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Abstract

Increasing soil organic carbon (SOC) storage is essential for improving soil fertility and
mitigating climate change. The priming effect, which is regulated by physical, chemical
and microbial interactions, plays a pivotal role in SOC turnover. However, the fate of both
native and newly added carbon under different tillage regimes remains unclear. To address
this gap, a 1>C-glucose labelling incubation experiment was conducted to assess SOC min-
eralization and priming effects under long-term tillage practices, including subsoiling with
straw mulching (ST), no tillage with straw mulching (NT), and conventional tillage with
straw removal (CT). The results demonstrated that conservation tillage (NT and ST) signifi-
cantly reduced total SOC mineralization and glucose-derived CO, release compared to CT.
Notably, the priming effect under CT was 19.5% and 24.7% higher than under NT and ST, re-
spectively. In the early incubation stage, positive priming was primarily driven by microbial
co-metabolism, while during days 1-31, microbial stoichiometric decomposition dominated
the process. In addition, NT and ST treatments significantly increased the proportion of
>250 pm aggregates and their associated carbon and nitrogen contents, thereby enhancing
aggregate stability and physical protection of SOC. The priming effect observed under
conservation tillage was strongly negatively related to aggregate stability and aggregate as-
sociated carbon content, whereas it was positively related to the (3-glucosidase/Peroxidase
ratio (BG/PER) and the subtraction value between carbon/nitrogen (Rc.y) and the carbon—
nitrogen imbalance of the available resources (TERc.n). Overall, our findings highlight that
conservation tillage enhances SOC stability not only by improving soil physical structure
but also by alleviating microbial stoichiometric constraints, offering a synergistic pathway
for carbon retention and climate-resilient soil management.

Keywords: soil organic carbon; priming effect; aggregate stability; microbial nutrient
limitation; soil enzyme

1. Introduction

Soil organic carbon (SOC) plays a critical role in agricultural productivity and environ-
mental sustainability [1]. However, as agricultural land use expands, the content of soil
SOC has been increasingly depleted, particularly under conditions of global warming [2].
Therefore, mitigating SOC mineralization is a key strategy for combatting the greenhouse
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effect and maintaining agricultural productivity. Inputting unstable carbon components
into the soil (i.e., leaching generated from rhizosphere sediments and straw residues) The
filtrate and decomposition by-products can alter the microbial mineralization of natural
organic carbon, a phenomenon known as the “priming effect” [3]. Tillage management
influences SOC storage by regulating the mineralization and stabilization process through
physical, chemical, and microbial processes [4]. Therefore, it is of great importance to un-
derstand the drivers and mechanisms that regulate SOC turnover under different long-term
tillage practices to advance knowledge of the global carbon cycle.

Study have shown that adding exogenous unstable carbon to soil can stimulate the
mineralization of soil organic carbon, thereby producing a positive stimulation effect [5].
Conservation tillage alters the priming effect and C retention following new C inputs [6].
Sauvadet et al. (2018) [4] found that reduced tillage and no tillage promoted SOC sta-
bility by reducing priming intensity compared to conventional ploughing. However,
Bell et al. (2003) [7] discovered that a wheat-barley rotation combined with no tillage in
Ritzville silt loam resulted in a greater priming effect than ploughing tillage. These discrep-
ancies may be due to the physicochemical process in the soil. Under conservation tillage,
the physical preservation and chemical manipulation of macroaggregates may reduce
SOC mineralization and increase its conservation [8,9]. Furthermore, conservation tillage
reduces soil disturbance, which promotes the formation and stability of macroaggregates
by retaining organic matter and enhancing microbial activity, particularly fungal hyphae
that aids in aggregate binding [10]. A long-term study has shown that no tillage signifi-
cantly increases both macroaggregate proportions and their associated SOC contents [11].
Although conservation tillage enhances soil structure and physical protection of SOC, the
specific mechanisms underlying SOC mineralization and stabilization remain insufficiently
understood. In particular, the interactions among organic matter inputs, microbial dy-
namics, and aggregate turnover rates require further investigation to clarify how SOC is
retained or lost over time.

