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ARTICLE INFO ABSTRACT
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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 experi-
ment 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 (Cp;c), soil pH, and electric con-
ductivity (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 activ-
ity (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, Cpic, 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 Vi, increased following biochar-containing amendment
application, Vyax of the other enzymes decreased. Although AP showed the highest Vy,y, indicating a P limi-
tation, 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.

Rock-enhanced biochar
Enhanced rock weathering (ERW)
Fluorometric enzyme assay

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)

1. Introduction

Biochar is a carbon-rich solid produced from biomass by pyrolysis
(Hagemann et al., 2018; Lehmann and 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
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providing carbon dioxide removal (CDR). Nevertheless, biochars
contain a labile fraction consisting of more easily available C and nu-
trients (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; Dai et al., 2017) and
enhancing nutrient availability (Glaser and Lehr, 2019; Hossain et al.,
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2020; Bekchanova et al., 2024). The application of biochars often result
in an increased microbial biomass C (Cpjc) 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 in-
fluence 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 Cp;e (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; Li et al., 2025; Reginato, 2025). Even though
Vicca et al. (2022) underlined the importance of biological processes for
the efficiency of ERW, little is known about the coupling between ERW
and soil microorganisms.

Most recent research considered biochar and silicate rock powder
separately, while their combined application could offer synergistic ef-
fects for CDR as well as for key soil properties and processes, such as
nutrient cycles and microbial activity (Amann and 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 appli-
cations 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 and 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 and 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
etal., 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 and 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 com-
bined application of biochar and basanite (i) significantly improves soil
properties relevant to microbial activity, leading to changes in (ii) the
extracellular enzyme kinetics of BG, CH, AP, and LAP as well as (iii) EES,
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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 nu-
trients, and conducted a fluorometric enzyme assay followed by EES
calculations.

2. Materials and Methods
2.1. Soils and amendments

The study was conducted using a sandy arable topsoil (0-30 cm;
Table 1). The soil was collected in summer 2023 in Northern Germany
(Graflich 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 min on a Pyreg 500 (Pyreg
GmbH, Dorth, Germany) full scale commercial pyrolysis unit (Sonne-
nerde GmbH, Riedlingsdorf, Austria) (Table 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 A.1). 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 after-
wards pyrolyzed at 650 °C for 20 min to produce rock-enhanced biochar
(Table 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 infor-
mation about the amendments can be found in Meyer zu Drewer et al.
(2025).

Table 1
Properties of temperate 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 [mmol. kg™ 21.34+0.6 n.d. n.d.
Clgkg ™! 12.4+0.0 494 336
TOC [g kg '] 12.0+0.0 482 332
TIC [g kg1 0.4+0.0 12 4

N [g kg '] 1.1+0.0 7.0 4.1
CN 11.6 £ 0.0 80 82
H:C n.d. 0.35 0.23
0O:.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.

 Values are the mean of analytical replicates (n = 3, mean + standard devi-
ation), ® values were measured by Eurofins according to the analytical guidelines
of the European Biochar Certificate (EBC, 2024). CEC = cation exchange ca-
pacity, C =total carbon, TOC = total organic carbon, TIC = total inorganic
carbon, N = total nitrogen, n.d. = not determined, n.a. = not applicable.
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2.2. 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 equiva-
lent). 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 con-
tained 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% bio-
char 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 ~4.2wt%), and 178.2g of basanite
powder (equals ~2wt%). The lysimeters containing the different
treatments were arranged in a randomized complete block design
(Fig. A.1). Every lysimeter was planted with one cabbage turnip (Bras-
sica 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 Diingerwerke GmbH, Niirnberg, Ger-
many) was applied five times over the nine weeks of plant growth. The
lysimeters were watered by rainfall and, if necessary, by drip irrigation.

2.3. 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 sub-
sample 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
2.5 and appendix chapter 7.3). Another subsample was stored in a
plastic bag at 4 °C for further physical and chemical analysis. The
remaining sieved soil was air dried.

