derived from either wood or wheat, Co-pyr. = co-pyrolysis treatment containing
rock-enhanced biochar derived from either wood or wheat, n.a. = model not applicable.
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C.4 Discussion

C4.1 Amendment effect on short-term glucose-induced priming

The addition of glucose as an easily available C source can enhance the
mineralization of native (Wu et al., 2020; GAUDEL et al., 2022) and biochar-
derived SOC (LEHMANN et al., 2009; FANG et al., 2014) by promoting the co-
metabolic decomposition of SOC by microbes (HAMER et al., 2004; KuzYyAKoV et
al., 2009). We observed that both glucose-induced priming and its response to
amendment application differed strongly between soils. In the temperate sandy
soil, glucose addition had only minor effects on the mineralization of SOC,
regardless of whether and which amendment was applied. This absence of
glucose-induced priming could be caused by the higher proportion of POM in
this soil (ANSARI et al., 2026b), which is less likely to be primed due to its high
recalcitrance (LAVALLEE et al., 2020; ZHENG et al., 2023). In the tropical sandy
soil, we observed a positive glucose-induced priming, potentially caused by the
initially low SOC content of this soil. In such soils, microbial communities are
often C limited and thus respond more strongly to fresh substrate inputs, like
glucose, resulting in a more pronounced priming effect (KuzvAakov et al.,,
2009; BASTIDA et al., 2019; Wu et al., 2020). While this effect was largely
independent of the applied amendment, pure and co-applied wood-derived
biochar were able to suppress this glucose-induced priming loss of SOC,
potentially due to the adsorption of glucose onto the biochar surfaces (WANG et
al., 2016; IrpoLITO et al., 2020; KALU et al., 2024). In line with this, ToMCzYK et
al. (2020) reported that biochar derived from lignin-rich material, such as wood,
has a higher specific surface area. That wood-derived rock-enhanced biochar
did not have this reducing effect on glucose-induced priming indicates a lower
reactivity, probably due to the occlusion of basanite particles in the biochar
pores, reducing its pore volume and specific surface area (MEYER zU DREWER et
al., 2025). In contrast to both sandy soils, the application of biochar-containing
amendments increased the systems reaction to glucose in the temperate silty
soil. While the SOC mineralization of the unamended soil did not respond to
glucose addition, biochar-containing amendments increased the glucose-
induced priming. This increased SOC mineralization could result from an
interaction between glucose and biochar-containing amendments (HAMER et al.,
2004). This interaction could arise from a combined priming induced by glucose
and easily available C compounds in biochar (Luo et al., 2017). Alternatively,
biochar-containing amendments could adsorb mineral N onto their surfaces
(CLOUGH et al., 2013), thus increasing the microbial N demand (ANSARI et al.,
2026¢) causing an N-mining and thus promoted decomposition of soil organic
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matter (CRAINE et al., 2007; CHEN et al., 2014). The latter is supported by the
pronounced reduction of N during the incubation of the temperate silty soil
amended with biochar-containing amendments compared to the unamended soil
(Table C.5 in Appendix). The variability of the response of glucose-induced
priming to amendment applications indicated complex interactions between soil,
amendment, and C inputs. Future studies should thus include the long-term
response of amended soils to repeated glucose addition, which could result in
more pronounced glucose-induced priming (Wu et al., 2020). Nevertheless, all
amendments that reduced SOC mineralization in the glucose-free samples
compared to the unamended soil continued to reduce SOC mineralization also
with glucose addition. This highlights the suitability of biochar-containing
amendments as a CDR technology resulting in a long-term SOC increase, even
under the input of readily decomposable C.

C4.2 Amendment effect on SOC dynamics over time depend on
feedstock, application type, and soil properties

Feedstock in as important factor determining the effect of biochar-containing
amendment application on SOC mineralization. As hypothesized, wood-derived
biochar-containing amendments consistently reduced SOC mineralization
largely independent of soil properties and time since application. This indicates
a higher stability of wood-derived amendments compared to wheat-derived
amendments (VAUGHN et al., 2013; WANG et al., 2016; WANG et al., 2022) and
highlights their potential to lower SOC mineralization and thus to reduce soil-
borne CO, emissions (LIU et al., 2020). The effects of wheat-derived amendment
application on SOC mineralization were driven by soil properties. In the
temperate silty soil, wheat-derived amendments increased SOC mineralization
on longer time scales compared to the unamended soil, whereas they reduced
SOC mineralization in both sandy soils. This contrasting effect might reflect
differences in initial soil pH (WANG et al., 2022), which were higher in the
temperate silty soil (initial pH 6.9) than in both sandy soils (initial pH 4.7).
Consistently, Luo et al. (2011) reported lower biochar stability in high (initial pH
7.6) than in low (initial pH 3.7) pH soils. This indicates that soil properties, such
as initial soil pH, can determine biochar-derived amendment-induced changes
of SOC mineralization, highlighting the importance of site-specific soil conditions
for predicting amendment effects.

Across feedstocks, the effect of biochar-containing amendments on SOC
mineralization was affected by the application type. Pure biochar generally was
as effective as, or even more effective than, combined applications in reducing
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SOC mineralization. Combined application with basanite rock powder, especially
as wood-derived rock-enhanced biochar or wheat-derived co-application, partly
diminished the reducing effect of biochar on SOC mineralization on longer time
scales (earliest after 121 days). Since rock-enhanced biochar generally had a
higher stable SOC content than pure and co-applied biochar (MEYER zu DREWER
et al., 2025), the additional released CO; likely originated from native SOC.
However, these greater losses of native SOC could be offset by the higher stable
SOC content in rock-enhanced biochar, thus preserving the long-term positive
effect of (rock-enhanced) biochar on total SOC and thus on CDR. Based on these
first insights from our study, future studies should systematically compare these
application types over extended time scales to better disentangle the
mechanisms driving their divergent effects on SOC mineralization.

The combination of wood-derived rock-enhanced biochar in the tropical
sandy soil differed from all other soil-amendment-combinations by showing
increasing CO; emissions after ~250 days. All other combinations had a
declining or stable CO. release over time, which reflects decreasing SOC
mineralization due to depletion of labile C compounds and the slower turnover
of more recalcitrant compounds (KuzyAakov et al., 2009; AMELOOT et al., 2013;
WANG et al., 2016; HAN et al., 2020). In contrast, the late SOC mineralization
increase observed in the tropical soil amended with wood-derived rock-
enhanced biochar suggests activation of an additional mineralization pathway.
This might be a shift in microbial dominance as observed by Liu et al. (2020),
where fungal activity increases once bacterial mineralization of labile
compounds declines and more recalcitrant C sources prevail (LEHMANN et al.,
2009; AMELOOT et al., 2013; WANG et al., 2022). That this response occurred
only in the tropical soil amended with wood-derived rock-enhanced biochar may
relate to an inherently higher fungal:bacterial ratio in this soil (MALIK et al.,
2016), the high proportion of recalcitrant compounds in woody feedstock
(VAUGHN et al., 2013; WANG et al., 2016; WANG et al., 2022) triggering fungal
activity, and/or the reduced availability of labile compounds due to co-pyrolysis.
The latter is, however, unlikely since ANSARI et al. (2026a) observed a higher
release of DOC following the application of rock-enhanced biochar compared to
biochar. While the mechanisms behind this response remain speculative, it
shows that feedstock properties and soil-specific microbial dynamics interact.

The effect of basanite rock powder application on the CO: release increased
with time since application, representing the net gaseous C balance, which is
relevant for evaluating CDR via enhanced rock weathering (DIETZEN et al.,
2018). The increasing effect on CO; release over time points to progressive
basanite weathering and associated impacts on soil C dynamics. However, the
direction and magnitude of these effects differed between soils. In the
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temperate silty soil, basanite application increased cumulative COz2 release,
indicating stimulated microbial activity and enhanced SOC mineralization
exceeding CO2 uptake via weathering (DIETZEN et al., 2018; TE PAs et al., 2026).
In contrast, both sandy soils showed clear indications of basanite weathering.
In the tropical sandy soil, basanite application initially increased CO:z release,
but cumulative emissions decreased over time to the same level as the
unamended soil after 503 days. This temporal pattern indicates an initial
stimulation of microbial respiration followed by increasing CO2 uptake via
weathering (DIETZEN et al., 2018). In the temperate sandy soil, basanite powder
reduced cumulative CO:2 release relative to the unamended control already from
day 77 onwards. This could reflect reduced SOC mineralization (Buss et al.,
2023) and/or enhanced CO2 uptake during weathering (TE PAs et al., 2026). The
latter is supported by the observed stable or increased soil pH in both sandy
soils at the end of the 874-day incubation (Table C.5 in Appendix), indicating
ongoing alkalinity generation through mineral dissolution (HARTMANN et al.,
2013; BEERLING et al., 2020), whereas all other treatments exhibited declining
pH over time. Given that increasing pH generally rather promotes than
suppresses microbial activity (DIETZEN et al., 2018), a reduced microbial
respiration alone appears unlikely as the dominant mechanism. Taken together,
the results suggest that measurable basanite weathering occurred within the
investigated time frame primarily in the sandy soils, indicating a faster or more
effective weathering of basanite powder in coarse textured soils with initial low
pH (ABDALQADIR et al., 2024).