The microbial decomposition and assimilation of plant-derived carbon are the most
important precursors of SOC formation [12]. Microorganisms can use plant litter directly, or
secrete enzymes to degrade it, thereby influencing the soil priming effect. Different tillage
practices result in soil microbial communities regulating the expression of hydrolytic and
oxidative enzymes to degrade complex organic molecules, including cellulose, hemicel-
lulose, lignin and proteins [13,14]. Zheng et al. (2022) [15] conducted a study in dryland
farming systems and found that no tillage significantly increased soil enzyme activity
in different soil layers compared to conventional tillage. However, another study [16]
suggested that the response of soil enzyme activity to tillage practices varies by region,
although straw mulching was found to consistently increase the activity of all soil enzymes.
Microbial activity and function are closely linked to soil physical structure, chemical prop-
erties and organic matter inputs [17]. High-intensity tillage often leads to soil compaction,
reducing aeration, moisture retention and temperature stability, which in turn suppresses
microbial growth [18]. Monitoring changes in enzyme activity can help to identify micro-
bial responses at the genetic level to environmental changes in soil and provide insights
into microbial ecological strategies for coping with environmental stress [19]. Therefore,
elucidating the responses of enzymes involved in the transformation of carbon, nitrogen
and phosphorus to different tillage and crop residue management practices will contribute
to our understanding of variations in the microbial demands for carbon, nitrogen and phos-
phorus at the ecosystem level, which are closely linked to the stability and decomposition
processes of SOC.

We conducted long-term conservation and conventional tillage practices to study
the SOC stabilization and decomposition process. The objectives of this study were as
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follows: (1) to determine the effects of different tillage practices on SOC mineralization
and the priming effect; (2) to quantify aggregate stability the proportional distribution
of original and final SOC in different size fractions; and (3) to elucidate the interplay of
physical, chemical, and microbial nutrient limitations in regulating SOC sequestration. We
used laboratory incubations with 13C-glucose to analyze SOC and *C-glucose-priming
effects, and aggregate stability and temporal variation in enzyme activity. We hypothesize
that a positive priming effect will occur after glucose addition due to co-metabolism.
However, based on the physical protection and stoichiometric regulation of available
elements and enzymes, conservation tillage promoted macroaggregate formation and
reduced the enzymes required for energy consumption and substance secretion, thus
reduce contact with carbon through co-metabolism mechanisms, thereby reducing priming
effects and increasing carbon stability.

2. Materials and Methods
2.1. Study Site

A long-term field experiment was set up in Luoyang City (at an altitude of ~324 m,
located at 34.80° N, 112.55° E) in the eastern part of the Loess Plateau, Henan Province,
China, in 1999 (Figure 1). The region has a warm temperate continental climate, character-
ized by an average annual temperature of 13.8 °C, annual rainfall of 645 mm, total annual
evaporation of 1905 mm, a 236-day frost-free period and an annual sunshine duration of
2295 h. The dominant cropping system is the mono-cultivation of winter wheat (Triticum
aestivum L.) from early October to early June. The soil under study is classified as Calcaric
Cambisols according to the Food and Agriculture Organization (World Reference Base for
Soil Resources, 2014, 2015) and has a silt loam texture with 14.3% sand, 79.8% silt and 10.3%
clay content. The SOC, total nitrogen, total phosphate (P) and total potassium (K) content
at the initial year were 6.94 g kg1, 1.12 g kg1, 0.69 g kg~! and 18.0 g kg~ ! within the
0-20 cm soil depth.

Mengjin, Luoyang

Figure 1. Location of the study site and long-term tillage experimentation.

The experiment was conducted using a completely randomized design with three repli-
cations. Each plot measured 10 m by 3 m, with rows spaced 0.65 m apart. Two conservation
tillage practices were chosen: NT (no tillage with straw mulching and 30 cm tall stubble
remaining in the field after threshing with no ploughing throughout the year) and ST
(subsoiling with straw mulching). The control treatment was CT (conventional tillage
with no straw return) involved leaving 5-6 cm of stubble with the straw and ears re-
moved after harvest, with ploughing twice a year to a depth of about 20 cm in July and
early October, just before sowing. Each plot received the same chemical fertilization
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(150 kg N ha~! as urea, 105 kg P,Os ha~! as calcium superphosphate, and 45 kg KO ha™!
as potassium sulphate) throughout the winter wheat growing season in different tillage
systems. Other agronomic practices and pest and disease management were carried out
according to local methods.