2.4. 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 Analy-
sensysteme 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 hydro-
chloric acid following VDLUFA (1991) and measured using a spectro-
photometer (DR5000, Hach Lange GmbH, Diisseldorf, 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 (Np5) of the cooled
samples was extracted following DIN (2005) using 0.0125 M CaCl, and
the extract was measured using a spectrophotometer (LLG-unispec 4,
Lab Logistics Group GmbH, Meckenheim, Germany) for ammonium and
using high performance liquid chromatography (1100 HPLC, Agilent
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Technologies Inc., Santa Clara, California, USA) for nitrate and nitrite.
These field-moist samples were also used to determine Cpjc using the
chloroform fumigation extraction (CFE) method after DIN (2011)
adapted from Vance et al. (1987). Two times 12.5 g dry weight equiv-
alent per sample were weighed in glass flasks. One of the samples was
directly extracted with 50 ml of 0.05 M KSO4 solution to quantify dis-
solved organic carbon (DOC). The second sample was fumigated with
chloroform to lyse microbial cell walls and was afterwards also extracted
using K2SO4 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
0.05M K3SO4 solution (Werth and Kuzyakov, 2010). The difference
between the extracted C contents in fumigated and non-fumigated
samples is interpreted as Cpjc, using an extraction factor kg of 0.45
(Joergensen, 1996).

2.5. Fluorometric enzyme assays

Enzyme activities were determined as a proxy for nutrient dynamics
using fluorogenic substrates (Marx et al., 2001). Four fluorogenic sub-
strates 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-3-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 equiva-
lent) 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 40Js 1. 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 pl 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 pmol g’1 dry soil for MUF-
linked substrates and of 0, 1, 2, 3, 5, 10, 20, and 40 pmol g’1 dry soil for
AMC-linked substrates in the deep-well plates. Three analytical repli-
cates 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 pl, respectively) were
mixed in deep-well plates with either 10 pM MUF or AMC standards (0,
10, 20, 50, 80, and 120 pl, respectively). Fluorescence of all deep-well
plates was measured directly and 120 min after substrate addition
(excitation wavelength of 355nm, emission wavelength of 460 nm)
using a microplate reader (Victor® 1420-05 Multi label Counter, Perki-
nElmer, USA). A more detailed description of the method can be found
in appendix chapter 7.3.

2.6. Data analysis

The kinetic parameters Vy,x and K, were calculated using the
Michaelis Menten equation (Eq. 1; after Michaelis and Menten, 1913),
while soil enzyme efficiency K, was calculated using Eq. 2 (after Ndossi
et al., 2020; Xiao et al., 2024):

V= (Vmax * [S]) / (Km + [S]) (1)
Ka = Vmax /Km (2)

where v is the reaction rate of the respective soil enzyme at a certain
substrate concentration (nmol MUF/AMC h! g*1 dry soil), Viax rep-
resents the maximum rate of soil enzyme reaction at saturated substrate
concentration at the given temperature (nmol substrate h™! g=! dry
soil), Ky, is the substrate concentration at ' Viax (umol g_1 dry soil)
representing the respective enzyme binding affinity to its specific sub-
strate, [S] is the substrate concentration (uM), and K, is the catalytic
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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: Nratio = In(VinaBG) / In(Vima LAP) 3)
Enzyme C: Pratio = In(VynaxBG) / In(VinaxAP) (€©))
Enzyme N : Pratio =  In(VinaxLAP) / In(VyaxAP) 5)

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 (Moorhead et al., 2016; Deng et al., 2019).
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 limitation
(Moorhead et al., 2016; Deng et al., 2019). Vector length and angle were
calculated after Moorhead et al. (2016):

vector length = /(x2 +y?) (6)

vector angle = arctan(x,y) 7)
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, Viax, K, Ko, 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 were 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, ‘lme4’ 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
‘ggeorrplot’ package (Kassambara, 2023) for correlation matrices.

Differences (%) of amended treatments compared to control were
calculated using Eq. 8:

(Valuecontrol Valueamended )

difference =
Valueamended

x* 100 ®

where value, o1 is the measured or calculated value of the control
treatment and valuegmengeq is the measured or calculated value of the
amended treatments (rock powder, biochar, co-application, and co-
pyrolysis treatment).