C4.3 Amendment effect on size and MRT of SOC pools

The application of biochar-containing amendments directly affects amount and
composition of SOC, determining the size and MRT of SOC pools (Kuzyakov et
al., 2009; LEHMANN et al., 2009; HAN et al., 2020). In the present study, the fast
and intermediate SOC pools contained the native and the more labile biochar-
derived SOC. The presence of the stable biochar-derived SOC reduced the
relative share of both labile and intermediate SOC pool (% SOC) following the
application of biochar-containing amendments. This does not necessarily
represent a change in the absolute amount of SOC in labile and intermediate
pools but in their relevance for total SOC. Therefore, after the application of
biochar-containing amendments, the size and MRT of these SOC pools is often
of little interest (LEHMANN et al., 2009). Nonetheless, we observed a partly
increase in the MRT of the intermediate pool following the application of biochar-
containing amendments compared to the unamended soil. This indicates a
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broader influence of biochar on SOC cycling beyond the mere addition of
recalcitrant C, e.g. via slowdown of mineralization through physicochemical
stabilization of SOC (WANG et al., 2017; WENG et al., 2017).

The labile and intermediate SOC pools were distinguished from the stable
biochar-derived SOC forming the long-term stable SOC pool, determined by
hydropyrolysis from MEYER zu DREWER et al. (2025) (MEeREDITH et al., 2012;
HAGEMANN et al., 2025). This approach allowed us to avoid the repeatedly
reported underestimation of biochars long-term stability (LEHMANN et al., 2009;
WANG et al., 2016; Azzi et al., 2024; LI et al., 2024; SANEI et al., 2025).
However, considering this stable SOC pool as inert would also be incorrect
(AMELOOT et al., 2013; ScHMIDT et al., 2025) and lead to an overestimation of
biochars stability (LI et al., 2024). Even though it is difficult to predict long-term
biochar stability (LEHMANN et al., 2009; LENG et al., 2019), an MRT for this stable
SOC pool of >1000 years is likely (Kuzyakov et al., 2009; LEHMANN et al., 2009;
LEHMANN et al., 2015; ScHMIDT et al., 2025) and potentially higher for the wood-
compared to the wheat-derived amendments (SINGH et al., 2012; WANG et al.,
2016; JOSEPH et al., 2021).

The size of the stable SOC pool varied depending on the initial SOC content
of the soils and on the applied amendments, differing in feedstock and
application type. The higher share of SOC in the stable pool of the amended
tropical sandy soil compared to both temperate soils is caused by the lower
initial SOC content of the tropical soil, increasing the share of stable SOC in total
SOC. The larger stable SOC pool following the application of wood- compared to
the respective wheat-derived amendment indicates a higher amount of long-
term stable SOC, probably due to the generally higher stability of wood-derived
biochars (VAUGHN et al., 2013; WANG et al., 2016; WANG et al., 2022).
Irrespective of the feedstock, co-application of biochar and basanite powder
reduced the share of SOC in the stable SOC pool compared to pure biochar
application. In contrast, co-pyrolysis increased the stability of the amendments,
since rock-enhanced biochars led to a larger stable SOC pool as pure and co-
applied biochars of the respective feedstock. This increased stability due to co-
pyrolysis resulted in a similar or even higher stable SOC pool following the
application of wheat-derived rock-enhanced biochar than those of wood-derived
pure and co-applied biochar. These findings highlight that co-pyrolysis of
biomass and basanite powder can outbalance inherent feedstock limitations and
thus represents as an equally important factor as feedstock in controlling long-
term biochar stability and thus the biochars’ CDR potential. These results form
a basis for necessary future long-term experiments, which should focus on
validating the effects of rock-enhanced biochar under field conditions (WANG et
al., 2022; Azzi et al., 2024).
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Basanite rock powder application rarely affected size and MRT of the
modeled SOC pools. However, in the tropical sandy soil, basanite powder caused
a shift of SOC from the intermediate to the labile SOC pool. This indicates a
reduced stability of the SOC, which is already reflected in the higher SOC
mineralization during the 874-day incubation. This destabilizing effect of
basanite powder in the tropical sandy soil might be caused by a weathering-
induced priming, in which the release of rock-derived nutrients and the increase
in soil pH stimulated microbial activity and consequently accelerated the
decomposition of native SOC (Buss et al., 2021; FANG et al., 2023; LI et al,,
2025). However, TE PAS et al. (2026) expects a compensation of such CO; losses
through long-term stabilization of SOC in mineral-associations promoted by
silicate rock powder, promoting the CDR potential of enhanced rock weathering.

C.5 Conclusions

This study demonstrated that all biochar-containing amendments largely
reduced SOC mineralization and enhanced long-term SOC stability, with effects
strongly shaped by time, feedstock, application type, and soil-specific
properties. Amendments that reduced short-term SOC mineralization (17 days)
maintained this effect under glucose addition, highlighting the amendments’
resilience to labile C inputs. However, amendments were also able to promote
or suppress glucose-induced priming, highlighting the interactions between soil,
amendment, and labile C input. Whether these patterns remain following
repeated labile C inputs over longer time scales, simulating plant-growth, should
be further investigated. Beyond glucose-induced effects, wood-derived amend-
ments consistently reduced SOC mineralization and thus outperformed wheat-
derived amendments across timescales and soils. However, co-pyrolysis of
wheat straw with basanite rock powder to rock-enhanced biochar increased
amendment stability, yielding a long-term stable SOC pool comparable to that
of wood-derived biochar. This is especially relevant where agricultural residues
are the main biomass for amendment production, suggesting that co-pyrolysis
with basanite rock powder can compensate for feedstock-limitations affecting
long-term CDR potential. Equally decisive as feedstock and application type
were soil properties, particularly pH and texture, for the effects of wheat-derived
amendments and basanite rock powder. Basanite effects on SOC dynamics
generally increased over time, with progressive weathering reducing cumulative
CO; release and thus showing basanites’ CDR potential, particularly in low-pH
sandy soils. Overall, the CDR potential of amendments emerged from the
dynamic soil-amendment-interactions over time, underscoring the need for site-
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adapted strategies and long-term field-scale validation, particularly to assess
whether the effect of co-pyrolysis on the amendment’s long-term CDR potential
remains over time under field conditions.
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C.7 Appendix

C7.1 Basanite powder properties

The chemical composition of the rock powder (Table C.4) was analyzed using X-
ray fluorescence (XRF) at the Mineralogical Institute, University of Hamburg,
while the mineralogical composition was determined by Qmineral using X-ray
diffraction (XRD), as described in VORRATH et al. (2025). Following the
classification of volcanic rocks by STRECKEISEN (1980) or LE BAs et al. (1986),
this rock can be classified as a basanite. The basanite was obtained from
Rheinische Provinzial-Basalt- u. Lavawerke, Sinzig, Germany.

Table C.4: Main compounds, trace elements, mineral composition and grain size of used
basanite rock powder Eifelgold. bdl = below detection limit; LOI = loss on ignition.

Main Trace . Grain size
compounds [wt%] Elements [ppm] Mineralogy [wt%] [um] [wt%]
SiO> 43.86 As bdl Clinopyroxene 44.4 > 300 0.00
TiOz 2.79 Ba 1026 Plagioclase 15.5 300 - 250 0.13
Al;O3 14.15 Bi bdl Nepheline 11.2 250 - 210 0.17
Fe,0s 11.28 Ce 104 Leucite 9.9 210-180 0.14
MnO 0.18 Co 51 Olivine 6.3 180 - 150 0.26
MgO 8.21 cr 53 2:1 layer 51 150-120 1.20
silicates
CaO 11.63 Cu 66 Hematite 3.1 120 - 100 2.87
Na>O 3.26 Ga 17 Spiﬁel—type 1.9 100 -86 4.17
minerals
K>0 3.35 La 52 Apatite 1.1 86-74 5.67
P>0s 0.6 Nb 52 Analcime 0.9 74 -62 8.13
SOs bdl Nd 28 Quartz 0.7 62-52 8.89
LOI 0.44 Ni 124 52-44 8.50
Sum 99.74 Pb 5 44 -36  9.63
Rb 86 36-30 7.86
Sc 22 30-26 5.50
Sr 882 26 - 22 5.64
Th 8 22 -18 5.72
u 3 18 -0.5 25.52
302
Y 24
Zn 90

Zr 271
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C7.2 Soil pH as well as C and N content prior and after 874-day
incubation experiment
Table C.5: Soil pH (CaClz), total C and total N content prior and after 874-day incubation.

Lower case letters indicate significant differences (p < 0.05) between treatments in one
parameter of one soil at one time point, while * indicates significant differences between

the two time points of one parameter and one treatment.