2.2. Soil Sampling and Laboratory Incubation

Soil samples were collected using a soil drill between September and October 2021.
Visible rocks and plant litter were removed, and the soil was air-dried and sieved through
a 2 mm mesh for further use. We selected three tillage methods (CT, ST, NT), every tillage
treatment includes 9 soil samples, with each sample (equivalent to 640 g dry soil) was
manually adjusted to 60% field capacity and pre-incubated for one week at 20 °C in the
dark. Glucose was used to simulate labile carbon input, as it is a key component of root
exudates and straw decomposition [20]. A glucose solution was added at 2 mg C g~ soil—
an amount known to promote microbial growth [21]. After pre-incubation, all processed
soil was evenly divided into two parts: half of the soil samples were supplemented with
14 mL of glucose solution (1.658 atom% '2C), and the other half were supplemented with
deionized water, the water content of all soil samples was adjusted to 70% field capacity
by weight.

The experiment consisted of 4 batches of 144 sample culture bottles: 3 batches for
destructive sampling and1 for CO, collection. Each pre-incubated soil sample was divided
into four portions (equivalent to 80 g dry soil each) and packed into PVC tubes (inner
diameter: 46 mm, height: 60 mm, volume: 100 cm?) according to the soil’s bulk density.
Each batch contains soil samples with added glucose and deionized water under the three
cultivation methods, with three replicates per treatment. The bottom of each tube was
wrapped with 400-mesh nylon cloth to allow water and air permeability while preventing
soil loss. The tubes were supported by a PVC rack and placed inside 500 mL culture
bottles. To maintain humidity, 5 mL of ultrapure water was added to the bottom of each
bottle [22,23]. Three additional culture bottles without soil served as blank controls. The
experimental processing method is shown in Figure S1.

All culture bottles were purged with CO,-free air (21% O, 79% Nj), sealed, and
incubated for 31 days under controlled conditions (20 °C, 60% humidity, and complete
darkness). Gas samples were collected one hour after the start of incubation and on days 1,
3,5, 11, 23, and 31 for total CO, concentration and 3C abundance analysis. Before sampling
on these days, each culture bottle was flushed with CO;-free air for 10 min to standardize
initial conditions [24]. The bottles were then incubated for 1 to 8 h, depending on the
sampling stage. Gas samples were drawn using a 50 mL syringe and evenly distributed
into two pre-evacuated gas cylinders. Total CO; mineralization was measured using gas
chromatography (7890A GC system, Agilent Technologies, Palo Alto, CA, USA), while 1*C
abundance was determined via isotope ratio mass spectrometry (Delta 12 Plus, Thermo
Fisher Scientific, Weilburg, Germany).

After each gas collection, all culture bottles, including those designated for destructive
soil sampling, were purged with CO,-free air for 10 min. The total carbon mineralization
rate was calculated using the following formula [25,26]:

The SOC mineralization rate was calculated as the following equation:

B CD x V x M x 273.15
T 224 x (27315+T) x W x t x SOC

(1)

where F is the SOC mineralization rate (mg CO,~C g~! SOC day™'); CD is the CO, concen-
tration (ppm) measured by Agilent 7890 A gas chromatography; V is the volume of the
incubation glass bottles (0.05 L); M is the molecular mass of C (12 g mol™!); 22.4 (L) is the
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molar volume of an ideal gas at 1 atm and 273.15 K; T is the incubated temperature (25 °C);
W is the gram dry weight of incubated soil (5 g); t is the duration of CO, accumulation
(1 day); and SOC represents the SOC concentration (g kg™'). Cumulative SOC mineraliza-
tion (Riota1) is the total CO, released over 31 days.

The rate of glucose mineralization (Rgjycose, mg CO2—C g_1 SOQ) day_l) from glucose-
amended soil was determined using the following equation:

(ﬂtomo/ototal — atomogyji )

()

Rglucose = Ryotal X
(atom%gluwse — atom%soil>

The atomyy,; and atom % refer to the '3C atom% of CO, derived from the glucose-
amended soil and the non-glucose-amended soil, respectively; atom%giycose refers to the
13C atom% of the glucose.

The priming effect (PE, mg CO,-C g~! SOC) generated by native SOC after glucose
addition was calculated using the following equation:

PE = XRotal — Z‘Rglucose — XRcontrol — ZRplank @3)

Here, PE is the priming effect, and XRota1, ZRglucoses ZRcontrol and ERpjank refer to
the cumulative CO,-C mineralization amounts from the glucose-amended soil, glucose,
non-glucose-amended soil, and blank culture bottles, respectively.