3. Results
3.1. 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% (Fig. 1 A). The co-application significantly
increased N contents by 8%, while neither biochar nor co-pyrolysis
treatment altered N contents (Fig. 1 B). 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 (Fig. 1 C).

The application of biochar-containing amendments significantly
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increased DOC, Cpy;, P, pH, and EC compared to control (Fig. 1 D, E, G,
H, I). Additionally, all of these soil properties except Cpi. showed sig-
nificant 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% (Fig. 1 G). A lower, but still significant increase in P
content of 65% was visible in co-pyrolysis treatment compared to con-
trol. For pH and EC, their increase was higher in co-application treat-
ment compared to co-pyrolysis treatment (Fig. 1 H, I). The increase in
DOC content by 83% was most pronounced in co-pyrolysis treatment
and lowest in co-application treatment (47%; Fig. 1 D). For both pH and
DOC content the increase following biochar application was not signif-
icantly different from both combined amendments (Fig. 1 D, H).

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

3.2. Effect of amendment application on extracellular enzyme kinetics

Potential enzyme activity Vpax 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
Vmax (p < 0.1; Fig. 2 A-D). The application of biochar-containing
amendments strongly influenced Vp,ax of all four enzymes. Both bio-
char 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 Vpux. The co-pyrolysis treatment signifi-
cantly decreased Vp,ax of AP by 35% compared to control but showed a
significantly lower effect compared to biochar treatment. While biochar-
containing amendments mainly decreased Vp,ox of AP and CH, Vp,x of
LAP showed the opposite pattern. Both biochar and co-application
doubled Vp.x of LAP compared to control treatment and the co-
pyrolysis treatment tended to increase Vpax (p < 0.1) compared to
control by 45%. In contrast to the strong effect of biochar-containing
amendments, basanite application did not influence Vo« for all four
enzymes compared to the control.

The differences in Ky, between enzymes and treatments is less pro-
nounced than the differences between enzyme and treatments we
observed in Vp,x (Fig. 2 E-H). The application of biochar decreased K,
of AP by 33% and quadrupled K, of LAP compared to control, while it
did not influence K, of BG and CH. The co-application increased K, of
BG by 97% compared to control, but had no significant effects on Ky, of
the AP, CH, and LAP. Both basanite and co-pyrolysis treatments did not
alter K, of any of the enzymes.

In all treatments, AP showed up to 16 times higher enzyme efficiency
K, compared to BG, CH, and LAP (Fig. 2 I-L). Both biochar and co-
application significantly decreased K, of AP and BG by up to 50% and
decreased (biochar) or tended to decrease (co-application) K, of CH by
up to 45% compared to control (Fig. 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 (Fig. 2
L). 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
significantly through the application of biochar-containing amendments
compared to control, while the C:P ratio was not altered (Fig. 3). The
enzyme C:N ratio decreased by up to 42% compared to control (Fig. 3 A),
while the enzyme N:P ratio was up to doubled following the application
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Fig. 1. Total C content (A), total N content (B), C:N ratio (C), dissolved organic carbon (DOC) content (D), microbial biomass C (Cp;.) content (E), total mineral N
(Npmin) 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 con-
taining rock-enhanced biochar. Small letters indicate significant differences (p < 0.05) between treatments within one soil property.
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Fig. 2. Potential enzyme activity V,ax (a-d), enzyme affinity K, (e-h), and catalytic enzyme efficiency K, (i-1) of acid phosphatase (AP), B3-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 V,,x and K, have
a higher resolution than those of AP.
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Fig. 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 Vy,ax of B-glucosidase, In(LAP) = In of V.« of leucine-aminopeptidase, In(AP) = In of V. 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.

of biochar-containing amendments (Fig. 3 C). 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 con-
trol 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° (Fig. 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.

3.3. 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 kinetics showed strong negative correlations with all investi-
gated soil properties across all treatments (Fig. A.1). The effects of C, N,
P, and Cp;. content as well as pH and EC were especially pronounced on

4
P limitation
" .
3 Treatment
% Control
o 24 o, *RP
(3] (B:C
. +L0-app.
o «Co-pyr.
1.
0 N limitation
0 1 2 3 4
C:N

Fig. 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) =1In of Vpyax of B-glucosidase, In(LAP) =In of Vp.x of leucine-
aminopeptidase, In(AP) = In of V¢ of acid phosphatase. RP = rock powder
treatment containing basanite, BC = biochar treatment, Co-app. = co-applica-
tion treatment, Co-pyr. = co-pyrolysis treatment containing rock-
enhanced biochar.