Total C content

Total N content

Soil pH [CaCl:]

Soil Treatment Prior t[cl>“g kg-llifter Prior tE)mg kg-1]After Prior to After

incubation incubation incubation incubation incubation incubation

Control  18.1+0.5°16.6 + 0.32* 0.13 +0.01@ 0.12 + 0.00® 6.9 + 0.0° 6.5+ 0.12*

Rock powder 16.8 + 0.42 16.2+0.1@ 0.12+0.002 0.11+0.002 6.9 +0.0° 6.4 + 0.32 *

2 Wheat BC 37.0 £ 0.9 36.5+ 0.5 0.15+ 0.00° 0.13 + 0.00b* 7.8 + 0.1 6.8 + 0.0 *
? Whaegglco' 36.2 £ 0.2b 35.1+0.4° 0.14 +0.00° 0.13 + 0.00°* 7.9+ 0.0« 6.8 + 0.0b *
g Whg‘;trlco' 40.1 + 0.8 39.9 £ 0.9 0.16 + 0.00> 0.14 + 0.00®* 8.0 £ 0.0¢ 6.9 + 0.0 *
% Wood BC 43.4 +0.8° 41.0+ 1.1 0.16 + 0.00> 0.13 + 0.00°* 7.6 £ 0.1® 6.8 + 0.0b *
" Wood Co-app.40.7 + 0.3% 40.8 £ 0.3¢ 0.15 % 0.00® 0.13 + 0.00b* 7.5+ 0.0° 6.8 + 0.0 *
Wood Co-pyr. 45.9 + 1.0 44.0 £ 0.8¢ 0.16 + 0.00> 0.13 + 0.00P* 7.7 £ 0.0 6.8 + 0.0 *
Control  11.2+0.1°10.2+ 0.22* 0.10 + 0.00@ 0.08 + 0.00° * 4.7 + 0.0° 4.1 + 0.0 *

_ Rock powder 11.4 0.12 10.2 £0.02* 0.11 + 0.00°> 0.08 0.002* 4.9+ 0.0® 4.9+0.0
E Wheat BC 31.6 + 0.4°29.1 + 0.4°* 0.13 + 0.00% 0.10 £ 0.00° * 7.4+ 0.0¢ 6.4  0.0¢*
§ Whg;glco' 30.8 £ 0.3°28.5 + 0.5°* 0.13 £ 0.00% 0.10 £ 0.00° * 7.3 £ 0.0¢ 6.4 £ 0.0 *
*§ Wh‘;f,tr_co' 34.8 4 0.1°32.4 £0.3¢* 0.13 4 0.00¢ 0.11 0.00°* 7.5 £ 0.07 6.5 0.0 *
g Wood BC 37.6 +0.2¢ 35.9+0.8¢ 0.13 +0.00% 0.11 + 0.00°* 6.8 + 0.0¢ 6.6 + 0.0¢ *
"~ Wood Co-app. 34.9 + 0.3¢ 33.8+ 0.5« 0.12 % 0.00° 0.10 + 0.005* 6.8+ 0.0¢ 6.5 + 0.0¢ *
Wood Co-pyr. 41.2 £ 0.7¢ 39.0 £ 0.9¢ 0.13 + 0.00¢ 0.11 +0.00b* 7.1+ 0.0¢ 6.7 £0.0¢ *
Control  4.5+0.12 4.4+0.12 0.04+0.002 0.03+0.002% 4.7+0.0° 4.5+0.12*

_ Rock powder 4.4+0.1® 4.3+0.12 0.04+0.00° 0.03+ 0.002* 5.0+0.0° 5.1+0.0°*
§ Wheat BC 25.5 + 0.3 25.0 £ 0.3° 0.07 + 0.00°¢ 0.04 + 0.00b¢ * 7.9 + 0.0¢ 6.8 + 0.1 *
g Wh:s;.Co— 24.0 £0.7b 24.7 £0.2° 0.07 + 0.00® 0.04 £ 0.00°* 8.0 + 0.0¢ 6.8 % 0.0% *
é Whg‘;trlco' 29.0 £0.3¢ 29.1+0.0¢ 0.07  0.005 0.05 + 0.00b¢ * 8.0 + 0.0¢ 6.8 + 0.0¢ *
2 WoodBC 30.8+0.2¢ 30.4 +0.39 0.07 + 0.005 0.05 £ 0.005 * 7.0+ 0.0¢ 6.5 + 0.0 *
Wood Co-app.30.4 + 0.4 30.2 + 0.2<¢ 0.07 + 0.00°¢ 0.04 + 0.00° * 7.0+ 0.0¢ 6.5+ 0.0¢ *

Wood Co-pyr. 35.1 £ 0.3¢31.1 £ 0.49* 0.08 £ 0.00¢ 0.05 + 0.00¢ *

Data is presented as mean % standard error (n = 4). RP = rock powder treatment
containing basanite rock powder, BC = biochar treatment containing biochar derived
from either wood or wheat, Co-app. = co-application treatment containing basanite and
biochar derived from either wood or wheat, Co-pyr. = co-pyrolysis treatment containing
rock-enhanced biochar derived from either wood or wheat.

7.3+£0.09 6.7 £ 0.1 de *
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C7.3 Stable biochar fraction determined by hydropyrolysis

The stable biochar fraction of the used amendments (Table C.6) was determined
by MEYER zu DREWER et al. (2025) using hydropyrolysis. The stable fraction of
the co-application treatments is the same as in the respective biochar treat-
ment.

Table C.6: Stable fraction of biochars and rock-enhanced biochars, determined by
hydropyrolysis.

Wood Rock-enhanced Wheat Rock-enhanced
biochar wood biochar biochar wheat biochar

Stable biochar fraction
(% biochar-derived C)

90.8 92.4 92.0 92.7
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C7.4 Significance letters of respiration during long-term incubation

Figure C.2. Letters
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Significance letters for cumulati

Table C.7

indicate significant differences (p < 0.05) between treatment within one soil.
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RP = rock powder treatment containing basanite rock powder, BC = biochar treatment

containing biochar derived from either wood or wheat, Co-app. = co-application treat-

ment containing basanite and biochar derived from either wood or wheat, Co-pyr. = co-

pyrolysis treatment containing rock-enhanced biochar derived from either wood or

wheat.
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D. Abstract

Combined soil-applied biochar and silicate rock powder might have synergistic
effects on both combine carbon dioxide removal with soil improvement.
However, it remains unknown how their combined application affects
mineralization and stabilization of soil organic carbon (SOC). We tested !3C-
labeled wheat-straw biochar and basanite rock powder either pure, co-applied,
or as rock-enhanced biochar from co-pyrolysis. Pure and combined amendments
were incubated for 66 days with three agricultural topsoils (temperate silty,
temperate sandy, tropical sandy). We monitored the d!3C-signal of the respired
CO; to determine the priming effect of the amendments. After incubation, we
conducted a density fractionation to investigate the potential stabilization of
native and biochar-derived SOC as free particulate organic matter (fPOM),
occluded POM (oPOM), and mineral-associated organic matter (MAOM). Pure
basanite application did not influence short-term SOC dynamics, probably due
to limited weathering within the 66-day incubation. In combined applications
(co-application, rock-enhanced biochar), the effect of biochar was dominant.
The effects of biochar-containing amendments were mainly controlled by
texture and pH. Both sandy soils experienced positive priming following the
application of biochar-containing amendments. In both temperate soils, positive
priming occurred in MAOM, while native fPOM was partly shifted to oPOM. Losses
of native SOC in fPOM and MAOM were smaller than biochar-derived carbon
input, resulting in overall SOC gains in most fractions. While priming intensity
was similar for biochar-containing amendments, rock-enhanced biochar most
strongly increased in HF, interpreted as MAOM, and had a higher short-term
stability. Our findings highlight the potential of co-pyrolysis for short-term SOC
stabilization.

Keywords

silicate rock powder, carbon dioxide removal (CDR), enhanced rock weathering
(ERW), mineral-associated organic matter (MAOM), particulate organic matter
(POM), biochar stability
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D.1 Introduction

To mitigate climate change and meet long-term climate targets, the removal of
atmospheric carbon dioxide plays an important role (RI1AHI et al., 2022). Soil-
application of both biochar and silicate rock powder for enhanced rock
weathering are approaches, which combine carbon dioxide removal with soil
fertility improvement (Buss et al., 2021; JOSEPH et al., 2021; BEERLING et al.,
2025). While most recent research considered both carbon dioxide removal
technologies separately, their combined application could offer synergistic
effects (AMANN & HARTMANN, 2019; JOSEPH et al., 2021). A combined application
can include a co-application of biochar and silicate rock powder as well as the
co-pyrolysis of biomass and rock powder to produce rock-enhanced biochar
(MEYER zU DREWER et al., 2025; VORRATH et al., 2025). Such a co-pyrolysis of
biomass and minerals can increase the carbon (C) yield (Buss et al., 2024b) and
improve the nutrient content of the pyrolysis product (MEYER zuU DREWER et al.,
2025). The co-application of biochar and rock powder gained increasing
attention and its effects on SOC sequestration and storage were investigated
(e.g. HONVAULT et al., 2024; SOHNG et al., 2025; TE PAs et al., 2026), indicating
additive or even synergistic effects. However, co-application effects on SOC
mineralization and stabilization and the effects of rock-enhanced biochar on
general SOC dynamics remain unknown.

Biochar application enhances soil organic C (SOC) storage (STEINER et al.,
2007; LEHMANN et al., 2021; KALU et al., 2024), while maintaining or improving
soil functions (JOSEPH et al., 2010). Biochar is the solid product from biomass
pyrolysis and consists mainly of highly aromatic pyrogenic C compounds
(HAGEMANN et al., 2018; XIE et al., 2025). Due to its low degradability, biochar
contributes to the persistent SOC pool (KuzyAkov et al., 2014; WANG et al.,
2016; Xie et al., 2025) and its application provides a considerable carbon dioxide
removal potential (LEHMANN et al., 2021). However, biochar also contains minor
amounts of more easily degradable organic compounds (BRUUN et al., 2014;
BAKSHI et al., 2018). This labile C can either stimulate or suppress native SOC
mineralization, resulting in a positive or negative priming effect, respectively
(Kuzvyakov et al., 2000; Yu et al., 2018). Direction and magnitude of biochar-
induced priming vary depending on several parameters, such as soil and biochar
properties (ZIMMERMAN et al., 2011; WHITMAN et al., 2015; JOSEPH et al., 2021)
as well as the observed time span after application (BLANCO-CANQUI et al., 2020).
In particular, biochar-induced priming is often positive in sandy soils (FANG et
al., 2015; Liu et al., 2015; WANG et al., 2016) with lower pH (Luo et al., 2011;
ZHANG et al., 2018; Xu et al., 2021) and organic matter content (ZIMMERMAN et
al., 2011; WANG et al., 2016).
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Applying silicate rock powder, such as basanite, to agricultural soils can
couple carbon dioxide removal with improvements of soil properties (SWOBODA
et al., 2022; DuprLA et al., 2024; Xu et al., 2025). Weathering of silicate rocks
directly enhances soil C content through the reaction between CO,-derived
acidity and minerals, forming bicarbonate and carbonate (HARTMANN et al.,
2013; BEERLING et al., 2025), which can be stored as inorganic C in the soil
(HARTMANN et al., 2013; MARTIN, 2017). The effect of enhanced rock weathering
on SOC dynamics, such as SOC mineralization, is less well understood. Even
though silicate rock powder does not contain labile C to directly induce a priming
effect, it still has the potential to alter SOC mineralization, e.g. via an increase
in soil pH (AMANN et al., 2020; LEI et al., 2025) or nutrient availability (HARLEY
& GILKES, 2000; HARTMANN et al., 2013).