2.3. Aggregate Distribution

Before and after the incubation experiment (at 0 days and the 31st day of the experi-
ment), 50 g of dry soil was weighed and placed on a 2 mm sieve. Firstly, it was soaked in
ultrapure water for 30 min and then moved up and down by 0.3 cm in deionized water at a
speed of 40 times per minute for a total duration of two minutes. The particles on the sieve
were then transferred to a glass container to obtain water-stable aggregates measuring
>2 mm, 0.25-2 mm and 0.053-0.25 mm, <0.053 mm, respectively. The solution containing
particles smaller than 0.053 mm was collected in a glass container and left to precipitate
for 48 h. The supernatant was poured out and the precipitate (<0.053 mm) was placed in
an oven at 60 °C with the other particle sizes to dry. The weight was then recorded. The
dried precipitate of each particle size was selected, and the aggregates of different particle
sizes were ground through a 0.15 mm sieve. The average weight diameter of the aggregates
(MWD) is used to represent the stability of the aggregates and calculate using the following
formula according to Zheng er al., 2023 [27]. The organic carbon and total nitrogen content
of the aggregates of different particle sizes were determined using the high-temperature
calcination method and analyzed using an elemental analyzer (Elementary, Frankfurt,
Germany). The soil was acidified with 1 mol/L hydrochloric acid prior to analysis.

2.4. Soil Microbial Biomass Carbon and Nitrogen

At the beginning and end of the soil cultivation experiment, we measured the soil
organic carbon (50C) and total nitrogen content (TN), as well as the microbial biomass
carbon (MBC) and nitrogen (MBN) content of the soil. As the soil contains carbonates,
inorganic carbon was removed with 1 mol L~! HCI solution, and soil organic carbon
(SOC) and total nitrogen were determined by dry combustion at 960 °C using an elemental
analyzer (Elementar, Analysensysteme, Elementary). The soil moisture content was ad-
justed to approximately 0.5 g/g (mass moisture content) and pre-cultivated for one week
in a dark environment at 25 °C. Two 10 g portions of fresh soil, equal in weight to the
dried soil, were placed into aluminium boxes. One box was placed in a vacuum dryer
for chloroform fumigation and the other was left as a non-fumigated control. A total of
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50 mL of ethanol-free chloroform along with distilled water were added to the fumigated
dryer in sequence; 10 small glass beads were also added to prevent boiling. The dryer was
sealed with Vaseline, and the dryer was evacuated until the chloroform boiled for two
minutes; then, this was placed in a dark environment for 24 h. The soil samples from the
control and fumigated groups were placed into triangular flasks. A total of 100 mL of the
0.5 mol L~! K,S0, solution was added and oscillated at 200 rpm on a shaker at 25 °C for
30 min. The filtrate was filtered and then transferred into a plastic flask. The MBC and
MBN values were calculated as the differences in total extractable carbon and nitrogen
between the fumigated and non-fumigated soils, divided by a correction factor of 0.45 for
MBC and 0.54 for MBN, respectively [14,21].

2.5. Soil Enzyme Activity

The activities of hydrolases involving carbon, nitrogen, and phosphorus transformations-
B-glucosidase (BG), N-acetylglucosaminidase (NAG), leucine aminopeptidase (LAP),
and phosphatase (AP) were measured using a fluorescence-based method. A 10 uM
4-methylumbelliferone (MUB) solution (reference for BG, NAG, and AP; Sigma Aldrich
NO. M1381, Burlington, MA, USA), a 10 uM 7-amino-4-methylcoumarin (AMC) solution
(reference for LAP; Sigma Aldrich NO. A9891), and a 200 uM MUB substrate solution (for
all enzymes) were prepared 24 h in advance and stored at 4 °C [28]. The pH of the 50 mM
Tris buffer was adjusted to ~8.0 using HCl. Peroxidase (PER) activity was measured after
20 h of incubation at 25 °C in the dark, using L-3,4-dihydroxyphenylalanine (L-DOPA) as
a substrate, with absorbance recorded at 450 nm [29]. Enzyme activity was expressed in
nmol h—! g_1 soil, calculated following DeForest’s (2009) [30] method.