AP’s Vphax but were often also significant in Ky, and K,. Similarly to AP,
Vmax and K, (but not K;,) of CH showed negative but less pronounced
correlations with C, P, and Cp;. content as well as pH and EC (Fig. A.2).
The enzyme kinetics of CH did not correlate significantly with Ny, and
N contents. The enzyme kinetics of BG showed several negative corre-
lations the analyzed soil properties, such as DOC and Cpj. content as
well as pH and P content (Fig. A.3). In contrast to AP, BG, and CH, the
enzyme kinetics of LAP showed solely positive correlations with the
analyzed soil properties (Fig. A.4). Both V¢ and Ky, 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.

4. Discussion
4.1. Influence of amendments on soil C, pH, and nutrients

The application of all three biochar-containing amendments (bio-
char, co-application, and co-pyrolysis treatments) increased C content,
C:N ratio, and Cp;. content equally strong within our nine-week exper-
iment. 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 Cp;. 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 par-
ticles > 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 (Joseph et al., 2010; Gross et al., 2021; Qiu et al.,
2023). The observed enhancement of Cp;. in our study likely reflects
improved microbial habitat and growth conditions due to the applica-
tion 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; Liu 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., 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
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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; Ghodszad 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 and Lehr, 2019;
Wang et al., 2025a) from the dissolution of biochar ash which contains
P,05 that is released into the soil over time (Ghodszad et al., 2021; Buss
et al., 2022). These effects can be short-, mid-, or long-term (Glaser and
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 pro-
nounced 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 py-
rolysis 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 Ny
(Ahmad et al., 2021; Hematimatin et al., 2024). In our study, the content
of Npin 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 Np, following the
application of the biochar-containing amendments.

In contrast to the biochar-containing amendments, the single appli-
cation 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), Cpic (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
(Abdalgadir 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 appli-
cation of biochar and basanite improved soil properties relevant to mi-
crobial activity. Key soil properties, such as C and P content, C:N ratio,
and Cp., increased significantly following combined application
compared to control, indicating positive effects. The observed changes
were mainly driven by the biochar component, while potential contri-
butions of basanite may require more time to become effective. Never-
theless, the pronounced changes in pH and EC under co-application
compared to co-pyrolysis suggest potential for synergies between bio-
char and basanite without a significant benefit of combined pyrolysis.

4.2. 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 Vp,.x of AP, low V4« of LAP, vector angles > 45°,
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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 Vy,ax 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). Simul-
taneously, the increased Vp,.x of LAP indicates an enhanced demand for
N, likely driven by the widened soil C:N ratio and the adsorption of N,
(Clough et al., 2013) following the application of biochar-containing
amendments. This increases the relative stoichiometric imbalance be-
tween 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 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 Vpax 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 Vi, 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 Viax 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 and 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 Cp;. con-
tent 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 p-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 Vyay, the enzyme affinity Ky, of all four enzymes was
barely influenced by amendment application. Little is known about the
influence of biochar and basanite application of enzyme affinity Kp,, but
our results indicate robustness against the influence of both amend-
ments. Since Ky, has rarely been influenced by the amendments, cata-
lytic enzyme efficiency K, as the quotient of Vo and K, showed similar
patterns as Vpax. Both biochar and co-application 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 ki-
netics 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
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have inconsistent results ranging from increased to decreased Vp,ax of
different enzymes, strongly depending on soil and rock powder prop-
erties as well as the analyzed enzyme (von Mersi et al., 1992; Li and
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 parame-
ters 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 ac-
tivity was explained by the low but apparently sufficient content of PoOs5
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,05 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 ef-
fects 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.