Soil organic C is stabilized through the biochemical low bioavailability and
chemical complexity of particulate organic matter (POM), by spatial
inaccessibility through the occlusion of POM in aggregates (oPOM), or the
association to mineral surfaces (SOLLINS et al., 1996; vON LUTzow et al., 2006;
VON LUTZzOw et al., 2008). Aggregate occlusion and mineral-association limit the
accessibility of SOC for microbes, thus reducing its biodegradation (voN LUTzow
et al., 2006; KLEBER et al., 2015). Both biochar and silicate rock powder have
the potential to influence the stabilization of native SOC. The weathering of
silicate rock powder can enhance aggregate formation by releasing bivalent
cations, such as Ca and Mg, which promote cation bridging and flocculation of
soil particles (CLOUGH & SKIEMSTAD, 2000; Buss et al., 2024a; Xu et al., 2025).
Additionally, fresh mineral surfaces and reactive secondary minerals, which are
formed during weathering, can directly adsorb dissolved organic carbon (DOC)
forming mineral-associated organic matter (MAOM; REICHENBACH et al., 2021;
Buss et al., 2024a). While most biochar-derived C remains as highly recalcitrant
free POM (fPOM; KALU et al., 2024), it can also be further stabilized by occlusion
in aggregates (Yoo et al., 2017; JosepPH et al., 2021) or mineral-association
(YANG et al., 2016; YANG et al., 2021). Additionally, biochar has the potential to
accelerate the formation of aggregates and the stabilization of native SOC as
MAOM (WANG et al., 2017; WENG et al., 2017; Xu et al., 2024). When applying
biochar and silicate rock powder combined, the additional minerals may further
stabilize the biochar-derived C (MEYER zU DREWER et al., 2025), especially if it is
directly bound to mineral surfaces during co-pyrolysis.

The influence of pure biochar and silicate rock powder application on the
mineralization of native SOC and the stabilization of SOC are relatively well
understood And initial research indicated additive or synergistic effects of co-
application on SOC storage (SOHNG et al., 2025) and sequestration (HONVAULT
et al., 2024; TE PAs et al., 2026). However, co-applications effect on SOC
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mineralization and stabilization as well as the general effects of rock-enhanced
biochar on SOC dynamics are currently unknown. Therefore, our objective was
to identify combined effects of both amendments on SOC (both native SOC and
biochar-derived C) dynamics in contrasting agricultural soils and assess how
these effects differ from those of pure biochar or basanite application. We tested
biochar, basanite, a co-application of both amendments as well as rock-
enhanced biochar as soil amendments. Incubation experiments were set-up
using three agricultural soils from Germany (sandy, silty) and Kenia (sandy),
representing temperate and tropical soil properties. We hypothesized that the
combined application of biochar and basanite (i) affects the mineralization rate
of native SOC depending on soil properties with coarser texture, lower pH, and
SOC content likely causing positive amendment-induced priming, and (ii)
increases the amount of SOC in oPOM and MAOM via the enhancement of
aggregate occlusion and mineral-association, compared to unamended soils.
Head-space CO; concentrations and its 8!3C signals were monitored to calculate
the priming effect of the amendments. After the incubation, the soil samples
were fractionated to quantify the potential of the amendments for SOC
stabilization.

D.2 Material and methods

D2.1 Soils and amendments

The study was conducted using three different topsoils from agricultural fields
(0-30 cm; Table D.1). One of them was collected in central Germany (Goldbach,
Germany, 49°59'32.4"N 9°09'53.8"E), referred to as temperate silty soil. The
second soil was collected in northern Germany (Gartow, Germany,
53°01'26.9"N 11°27'12.7"E), referred to as temperate sandy soil. The third soil
was collected in central Kenia (Machanga, Kenia, 0°27'26.8"S 37°39'37.4"E),
referred to as tropical sandy soil. The soils were air-dried until used in spring
2024. The soils in the respective areas are classified as Cambisol (LFU, 2025),
Podzol (LBEG, 2017), and Nitisol (FAO & UNESCO, 1974) according to the world
reference base (IUSS WORKING GRouP WRB, 2022).

These soils were incubated with four different soil amendments. The biochar
was produced from a mixture of !3C-labeled and unlabeled wheat straw (Triticum
aestivum L.). The 13C-labeled wheat straw was derived from field-grown plants
exposed to repeated !3CO; flushing under a hood during the growing season.
The homogenized mixture of labeled and unlabeled wheat straw was pelletized
to 6 mm without additional binder (WK230 pellet press, Evertec, Dieburg,
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Germany) and pyrolyzed at 650 °C for 15 minutes in a continuously operating
auger reactor (HAGEMANN et al., 2020; Table D.2 and further information in
Table D.4 in Appendix). As silicate rock powder, we used the locally available
basanite Eifelgold (grain size 0.5-300 um as described in VORRATH et al. (2025);
further information in Table D.3 in Appendix). In addition, two combined appli-
cations of biochar and basanite were tested - co-application and co-pyrolyzed
rock-enhanced biochar. For the co-application, biochar and basanite were mixed
before use. To compare the effect of a co-pyrolysis to post-pyrolysis mixing,
wheat straw (mix of labeled and unlabeled straw) and basanite were mixed
(90:10, w/w), pelletized, and pyrolyzed at 650 °C for 15 minutes to produce
rock-enhanced biochar following MEYER zu DREWER et al. (2025) (Table D.2 and
further information in Table D.4 in Appendix). Based on the TC contents of
biochar and rock-enhanced biochar, we calculated the proportion of biochar
(~71%) and basanite (~29%) in rock-enhanced biochar. Both biochar and rock-
enhanced biochar were hand-crushed and sieved to <2 mm.

Table D.1: Initial soil properties of temperate silty, temperate sandy, and tropical sandy
agricultural topsoil prior to pre-incubation.

Properties Temperate silty soil Temperate sandy soil Tropical sandy soil
pH [CaCl:] 6.9 £ 0.0 4.7 £ 0.0 4.7 £ 0.0
TC [g kg'!] 18.5 £ 0.0 12.4 £ 0.0 4.7 £ 0.0
TOC [g kg™'] 13.3 £ 0.1 12.0 £ 0.0 4.6 £ 0.0
TIC [g kg™!] 5.2+ 0.1 0.4 £ 0.0 0.1 £ 0.0
N [g kg™] 1.3+ 0.0 1.1 £0.0 0.3 £ 0.0
TC:N 13.9 £ 0.0 11.6 £ 0.0 15.0 £ 0.0
013C [%o] -23.2 £ 0.1 -26.7 £ 0.0 -19.2 £ 0.0
Sand [%] 28.2 £ 1.0 93.8 £ 0.7 68.9 £ 0.6
Silt [%] 58.0 £ 1.0 2.5+ 0.4 20.4 £ 0.6
Clay [%] 13.8 £ 0.3 3.7+ 0.3 10.7 £ 0.2

Data is presented as mean £ standard error (n = 3). TC = total carbon, TOC = total
organic carbon, TIC = total inorganic carbon, N = total nitrogen.
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Table D.2: Initial properties of biochar and rock-enhanced biochar. Further information
listed in Table D.4 in Appendix.

Properties Biochar Rock-enhanced biochar
TC [g kg'!] 705.5+ 1.62 502.7 + 4.32
TOC [g kg] 703.7 501.3
TIC [g kg'!] 1.8+ 0.12 1.4+ 0.3
N [g kg'] 8.9 £ 0.0° 6.3 +0.12
TC:N 79 £ 0.0° 80 £ 0.6°
013C [%o0] 140.8 £ 15.92 146.8 £ 3.42
H:TC 0.14° 0.14°
0:TC 0.64° 0.70°
pH 9.4b 9.4b
Ash [%] 20.4° 42.2°
Specific surface area [m? g™'] 92.6° 48.6°

a Values are the mean of analytical replicates (n = 3, mean + standard error), ® values
(n = 1) were measured by Ruhr Lab GmbH according to the analytical guidelines of the
European Biochar Certificate (EBC, 2024). TOC is calculated as difference between TC
and TIC. TC = total carbon, TOC = total organic carbon, TIC = total inorganic carbon,
N = total nitrogen.