Soil samples, previously stored at —20 °C, were reactivated at 4 °C for 24 h before
enzyme activity analysis. To prepare the suspension soil, 1 g of soil was mixed with
125 mL of Tris buffer in a 500 mL polyethylene bowl at 1200 rpm for 2 min using a magnetic
stirrer. The stirring speed was then reduced to 400 rpm, and the soil suspension, Tri’s buffer,
reference solution, and MUB substrate were sequentially pipetted into a 96-well microplate
following the protocol of [31]. Incubation began upon the addition of the MUB substrate,
with the start time recorded. The microplate was wrapped in aluminium foil to prevent
evaporation and light exposure and incubated at 25 °C in the dark for 3 h. Fluorescence
was then measured using a multifunctional microplate reader (Scientific Fluoroskan Ascent
FL, Thermo, Waltham, MA, USA) at excitation and emission wavelengths of 365 nm and
460 nm, respectively [32].

Absolute enzyme activity was calculated using DeForest’s (2009) [30] formula, with
soil weight converted to dry weight by determining moisture content after drying at
105 °C for 8 h. Enzyme activity was expressed in nmol h~! g~! soil. Relative enzyme
activity was determined by normalizing absolute enzyme activity to soil organic carbon
content (nmol h™! g’l SOC).

In ecological enzyme stoichiometry, the threshold elemental ratio (TER) is defined
as the elemental ratio corresponding to microbial balanced growth, where neither carbon
nor nutrients are limiting [31]. When Rc.ny — TERc.N < 0, soil microbes are not nitrogen-
limited, whereas when Rc.ny — TERc.N > 0, microbial growth is constrained by nitrogen
availability [31].

2.6. Statistical Analysis

Analysis of variance (ANOVA) was performed to test the effects of different treatments
with the least significant difference (LSD) at the p < 0.05 level using the general linear model
procedures of SPSS software 27.0 (SPSS Inc., Chicago, IL, USA). A one-way ANOVA was
then performed to evaluate the effects of different tillage practices on various parameters,
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including total carbon mineralization rate, glucose-derived carbon mineralization rate,
cumulative total carbon emissions, cumulative glucose-derived carbon emissions, priming
effect, microbial biomass carbon, and soil enzyme activity throughout the incubation period.
Data visualization and plotting were carried out using Origin 2021. In addition, Spear-
man correlation analysis was conducted to explore the relationships among all variables
of interest.

3. Results
3.1. SOC Mineralization and Priming Effect

The SOC and glucose-C mineralization rates declined rapidly in the early stages of
cultivation, then began to change more slowly from day 23 onwards (Figure 2). SOC
and glucose-C mineralization exhibited different temporal patterns during the incubation
period. On day 1, the order of SOC mineralization rates was ST > NT > CT, however,
CT exhibited significantly higher SOCmineralization rates than both NT and ST for the
remainder of the incubation period. By the end of the 31-day experiment, the cumulative
SOC and glucose-C mineralization was 116.2-134.1 and 75.4-97.5 mg CO2-C g~! SOC,
respectively, across all treatments. Ultimately, CT increased cumulative SOC by 5.6-18.3%
and decreased glucose-C mineralization by 10.8-22.6%, compared to ST and NT. Of the two
conservation tillage practices, ST exhibited higher cumulative SOC mineralization (13.4%)
and lower glucose-C mineralization (13.2%) than NT during the incubation period.
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Figure 2. The total soil organic carbon (SOC) mineralization rate, glucose-C mineralization rate,
cumulative SOC mineralization, cumulative glucose-derived C mineralization, priming effect rate and
cumulative priming effect were measured in different long-term tillage systems over the incubation
period. CT: conventional tillage with straw removed; ST: subsoil tillage with straw mulching; NT:
no till with straw mulching. Coloured asterisks indicate statistically significant differences between
different tillage practices (“*”, “**” and “***” represent “p < 0.05”, “p < 0.01” and “p < 0.001”,
respectively) ns: not significant.

Adding 13C-glucose to all treatments significantly enhanced SOC mineralization, re-
sulting in positive priming effects (Figure 2). After 31 days of cultivation, the priming effect
intensity reached 9.15-13.13 mg CO,-C g~! SOC across all treatments. The priming effect
intensity followed the sequence CT > ST > NT during the cultivation period. Compared to
NT and ST, the cumulative priming effect of CT increased significantly by 23.9% and 30.1%,
respectively. Additionally, although ST exhibited a slightly higher priming effect than NT,
there was no significant difference between the two tillage practices after 31 days.
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3.2. Aggregate Distribution and the Associated Carbon and Nitrogen Content