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 pro-
cesses, long-term studies are necessary. Nonetheless, basanite applica-
tion 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
Cmics and altered extracellular enzyme kinetics and nutrient
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stoichiometry. All biochar-containing treatments increased soil C con-
tent, C:N ratio, and Cpj. 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 Viax of
AP, BG, and CH decreased, but increased for LAP. The application of co-
pyrolyzed rock-enhanced mainly did not alter Vi, 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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The chemical composition of the rock powder (Table A.1) was analyzed using X-ray fluorescence (XRF) at the Mineralogical Institute, University of
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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 A.1

Table A.1
Main compounds, trace elements, mineral composition and grain size of used basanite powder Eifelgold

Main compounds [wt%] Trace Elements [ppm] Mineralogy [wt%] Grain size [um] [wt%]
SiO2 43.86 As bdl Clinopyroxene 44.4 > 300 0.00
TiOy 2.79 Ba 1026 Plagioclase 15.5 300-250 0.13
Al,03 14.15 Bi bdl Nepheline 11.2 250-210 0.17
Fey03 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
Nay0 3.26 Ga 17 Spinel-type minerals 1.9 100-86 4.17
K0 3.35 La 52 Apatite 1.1 86-74 5.67
P05 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

bdl = below detection limit; LOI = loss on ignition.
Randomized complete block design

Fig. A.1
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Fig. A.1. 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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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-8-D-glucoside (for detection of BG), MUF-N-acetyl-8-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-B8-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 hemi-
sodium 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--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.

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 min with an output energy of 40 J s 1. 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 pl 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-3-D-glucosidase, and L-leucine-AMC-hydrochloride, these final

10
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concentrations were 0, 1, 2, 3, 4, 5, 10, and 20 pmol g’1 dry soil, respectively. For MUF-phosphatase this resulted in final substrate concentrations of 0,
1, 2, 3, 5, 10, 20, and 40 pmol 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 pl per well) and MES or TRIZMA buffer solutions (150, 140, 130, 100, 70, and 30 pl, respectively) were mixed with either 10 pyM MUF or AMC
standards (0, 10, 20, 50, 80, and 120 pl, 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 0, 30, 60, and 120 min (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 ac-
tivity was quantified by comparing with the plates containing the standard solutions.

Correlation matrixes

Fig. A.2, Fig. A.3, Fig. A.4, Fig. A.5

EC 077 0.66 0.73 0.44 0.74 05 064 0.36 0.87 0.84 1
pH 083 0.42 0.67 0.93 052 0.94 0.72 0.64 0.93 1
P 086 0.42 0.73 0.84 0.53 0.84 0.62 07 1
Nmin ~ -0.35 -0.34 1
Chic  -0.61 0.39 0.42 0.51 0.56 06 1
Corr
1.0
DOC -048 -0.31 07 0.77 1
0.5
0.0
C:N -074 -0.35 0.62 0.97 0.47 1 .
1.0
N -051 0.57 0.68 1
C 075 033 0.69 1
Ky 068 1
Kn 062 1
Vmax 1
& <& > O < b O © & Q NS O
Q& + + o £ o Qe 3 &

Fig. A.2. Correlation matrix of soil properties and extracellular enzyme kinetics of acid phosphatase (AP). Only significant correlations (p < 0.05) are shown. Vpax
= potential enzyme activity [nmol h™! g~! dry soil], Ky = enzyme affinity [umol g~! dry soil], K, = catalytic enzyme efficiency, C = total C content [g kg™'],
N = total N content [g kg’l], C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg’l], Cmic = microbial biomass C content [mg kg’l], Nmin
= mineral N content [mg kg~ '], P = available P content [mg kg1, pH = pH value in CaCly, EC = electric conductivity [uS cm ]
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EC -052 061 0.73 0.44 0.74 05 0.64 0.36 0.87 0.84 1
pH -0.53 -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
Chic  -0.36 -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 .
-1.0
N -0.48 0.68 1
C -045 053 1
Ka -0.69 1
Kn 043 1
Vmax 1