D2.2 Experimental design

To assess the amendment effects on mineralization and stabilization of SOC, we
set up an aerobic incubation experiment (n = 4). For the control treatment, 120
g of air-dried soil (dry-weight equivalent) were used. For the biochar treatment,
4.71 g of biochar (~3.93 wt%) was mixed with the soil. In the rock powder
treatment, 2.38 g of basanite rock powder (~1.98 wt%) were added to the soil.
For the co-application treatment, 4.71 g of biochar (~3.93 wt%) and 2.38 g of
basanite rock powder (~1.98 wt%) were added to the soil. The co-pyrolysis
treatment contained a mixture of soil and 6.70 g of rock-enhanced biochar
(~5.58 wt% consisting of ~3.98 wt% biochar and ~1.60 wt% basanite rock
powder). After mixing, the samples were adjusted to 40% water holding
capacity (WHC) using sterile distilled water and pre-incubated for 7 days at
20 °C to reactive microorganisms and buffer potential effects from previous
drying.

Following the pre-incubation, 60 g of each sample (dry-weight soil
equivalent excluding amendment weight) was adjusted to 60% WHC using
sterile distilled water. Moist samples were then transferred into glass flasks,
sealed with rubber septa, and incubated at 20 °C for 66 days. This incubation
duration allows to determine the amendment effects primarily on short-term
SOC dynamics. The accumulation of COz in the flask headspace was monitored
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as a proxy for SOC mineralization using gas chromatography (JAS 6890N GC,
Joint Analytical Systems GmbH, Moers, Germany; 7890 A GC, Agilent
Technologies, Santa Clara, United States). To maintain a higher pressure within
the flasks (~1100 mbar) compared to the surrounding air and to avoid oxygen
deficiency due to high CO. concentrations (> 2% in headspace), flasks were
flushed with synthetic air when necessary. Additional gas samples for 613C
analysis were taken on selected days (1, 2, 3,6, 9, 13, 17, 27, 42, 66) through-
out the incubation and analyzed using an isotope ratio mass spectrometer (Delta
V Plus, Thermo Fisher Scientific, Bremen, Germany).

D2.3 Chemical analysis of soil samples

The remaining material of each sample after the pre-incubation was further
analyzed, describing initial sample properties at the beginning of the incubation.
Soil pH was determined in 0.01 M CaCl; solution (soil : CaCl; solution = 1:2.5)
using a pH meter (MP230, Mettler-Toledo GmbH, GieBen, Germany). The
electric conductivity (EC) was measured in deionized water (soil : water = 1:2.5)
using a conductivity meter (Cond 330i, WTW GmbH, Weilheim, Germany).

After pre-incubation and incubation, a subsample was ground and dried at
105 °C to determine total C and N contents using an elemental analyzer (vario
MAX cube, Elementar Analysensysteme GmbH, Langenselbold, Germany). The
total inorganic C (TIC) content was determined using a TOC analyzer (soli TOC®
cube, Elementar Analysensysteme GmbH, Langenselbold, Germany). The TOC
content was calculated as the difference between total C and TIC. Additionally,
a subsample was frozen (-20°C) after pre-incubation and incubation and used
to determine microbial biomass C (MBC) at the end of the incubation using the
chloroform fumigation extraction method according to DIN (2011), adapted
from VANCE et al. (1987). Two subsamples of 12.5 g (dry weight equivalent)
were weighed into glass flasks. One of the subsamples was directly extracted
with 50 ml of 0.05 M K,SO4 solution to quantify DOC. The second subsample
was fumigated with chloroform to lyse microbial cell walls and was afterwards
extracted using K,SO4 solution. To determine C contents, the extracts were
measured using a TOC analyzer (TOC-L, Shimadzu Corporation, Kyoto, Japan).
The difference between the fumigated and non-fumigated extracts is interpreted
as MBC, using an extraction factor kec of 0.45 (JOERGENSEN, 1996). The 0.05 M
K>S0. solution allowed d'3C determination of MBC using an isotope ratio mass
spectrometer (WERTH & Kuzyakov, 2010).
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D2.4 Density fractionation

To separate SOC into differently stabilized fractions, we conducted a density
fractionation after the incubation following GoOLCHIN et al. (1994) and VIRET &
GRAND (2019). We used a sodium polytungstate (3 NaWO4 - 9 WOs-H;0)
solution with a density of 1.8 g cm~3 following BEER et al. (2022). Approximately
10 g of air-dried sample was weighed into a centrifuge tube and 40 ml of sodium
polytungstate solution was slowly added. The suspension was carefully stirred
and after 30 min sedimentation time was centrifuged at 2500g for 60 minutes.
The supernatant, containing the free light fraction (fLF; considered as fPOM),
was filtered (cellulose acetate filter, 0.45 ym) using vacuum where necessary.
The fLF was washed with distilled water to remove the remaining sodium
polytungstate solution until the supernatant had an EC of <50 pS cm.
Afterwards, the fLF was dried at 65 °C and weighed. To disrupt aggregates and
separate the occluded light fraction (oLF; considered as oPOM), 40 ml of sodium
polytungstate were added to the remaining sample in the centrifuge tube and
the sample was treated with an ultrasonication probe (280 J ml~!; Bandelin HD-
200 with probe UW2070, Bandelin electronic GmbH & Co.KG, Berlin, Germany)
for 12 minutes. Afterwards the oLF was extracted, washed, and dried in the
same way as the fLF. The remaining heavy fraction (HF; containing MAOM) was
also washed with distilled water until the EC of the supernatant was <50 uS cm-
1, dried at 105 °C, and weighed. The recovery rate of the initial sample weight
was in a range of 94-100%, the recovery rate of the initial SOC was 98.5% =+
1.7% (ranging from 81 to 138%). The dried fractions were ground and
measured at an elemental analyzer (Euro EA 3000, EuroVector, Pavia, Italy) to
determine C and N content, and at an isotope ratio mass spectrometer to
determine the 3'3C value of the density fractions.

D2.5 Calculation of C mineralization and priming effect

The CO; concentration in the flask headspace was corrected for gas pressure
(measured during the incubation using a manometer) and volume (based on
flask volume and gas pressure), and used to calculate the cumulative CO;
production per initial sample mass (mg CO.-C g?! dry weight excluding
amendment mass) and per initial TOC (mg CO,-C g TOC including biochar-
derived C).

The use of 13C-labeled amendments enabled the distinction between
amendment-derived SOC and native SOC (Kuzyakov, 2011). To trace their fate
and to investigate the priming effect of the amendments, we determined the
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013C values (%o) of the amendment-C prior to incubation, of the released CO:
during incubation, of the MBC and of density fractions after incubation using an
isotope ratio mass spectrometer (Delta V Plus, Thermo Fisher Scientific,
Bremen, Germany). The abundance of 13C is expressed as 3!3C representing the
ratios of 13C:'2C relative to the Vienna-PeeDee-Belemnite-Standard, defined as
[(Rsampie — Rstandard) / Rstandara] X 1000. The 8'3C values of the '3C-labeled
amendments and native SOC were used to determine the contributions of
amendment-C and native SOC to CO;, MBC, and density fractions by using a
two-pool mixing model (Equations D1 and D2) following BAMMINGER et al. (2014)
and FANG et al. (2015):

X = (6treatment - 5control) +100 (Dl)
(5amendment - 6control)
Y =100 -X (D2)

where X is the proportion of SOC derived from the amendments (%), 8:reatment
is the 8!3C value from the sample including soil and amendment (%o), S.ontror IS
the 813C value from the control soils (%o) containing only native SOC, S, mendment
is the 813C value of the amendment (biochar or rock-enhanced biochar) (%o),
and Y is the proportion of SOC derived from native SOC (%). Both X and Y were
calculated for produced CO,, MBC, and density fractions.

The mineralized amendment-C (mg mineralized amendment-C g! amend-
ment-C) was calculated by multiplying the cumulative CO, production (mg CO;-
C g! TOC) with X and by normalizing to one gram of initial amendment-C. The
mineralized native SOC (mg mineralized native SOC g native SOC) was
calculated by multiplying the cumulative CO, production (mg CO.-C g TOC)
with Y and by normalizing to one gram of initial native SOC (FANG et al., 2015).

Priming effects of the amendments were calculated from the difference in
the native SOC mineralization between amended and unamended samples
(control):

PE  psoiute = mineralized SOCrreqimen: — Mineralized SOC ontror (D3)

(mineralized SOCtroqtmen: — Mineralized SOContror)
*

PEreiative = 100 (D4)

mineralized SOC,ontrol
where PE,,somte 1S the absolute priming effect (mg mineralized native SOC g-!
native SOC), mineralized SOCreqimen: 1S the native SOC mineralized in the
amended treatments (mg mineralized native SOC g! native SOC),
mineralized SOC,.y nro1 1S Native SOC mineralized in the control (mg mineralized
native SOC g! native SOC), and PE,.;4tive IS the priming effect (%) relative to
the amount of mineralized SOC in the control at the end of the incubation. For
control and basanite treatments, the total CO; production was assumed to result
from the release of native C, since no amendment-C was added.
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The TOC (mg C g* soil) stored in the density fractions (normalized TOCr,qction)

was calculated to determine the fractions’ contributions to the overall SOC pool
following Equation D5:

masSgraction * relative TOCrrqction

normalized TOCsrqction =

(D5)

masSgyi;
where massgyqcrion @Nd relative TOCsrqction @re mass (g) and the TOC content (%)

of the fraction, respectively, and mass,,; is the soil mass (excluding the weight
of the amendments).