Evidently, conservation tillage promoted soil aggregation, aggregate-associated carbon,
and nitrogen content compared to conventional tillage (Figure 3, p < 0.05). NT and ST both
significantly increased the percentage of macroaggregates (250-2000 um and >2000 pm)
by 11.4-48.1%, while decreasing the percentage of the silt and clay (53 um) fractions by
9.1-15.4%, respectively. This resulted in a significantly higher MWD value under ST and
NT than under CT (Table 1).
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Figure 3. The aggregate particle size distribution, aggregate-associated organic carbon and nitrogen
contents in bulk soils, and the C/N ratio at 0 day and 31 days in different long-term tillage systems
over the incubation period. CT: conventional tillage with straw removed; ST: subsoil tillage with
straw mulching; NT: no tillage with straw mulching. TN: total nitrogen content. Capital letters
(31 day) and lowercase letters (0 day) are used to indicate statistically significant differences (p < 0.05)
in carbon and nitrogen content between different tillage practices at the same aggregate particle size.

Table 1. The mean weight diameter (MWD), soil organic carbon (SOC) and total nitrogen (TN)
content, and the microbial biomass carbon (MBC) and nitrogen (MBN) content in bulk soils at 0 day
and 31 days in different long-term tillage systems over the incubation period.

Date Tillage MWD SOC TN SOC/TN MBC MBN MBC/MBN
0 day CT 0.431c 6.69b 0.78b 8.58b 172.5b 30.17b 572b
ST 0.548 b 870 a 0.96 a 9.06 ab 247.5a 33.26 a 744 a
NT 0.613 a 892 a 0.97 a 9.19a 256.3 a 35.85 a 715a
31 days CT 0.472b 8.24b 0.85b 9.74b 206.7 c 24.52 c 8.43Db
ST 0.595 a 11.12a 1.03 a 10.85a 306.9b 30.31b 10.13 a
NT 0.610 a 11.67 a 1.09 a 10.67 a 367.7 a 36.36 a 10.11a

Notes: CT: conventional tillage with straw removed; ST: subsoil tillage with straw mulching; NT: no tillage with
straw mulching. Lowercase letters are used to indicate statistically significant differences (p < 0.05) between
different tillage practices on the same day.
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In bulk soils (Table 1), both ST and TN significantly increased the contents of SOC,
TN, MBC and MBN, as well as the MBC/MBN ratio, at the beginning (day 0) and end of
the 31-day experiment. Additionally, we calculated the contribution of different aggregate
fractions to the SOC and TN in the bulk soil (Figure 3). Compared to CT, the SOC and
TN contents of the 250-2000 um and >2000 um size aggregates were significantly higher
under ST and NT at the beginning and end of the 31-day experiment. Both NT and
ST enhanced the 250-2000 um aggregate-associated SOC content. However, NT and ST
significantly reduced the <53 um aggregate-associated SOC and TN contents by 7.8-17.3%
compared to CT after 31 days. Examining the C/N ratio revealed that the values under
CT were significantly lower than those under ST and NT within the >2000 um aggregate
fractions and lower than those under ST within the 250-2000 um aggregate fractions on
both days 0 and 31. Overall, by the end of the 31-day experiment, both NT and ST had
significantly increased the organic carbon and nitrogen contents associated with aggregates
>250 pum, as well as the C/N ratio within aggregates >53 pm, compared to CT.

3.3. Soil Enzyme Stoichiometry

Tillage practices were found to have a significant influence on the stoichiometric
ratios of enzymes related to the transformation of carbon, nitrogen and phosphorus in soil
(Figure 4). After glucose was added to the soil, the study found that the stoichiometric
ratio of enzymes related to carbon, nitrogen, and phosphorus transformations was BG:
(NAG + LAP): AP =1:0.9:1.2. Throughout the cultivation period, CT generally increased
the (NAG + LAP)/AP ratio compared to NT and ST. Furthermore, during days 1-14 of
cultivation, the BG/ AP ratio was significantly lower in NT and ST than in CT. Regarding
the BG/PER ratio, NT and ST significantly increased it by 8.7-13.6% during the early stage
of cultivation (<5 days) in comparison with CT; however, it decreased during days 14-31.
During the incubation period, compared to CT, conservation tillage significantly reduced
the BG: (NAG + AP) ratio, indicating a reduction in the carbon to nitrogen ratio of soil
extracellular enzymes. Overall, conservation tillage significantly increased the TERc:n
compared to CT throughout the cultivation period. Additionally, CT always had the highest
Re:n — TERc: value compared to the other two conservation tillage treatments, meaning
that CT is more nitrogen-limited for microorganisms.