R N . (T R R 2

Fig. A.3. Correlation matrix of soil properties and extracellular enzyme kinetics of chitinase (CH). Only significant correlations (p < 0.05) are shown. Vpax
= potential enzyme activity [nmol h™! g7! dry soil], Ky, = enzyme affinity [umol g~! dry soil], K, = catalytic enzyme efficiency, C = total C content [g kg™ '],
N = total N content [g kg™1], C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg '], Cryic = microbial biomass C content [mg kg1, Npin
= mineral N content [mg kg™'], P = available P content [mg kg~ '], pH = pH value in CaCl,, EC = electric conductivity [pS cm ']
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EC 0.45 -0.51 0.73 0.44 0.74 05 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 05 0.84 0.53 0.84 0.62 0.7 1
Nimin 0.44 -0.31 1
Chic  -04 -0.34 0.51 0.56 0.6 1
Corr
1.0
DOC 032 -0.39 0.7 0.77 1
0.5
0.0
C:N 0.37 -0.54 0.97 0.47 1 .
-1.0
N -0.42 0.68 1
(& 0.4 0.58 1
Ka -0.65 1
Kn 046 1
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Fig. A.4. Correlation matrix of soil properties and extracellular enzyme kinetics of B-glucosidase (BG). Only significant correlations (p < 0.05) are shown. Vpax
= potential enzyme activity [nmol h™! g~! dry soil], Ky, = enzyme affinity [umol g~! dry soil], K, = catalytic enzyme efficiency, C = total C content [g kg1,
N = total N content [g kg’l], C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg’l], Cmic = microbial biomass C content [mg kg’l], Nmin
= mineral N content [mg kg’l], P = available P content [mg kg’l], pH = pH value in CaCly, EC = electric conductivity [uS cm’l]
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EC o035 0.75 0.44 0.76
pH o047 0.32 0.93 052 0.95
P o042 0.31 0.87 0.54 0.86
Nmin
Cric 0.54 059
DOC 0.37 0.69 0.76
C:N 046 0.34 0.96 0.47 1
N 038 0.32 0.68 1
C 0.5 0.39 1
Ky -0.4 1
Kol @r1 1
Vmax 1
& b B O s >

Soil & Tillage Research 262 (2026) 107234

0.5 0.64 0.36 0.87 0.85 1
0.72 0.65 0.94 1
0.62 0.7 1
1
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1
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-1.0
O © & Q Q> O
o) <& & < <
Q (@) Ay

Fig. A.5. 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 soill, Ky, = enzyme affinity [umol g~} dry soill, K, = catalytic enzyme efficiency, C = total C content [g kg1,
N = total N content [g kg™1], C:N = total carbon to total N ratio, DOC = dissolved organic C content [mg kg '], Cic = microbial biomass C content [mg kg '], Niin
= mineral N content [mg kg1, P = available P content [mg kg~ '], pH = pH value in CaCl,, EC = electric conductivity [pS cm™']

Data availability
Data will be made available on request.
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Glossary

Abbreviation: Definition

AMC: 7-amido-4-methylcoumarin

AP: Acid phosphatase (P-acquiring enzyme)

BC: Biochar treatment

BG: B-glucosidase (C-acquiring enzyme)

C: Carbon (element) or in this case total carbon content of the soil
CDR: Carbon dioxide removal

CEC: Cation exchange capacity

CFE: Chloroform fumigation extraction (to determine Cp;c)

CH: Chitinase (C- and N-acquiring enzyme)

Cmic: Microbial biomass carbon

Co-app.: Co-application treatment containing biochar and basanite
Co-pyr.: Co-pyrolysis treatment containing rock-enhanced biochar
DOC: Dissolved organic carbon

EC: Electric conductivity

EES: Extracellular enzyme stoichiometry

ERW: Enhanced rock weathering

K, Catalytic enzyme efficiency

K Enzyme binding affinity

LAP: Leucine-aminopeptidase (N-acquiring enzyme)

LME: Linear mixed effect model
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MUF: 4-methylumbelliferon TIC: Total inorganic carbon

N: Nitrogen (element) or in this case total nitrogen content of the soil TOC: Total organic carbon

Npin: Mineral nitrogen v: Reaction rate of an enzyme

P: Phosphorous (element) Vmax: Potential maximum enzyme activity
RP: Rock powder treatment containing basanite WC: Water content
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