Additionally to the overall priming effect, we calculated the priming effect
(%) of the amendments for the density fractions. Therefore, the SOC in each
density fraction was distinguished in native and amendment-derived as
described in Equation D1 and D2, and calculated the fraction-specific priming
(PEfyqaction) following Equation D6:

PE ) — (SOCtreatment - SOCcontrol) *
fraction SOCcontrol

SOCrrearment 1S the native SOC in the density fractions of the amended treatments
(mg native SOC g soil) and SOC,ynr: is Native SOC in the density fractions of
the control (mg native SOC g soil) at the end of the incubation.

Differences (%) of amended treatments compared to control, e.g. in CO;
production, were calculated using Equation D7:

100 (D6)

valueamended - 17aluecontrol "

difference =
17alueconltrol

100 (D7)

where value.,ntro1 1S the measured or calculated value of the control treatment
and value mendeq 1S the measured or calculated value of the amended treatments.

D2.6 Statistical analysis

To test for significant differences (p < 0.05) between treatments within one soil
for repeated measurements, such as CO, production, we used a linear mixed
effects -model with the sample as a random factor as well as treatment,
incubation day, and their interaction as fixed factors. For C mineralization, MBC,
and density fractions, a one-way analysis of variance (ANOVA) was conducted.
Both statistical analyses were conducted separately for each soil, since the large
baseline differences among soil types masked treatment effects, which were our
primary objective. Both linear mixed effects model and ANOVA were followed
by a Tukey HSD post-hoc test for pairwise comparison. For all analyses,
normality and variance homogeneity of model residues were checked visually
using gqqgplots. All calculations and statistical tests were conducted in RStudio
(version 4.4.2) using ‘dplyr’ package (WickHAM et al., 2023) for data handling,
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‘Ime4’ package (BATES et al., 2015) for linear mixed effects model computing,
‘multcomp’ package (HOTHORN et al., 2008) for compact letter display, ‘ggplot2’
package (WICkHAM, 2016) and ‘gridExtra’ (AUGUIE & ANTONOV, 2017) for data
visualization.

D.3 Results

D3.1 Carbon mineralization and priming effect

The relative priming effect following amendment application compared to
control was soil dependent and varied during the incubation (Figure D.1). In the
temperate silty soil, during the course of the incubation the biochar-containing
amendments initially induced a negative priming, which switched to a
cumulative positive priming latest at day 42 (Figure D.6 in Appendix). Overall,
only the co-pyrolysis treatment increased the native SOC mineralization in the
temperate silty soil (p = 0.03), while biochar and co-application did not differ
from control (Figure D.1a). In both sandy soils, the application of the three
biochar-containing amendments increased the mineralization of native SOC
(Figure D.1b,c) and induced cumulative positive priming throughout the entire
incubation period (Figure D.6 in Appendix). This effect was more pronounced in
the temperate sandy soil with priming up to ~109% compared to control
(Figure D.1b). In contrast to the biochar-containing amendments, the
application of rock powder did not affect native SOC mineralization within the
66 days of incubation in all three soils (Figure D.1).

Between 0.0345% =+ 0.0008% and 0.0843%= 0.0011% of amendment-C
was mineralized within the 66-day incubation, most pronounced in the
temperate sandy soil (Figure D.2). In both sandy soils, both pure biochar and
co-application had higher mineralization of amendment-C than the co-pyrolysis
treatment (Figure D.2b,c). In the temperate silty soil, co-application treatment
showed higher amendment-C mineralization than the co-pyrolysis treatment
(p = 0.014) (Figure D.2a).
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Figure D.1: Cumulative mineralized native SOC (mg mineralized native SOC g! native
SOC) of temperate silty (A), temperate sandy (B), and tropical sandy soil (C) in five
treatments (n = 4, mean and standard error) after 66 days of incubation (temporal
cumulative mineralized native SOC in Figure D.7 in Appendix). The dashed black line
shows the cumulative mineralized native SOC in the control. Numbers above the bars
are the relative priming effect (%) of the respective treatment compared to control
(black = significant, grey = insignificant; mean amendment-induced priming effect +
standard error in Table D.5 in Appendix; temporal cumulative priming effect in
Figure D.6 in Appendix). Lower case letters indicate significant differences in cumulative
mineralized native SOC between treatments within one soil (p < 0.05). RP = rock
powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis treatment
containing rock-enhanced biochar.
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Figure D.2: Cumulative mineralized amendment-C (mg mineralized amendment-C g!
amendment-C) of temperate silty (A), temperate sandy (B), and tropical sandy soil (C)
in three treatments (n = 4, mean and standard error) after 66 days of incubation
(temporal cumulative mineralized amendment-C in Figure D.6 in Appendix). Lower case
letters indicate significant differences in cumulative mineralized amendment-C between
treatments within one soil (p < 0.05). BC = biochar treatment, Co-app. = co-application
treatment containing biochar and basanite, Co-pyr. = co-pyrolysis treatment containing
rock-enhanced biochar.
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D3.2 Carbon in density fractions: amount and origin

The incorporation of SOC in the density fractions of the unamended controls
differed strongly between soils (Figure D.3). In the temperate silty and the
tropical sandy soil, most of the SOC was recovered in the HF. In the temperate
sandy soil, the oLF contained most of the SOC. The application of biochar-
containing amendments increased the overall SOC stored in all density fractions
in all three soils compared to the unamended control except the HF in the
temperate sandy soil. In the biochar-containing treatments, the SOC stored in
the fLF increased strongest compared to control, now containing most of the
SOC in the three soils. The increase in SOC stored in the oLF following the
application of biochar-containing amendments was most pronounced in the
tropical sandy soil. Biochar-containing amendments increased SOC storage in
the HF by 11-33% in temperate soils, and by more than 300% in the tropical
sandy soil. The co-pyrolysis treatment led to larger SOC incorporation into HF
across all soils, compared to biochar and co-application. In contrast, pure rock
powder application alone did not significantly alter the SOC stored in any of the
three density fractions.
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Figure D.3: Soil organic carbon (SOC) content (mg g soil excluding amendment
weight) of the free light fraction (fLF, similar to fPOM), occluded light fraction (oLF,
similar to oPOM), and heavy fraction (HF, similar to MAOM) of temperate silty (A),
temperate sandy (B), and tropical sandy soil (C) in five treatments (n = 4, mean and
standard error) after 66 days of incubation. Lower case letters indicate significant
differences between treatments within one density fraction and one soil (p < 0.05).
RP = rock powder treatment containing basanite, BC = biochar treatment, Co-app. =
co-application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis
treatment containing rock-enhanced biochar.

The proportion of native SOC in the density fractions was influenced by the
biochar-containing amendments differing between the soils and the amend-
ments at the end of the 66-day incubation (Figure D.4). The native SOC in fLF
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was reduced in the temperate silty soil following biochar and co-application and
in the temperate sandy soil in the co-application treatment (Figure D.4a,b). The
co-pyrolysis treatment did not alter the native SOC content in the fLF of both
temperate soils and even increased the native SOC in fLF of the tropical sandy
soil (Figure D.4a,b,c). Compared to the control, native SOC contents in the oLF
increased (negative priming) or remained constant following the application of
biochar-containing amendments (Figure D.4d,e,f). The negative priming was
most pronounced in the co-application treatment of the temperate silty soil (-
81%; Figure D.4e). Native SOC in the HF of both temperate soils was often
reduced following the application of biochar-containing amendments
(Figure D.4g,h). This positive priming of HF was most pronounced in the biochar
treatment of the temperate sandy soil (+41%). In the tropical sandy soil, only
the co-pyrolysis treatment altered the native SOC content in the HF and led to
a negative priming (-45%) (Figure D.4i). In contrast to the biochar-containing
treatments, rock powder application did not significantly alter the amount of
native SOC in the three density fractions.

The application of biochar-containing amendments changed the composition
of the SOC stored in the three density fractions by incorporating amendment-C
(Figure D.4). Biochar-derived SOC from all three amendments was incorporated
to a similar extent. In all soils, the co-pyrolysis treatment led to the highest
incorporation of amended-C into the HF fraction (Figure D.4g,h,i).
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Figure D.4: Source of the soil organic carbon (SOC) content (mg g soil excluding
amendment weight) in the free light fraction (fLF, similar to fPOM), occluded light
fraction (oLF, similar to oPOM), and heavy fraction (HF, similar to MAOM) of temperate
silty (a, d, g), temperate sandy (b, e, h), and tropical sandy (c, f, i) soil in five treatments
(n = 4, mean and standard error) after 66 days of incubation. The black dashed line
shows the content of native SOC in the respective control treatment. Lower case letters
indicate significant differences in amendment-C content between treatments within one
fraction and one soil (p < 0.05). Capital letters indicate significant differences in native
SOC content between treatments within one fraction and one soil (p < 0.05). RP = rock
powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis treatment
containing rock-enhanced biochar.

D3.3 Microbial biomass C: amount and origin

The effect of the amendments on MBC at the end of the 66-day incubation
differed between soils. In the temperate silty soil, both combined applications
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reduced the MBC compared to control (p < 0.001), while pure biochar
application had no reducing effect (Figure D.5a). In the temperate sandy soil,
only the co-pyrolysis treatment showed significantly higher MBC compared to
control (p = 0.03) (Figure D.5b). In the tropical sandy soil, rock powder,
biochar, and co-pyrolysis treatments significantly increased MBC compared to
control (p < 0.01), while co-application had no increasing effect (Figure D.5c).
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Figure D.5: Content and source of the microbial biomass C (MBC; mg kg soil weight)
of the temperate silty (a), temperate sandy (b), and tropical sandy soil (c) in five
treatments (n = 4, mean and standard error) after 66 days of incubation. Lower case
letters indicate significant differences in amendment-C content in MBC between biochar-
containing treatments within one soil (p < 0.05). Capital letters indicate significant
differences in native SOC content in MBC between treatments within one soil (p < 0.05).
RP = rock powder treatment containing basanite, BC = biochar treatment, Co-app. =
co-application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis
treatment containing rock-enhanced biochar.

In both temperate soils, amendment-C was not incorporated in the MBC
(measurement accuracy for used standards 0.1 %o; Figure D.5a,b). In
contrast, an incorporation of amendment-C in MBC was visible in the tropical
sandy soil, accounting for ~0.3% (co-pyrolysis treatment) up to ~1.2% (co-
application treatment) of the overall MBC (Figure D.5c).

D.4 Discussion

D4.1 Soil properties control amendment effects on SOC dynamics

The effects of biochar-containing amendments (pure biochar, co-application
with basanite rock powder, rock-enhanced biochar) on SOC dynamics differed
between the three agricultural soils used in this study, suggesting that soil type
was the dominant factor controlling how biochar-containing amendments
affected native SOC mineralization and stabilization. In line with our first
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hypothesis, this soil-effect was especially visible in the amendment-induced
priming. Clay-rich soils often show negative priming following biochar applica-
tion (BRUUN et al., 2014; HERATH et al., 2015; Yu et al., 2020), whereas clay-
poor or sandy soils commonly experience positive priming (FANG et al., 2015;
Liu et al., 2015; WANG et al., 2016). Consistent with this pattern occurring in
incubations between 28 days (YU et al., 2020) and 2 years (FANG et al., 2015),
we observed minimal priming in the finer-textured temperate silty soil but
positive amendment-induced priming in both sandy soils during the 66-day
incubation. In our three soils, the texture effect coincided with the soils’ pH
response to the application of biochar-containing amendments, making it
difficult to attribute the observed priming effect to either factor independently.
The temperate silty soil showed a weak pH increase (6.9 to 7.5 during pre-
incubation) and almost no priming, while both sandy soils experienced a strong
pH increase (4.7 to 7.2-7.4 during pre-incubation), coinciding with positive
priming. Both pH increase (Luo et al., 2011; ZHANG et al., 2018; Xu et al., 2021)
and the input of labile biochar compounds, especially to sandy soils poor in
organic matter (ZIMMERMAN et al., 2011; WANG et al., 2016), can enhance
microbial activity and modify the microbial community composition (LI et al.,
2026). Thus, the application of biochar-containing amendments can potentially
enhance native SOC mineralization, resulting in positive priming. The
pronounced positive priming in our temperate sandy soil probably mainly
originated from a loss of native MAOM (up to 45%). Even though the fraction-
specific priming was not measured over the course of the incubation and the
exact mechanisms causing the amendment-induced priming could not be
observed, the losses of native MAOM during the 66-day incubation were likely a
consequence of the amendment-induced priming since this the SOC fraction
showed the biggest losses of native SOC in the temperate sandy soil. The
typically stable native MAOM may respond to released labile biochar-derived C
(KLEBER et al., 2015; JILLING et al., 2021) and could be mobilized due to the high
sorption affinity of biochar-derived C, particularly in sandy soils with limited
sorption capacity, which potentially leads to the mineralization of native MAOM
(SCHIEDUNG et al., 2020).

Soil texture not only affected the response of native SOC to biochar-
containing amendments, but also the stability of those amendments. Biochar
contains a wide range of C compounds, including readily available compounds,
such as aliphatic compounds, as well as highly stable aromatic clusters
(KEILUWEIT et al., 2010). During a 66-day incubation, only readily available C
compounds can be mineralized. Thus, our set-up does not allow conclusions
about the behavior of the persistent majority of biochar-derived C (Azz1 et al.,
2024; HAGEMANN et al., 2025; SANEI et al., 2025). However, we observed the
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highest mineralization of biochar-derived C in the temperate sandy soil,
indicating a lower stability of labile biochar components in clay-poor soils and
showing the importance of soil texture for biochars’ persistence (BRUUN et al.,
2014; YANG et al., 2022; ScHMIDT et al., 2025). Once the labile compounds are
mineralized, we expect a reduction of amendment mineralization (AMELOOT et
al., 2013; WANG et al., 2016; AzzI et al., 2024), indicating the potential of
biochar-containing amendments to store SOC in the long-term.

Regarding both native SOC and biochar-derived C, their stabilization in
oPOM and MAOM was more pronounced in the SOC-poor tropical sandy soil
compared to both temperate soils. This indicates a connection between initial
SOC content and SOC stabilization potential following biochar-containing
amendment application. Overall, our results demonstrate that soil type
regulates both the response of native SOC and the stability of labile biochar
components, and should therefore be explicitly considered when predicting the
effect of biochar-containing amendments on SOC dynamics.

D4.2 Effects on SOC dynamics driven by biochar

Both combined applications followed the trends observed following pure biochar
application for most analyzed parameters. Biochar-induced priming often shifts
from positive to negative over time (MAESTRINI et al., 2015; DING et al., 2018;
JOSEPH et al., 2021), as the release of labile biochar-derived C declines within
days or weeks (BRUUN et al., 2008; BRUUN et al., 2014). In line with this, our
biochar-containing amendments induced strong positive priming in both sandy
soils during the first days of incubation (Figure D.6 in Appendix). Afterwards,
cumulative priming slowed down and even declined in the tropical sandy soil,
indicating potential negative priming in the long-term (ZIMMERMAN et al., 2011).
The amendment-induced priming likely originated from a loss of native MAOM,
especially in the temperate sandy soil (Figure D.4). The observed positive
priming of native fPOM in both sandy soils turned out to be, at least partly, a
shift of native SOC from fPOM to oPOM caused by the application of biochar-
containing amendments, increasing the amount of native SOC stabilized in
aggregates. While the priming effect of pure biochar application is well
researched, that of combined biochar and silicate rock powder application
remains poorly understood. Our findings differ from previous, already
inconsistent results (HONVAULT et al., 2024; VIENNE et al., 2025), underlining the
importance of further research into the underlying mechanisms of a combined
application.
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Supporting our second hypothesis, the application of biochar-containing
amendments led to either constant or often increased SOC stored in all three
density fractions (Figure D.3). This increase in fraction SOC often resulted from
the incorporation of biochar-derived C (Figure D.4). The partial loss of native
SOC in fPOM and MAOM was similar or smaller than the biochar-derived C input,
often resulting in an overall increase of SOC in those pools. As previously
observed (HERATH et al., 2014; SINGH et al., 2014; PAETSCH et al., 2017;
SCHIEDUNG et al., 2020; KALU et al., 2024), the main part of our biochar-derived
C remained in the fPOM. This alters the properties of the otherwise rather
unstable fPOM, which should be kept in mind when discussing SOC fractions
following biochar application. Additionally, biochar-derived C was recovered in
both oPOM and MAOM, as observed in previous studies (BRODOWSKI et al., 2006;
SINGH et al., 2014; PAETSCH et al., 2017; ScHIEDUNG et al., 2020). The
association to mineral surfaces can either occur through the direct sorption of
labile biochar-derived DOC (YANG et al., 2016; YANG et al., 2021) or via an in-
vivo microbial turnover pathway (SokoL et al., 2018; MANzONI & COTRUFO, 2024).
For the tropical sandy soil, where we also observed the incorporation of biochar-
derived C into MBC, the latter pathway might contribute to the stabilization of
biochar-derived C as MAOM. Since the microbial incorporation of biochar-
derived C into MAOM and thus also in MBC is likely during the 66-day incubation,
the absence of biochar-derived C in MBC of both sandy soils could be explained
by the detection limit of the used TOC analyzer of 1%o0. However, the observed
incorporation of biochar-derived C in MAOM may partly reflect our density-based
definition of MAOM. Since biochar can reach particle densities of up to 2 g cm=3
(BREWER et al., 2014), biochar particles with a density >1.8 g cm™ may be
recovered in the HF fraction (representing MAOM) even in the absence of
mineral-associations. This is particularly relevant for rock-enhanced biochar,
since it has a higher ash content and mineral association can already occur
during pyrolysis, so certain carbonaceous fractions can have a particle density
>2.5 g cm3 (MEYER zu DREWER et al., 2025). Although density fractionation is
commonly used to assess SOC stabilization after biochar application (e.g.
GRUNWALD et al., 2017; KALu et al., 2024), this methodological effect could
contribute to the occurrence of biochar-derived C in MAOM. Nonetheless, this
effect cannot fully explain our results, since we observed clear differences in the
amount of biochar-derived C in MAOM among soils. In line with this, TE PAS et
al. (2026) observed the formation of secondary minerals during weathering and
suggests that this might be beneficial for the long-term stabilization of co-
applied biochar. Moreover, even though not conducted in this study, the
association of biochar-derived C to minerals has been observed rather directly
using thermal analysis (BURGEON et al., 2021; FOUCHE et al., 2023), supporting
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the association of biochar-derived C to mineral surfaces. While FANG et al.
(2018) and SCHIEDUNG et al. (2020) identified fine soil texture as the main driver
of biochar-C stabilization in field and column experiments, we observed strong
interactions between biochar-derived C and soil minerals unaffected by texture
in our incubation study. The magnitude of those interactions in this relatively
short period of 66 days underlines the potential for a further stabilization of
biochar-derived C in soils.

D4.3 Effect of basanite rock powder in pure and combined
application on SOC dynamics

Basanite rock powder application had no short-term effect on most soil
properties, neither pure nor in both combined applications, within 66 days. The
potential effects of silicate rock powder application on SOC dynamics depend on
several factors, including the observed time span following application (Xu et
al., 2025). Since previous studies found effects of silicate rock powder
application on both SOC mineralization (Buss et al., 2024a; ANTHONY et al.,
2025) and stabilization (Buss et al., 2024a; CosTANzO et al., 2025) on longer
time scales. Thus, even though we cannot confirm this by measured pH or
alkalinity release after the incubation, the missing effect in our study probably
results from low basanite weathering rates during our 66-day incubation (SokoL
et al., 2024; Xu et al., 2025). While most previous studies show the potential
of enhanced rock weathering to improve SOC dynamics in the long-term, also
positive priming (LEI et al., 2025) and reduced SOC accrual (SokoL et al., 2024)
have been reported.

Differences between biochar-containing amendments could be caused by
application rates or compositional differences. When co-pyrolyzed with wheat
straw to rock-enhanced biochar, basanite rock powder had a pronounced
positive effect on SOC stabilization. The application of rock-enhanced biochar
led to an overall higher content of SOC in the HF, interpreted as MAOM,
compared to pure biochar application and co-application of both amendments,
thus more strongly increasing the stable SOC pool (Figure D.3). The short-term
increase in MAOM originated from a more pronounced occurrence of rock-
enhanced biochar-C in the heavy fraction, defined as mineral-associations,
compared to biochar-derived C from pure and co-application (Figure D.4). This
indicates either a density-driven recovery of rock-enhanced biochar in the HF
interpreted as MAOM, a higher affinity of rock-enhanced biochar-C to form
MAOM, or direct formation of mineral-associations during co-pyrolysis of
biomass and basanite rock powder. Such mineral-associations could include
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coating of rock particles with biochar-derived C, as observed in MEYER ZU DREWER
et al. (2025). The pronounced stabilization of rock-enhanced biochar-C was
reflected in a significantly lower mineralization and thus higher stability of its
labile compounds compared to pure and co-applied biochar (Figure D.2). This is
potentially supported by the initially greater stability of rock-enhanced biochar
(determined via hydropyrolysis from MEYER zU DREWER et al., 2025) and the
lower specific surface area compared to biochar, probably reducing interactions
between soil and rock-enhanced biochar. This difference in the stability of the
labile rock-enhanced biochar components highlights the potential of co-
pyrolyzing biomass and basanite to further improve the persistence of biochar-
derived C.

D.5 Conclusions

Basanite rock powder, applied pure or combined with biochar, had negligible
effects on the short-term mineralization and stabilization of native SOC, likely
due to limited rock weathering during our 66-day incubation. In contrast, all
biochar-containing amendments (pure biochar, co-application, rock-enhanced
biochar) had strong effects on short-term SOC dynamics, although responses
varied across soils, depending on texture, soil pH, and initial SOC content.

Across treatments and soils, increasing SOC was mainly driven by the
incorporation of biochar-derived C into all fractions (fPOM, oPOM, MAOM) during
66 days. While the application of biochar-containing amendments induced
positive priming and SOC losses in fPOM and MAOM, these losses were
consistently offset by biochar-derived C. Notably, our observations indicate a
redistribution of native SOC from fPOM to oPOM rather than net mineralization.
Rock-enhanced biochar led to the largest increase in the HF, defined as the
stable MAOM fraction, suggesting enhanced short-term SOC stabilization
potential compared to pure and co-applied biochar. This pattern hints to the
formation of organo-mineral complexes during co-pyrolysis of biomass and
basanite, which is reflected in a higher short-term stability of the otherwise
labile rock-enhanced biochar compounds. These findings indicate the short-term
potential of co-pyrolysis as a promising strategy to enhance the stabilization of
labile biochar-derived C in agricultural topsoils, beyond the effect of co-
application. However, confirming these mechanisms on long-term field scales
require further studies, including soil-plant-interactions, different application
rates, and spectroscopic analyses as a next step in understanding the
interactions between amendments and SOC dynamics.
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D.7 Appendix

D7.1 Basanite rock powder properties

The chemical composition of the rock powder (Table D.3) was analyzed using
X-ray fluorescence (XRF) at the Mineralogical Institute, University of Hamburg,
while the mineralogical composition was determined by Qmineral using X-ray
diffraction (XRD), as described in VORRATH et al. (2025). Following the
classification of volcanic rocks by STRECKEISEN (1980) or LE BAs et al. (1986),
this rock can be classified as a basanite. The basanite was obtained from
Rheinische Provinzial-Basalt- u. Lavawerke, Sinzig, Germany.

Table D.3: Main compounds, trace elements, mineral composition and grain size of used
basanite rock powder Eifelgold. Bdl = below detection limit; LOI = loss on ignition.

Main Trace . Grain size
compounds [wt%] Elements [ppm] Mineralogy [wt%] [um] [wt%]
SiO> 43.86 As bdl Clinopyroxene 44.4 > 300 0.00
TiOz 2.79 Ba 1026 Plagioclase 15.5 300-250 0.13
Al>O3 14.15 Bi bdl Nepheline 11.2 250-210 0.17
Fe,0s 11.28 Ce 104 Leucite 9.9 210-180 0.14
MnO 0.18 Co 51 Olivine 6.3 180 - 150 0.26
MgO 8.21 cr 53 2:1 layer 5.1 150 - 120 1.20
silicates
Ca0 11.63 Cu 66 Hematite 3.1 120 - 100 2.87
Na.O 3.26 Ga 17 Spihel—type 1.9 100 -86 4.17
minerals

K20 3.35 La 52 Apatite 1.1 86 - 74 5.67
P>0Os 0.6 Nb 52 Analcime 0.9 74 - 62 8.13
SOs bdl Nd 28 Quartz 0.7 62 - 52 8.89
LOI 0.44 Ni 124 52 -44 8.50
Sum 99.74 Pb 5 44 - 36 9.63
Rb 86 36 - 30 7.86
Sc 22 30 - 26 5.50
Sr 882 26 - 22 5.64
Th 8 22 - 18 5.72
u 3 18 -0.5 25.52

302

Y 24

Zn 90

Zr 271
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D7.2 Properties of biochar and rock-enhanced biochar

Table D.4: Further information on initial composition of biochar and rock-enhanced

biochar.
Properties Biochar Rock-enhanced
biochar

Oxygen [%] 3.79 2.95

Hydrogen [%] 0.83 0.60

Sulfur [%] 0.62 0.45

Trace elements
Ag [mg kg] <1.1 <1.1
As [mg kg] 0.3 0.6
B [mg kg] 13.9 11.6
Cd [mg kg™] 0.15 0.13
Cr [mg kg™] 39.5 40.0
Cu [mg kg] 829.4 515.2
Hg [mg kg™] 0.016 0.020
Mn [mg kg'] 84.4 233.4
Ni [mg kg] 15.0 28.4
Pb [mg kg] 2.0 2.1
Zn [mg kg!] 62.0 58.9

Chemical composition of ash
CaO0 [%] 15.07 12.53
Fe203 [%] 1.61 7.26
K20 [%] 24.50 10.69
MgO [%] 2.50 6.30
Naz20 [%] 1.00 2.15
P20s [%] 5.00 1.93
SOs3 [%] 4.29 1.62
SiO2 [%] 32.40 36.60

Measured by Ruhr Lab GmbH according to the analytical guidelines of the European
Biochar Certificate (EBC, 2024).
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D7.3 Cumulative priming effect during incubation

Incubation duration [days]
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Figure D.6: Cumulative absolute priming relative to control (mg mineralized native SOC
g! native SOC) of temperate silty (a), temperate sandy (b), and tropical sandy (c) soil
in five treatments (n = 4, mean and standard error) during the 66 days of incubation.
RP = rock powder treatment containing basanite, BC = biochar treatment, Co-app. =
co-application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis treat-
ment containing rock-enhanced biochar.
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D7.4 Mineralization of native SOC and amendment-C during the

incubation
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Figure D.7: Cumulative mineralized native SOC (mg mineralized native SOC g-! native
SOC) and amendment-C (mg mineralized amendment-C g! amendment-C) of
temperate silty (a, d), temperate sandy (b, €), and tropical sandy soil (c, f) in five
treatments (n = 4, mean and standard error) during the 66-day incubation. RP = rock
powder treatment containing basanite, BC = biochar treatment, Co-app. = co-
application treatment containing biochar and basanite, Co-pyr. = co-pyrolysis treatment
containing rock-enhanced biochar.
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D7.5 Mean and standard deviation of relative amendment-induced
priming effect

Table D.5: Relative cumulative amendment-induced priming effect at the end of the 66-
day incubation.

Soil Treatment Relative priming [%]
RP -2.74 £ 1.48 2
Temperate BC 3.48 £ 3.03 @
silty soil Co-app. -1.72 £ 1.63°
Co-pyr. 8.51 £ 1.69°
RP 7.02 £ 3.55°2
Temperate BC 108.61 £ 0.95°
sandy soil Co-app. 105.54 + 4,15°
Co-pyr. 105.23 £ 4.30°b
RP -6.30 £ 2.45 2
Tropical BC 24.54 £ 2.46 b
sandy soil Co-app. 36.43 £ 1.60
Co-pyr. 27.03 + 2.29 be

Data is presented as mean * standard error (n = 4). Lower case letters indicate
significant differences in relative amendment-induced priming between treatments
within one soil (p < 0.05). RP = rock powder treatment containing basanite, BC =
biochar treatment, Co-app. = co-application treatment containing biochar and basanite,
Co-pyr. = co-pyrolysis treatment containing rock-enhanced biochar.
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