3.4. Key Factors Affecting SOC Sequestration and Decomposition

Correlation analysis revealed that cumulative SOC mineralization and priming effects
were negatively correlated with MWD value and TERc., but significantly positively
correlated with BG/PER and Rc.ny — TERc.N value (Figure 5a, p < 0.05). However, the
total SOC, TN, MBN and MBC contents showed the opposite pattern compared to the
above indicators. Furthermore, the SOC were significantly positively correlated with
TERc.ny and MWD value, and negatively correlated with BG/PER, BG/(NAG + AP) and
Ren — TERcin. On the other hand, the MBN and MBC showed significant negative
correlations with Rc.y — TERc:N, and significant positive correlations with MWD value
and TERC:N'



Agronomy 2025, 15, 1571

10 of 17

1.6 2.0
C_Jcr a
N 16 b
o a
& 12 [CNT c kb abpa
< a b
a a a Q-tlz bb
5 osl? b |Z
+ bb a bb b &)
&) b 0.8
= a b M a
Z b bb
~ 04
0.4

BG/PER
o
[on
BG / (NAG+AP)

0 1 5 14 31 0 1 5 14 31
Days (d) Days (d)

Figure 4. The stoichiometric ratio of extracellular enzymes over the incubation period. CT: con-
ventional tillage with straw removed; ST: subsoil tillage with straw mulching; NT: no tillage with
straw mulching. BG: 3-glucosidase; NAG: N-acetyl-p-D-glucosidase; LAP: leucine aminopeptidase;
AP: phosphatase; PER: Peroxidase; C: organic carbon; N: total nitrogen; TERc.N: carbon—nitrogen
imbalance of available resources. The lowercase letters are used to indicate statistically significant
differences (p < 0.05) between different tillage practices during the soil incubation period.

The redundancy analysis showed that the explanation rate of different stoichiometric
ratio of extracellular enzymes explains 72.21% of the variation in SOC content and in SOC
priming effect (Figure 5b). MWD and TERc.N positively contribute to the SOC, MBC and
MBN content. In contrast, the Rcoy — TERc.y and BG/PER mainly showed a positive
relationship with SOC mineralization and a priming effect but a negative relationship
with SOC content; these two indicators significantly contribute to the SOC priming effect.
BG/(NAG + AP) and (NAG + AP)/AP showed a positive relationship with SOC mineral-
ization but a negative relationship with SOC content, which indirectly contributed to the
priming effect.
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Figure 5. Correlation analysis (a) between aggregate stability, soil enzyme stoichiometric parameters
and carbon stabilization and decomposition under different tillage practices. The redundancy analysis
(b) for the relative contribution of different stoichiometric ratio of extracellular enzymes to SOC
sequestration and priming effect properties. BG: 3-glucosidase; NAG: N-acetyl-3-D-glucosidase;
AP: phosphatase; PER: Peroxidase; C: organic carbon; N: total nitrogen; TERc.N: carbon-nitrogen
imbalance of available resources; SOC: soil organic carbon; TN: total nitrogen; MBC/MBN: microbial
biomass carbon and nitrogen; MWD: mean weight diameter; SOC MR: SOC mineralization; PE:
priming effect. Asterisks indicate statistical significance: * p < 0.05, n = 6, ** p < 0.01.

4. Discussion
4.1. Effects of Conservation Tillage on SOC Mineralization and Priming Response

The glucose-C mineralization rate increased rapidly on the first day of incubation, after
which it declined, and the cumulative mineralization rate levelled off from day 11 onwards.
This pattern may be attributed to several factors. In the early stage of incubation, glucose-C
was a newly added and highly labile nutrient source that was readily available for microbial
uptake and utilization. However, as incubation progressed, the microbes entered a co-
metabolism phase, acquiring nutrients from both glucose-C and the decomposition of native
soil organic matter [33]. Additionally, the physical protection provided by large aggregates
may have limited direct contact between glucose and microorganisms [34]. Previous
studies have suggested that microbial residues within macroaggregates are stabilized
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through cation bridging with soil mineral particles, thereby restricting microbial access to
soil organic nutrients [35].

In this study, adding glucose to CT soils resulted in higher SOC mineralization rates
than the NT and ST treatments (Figure 1). This could be partly due to the mechanical
disruption of large aggregates under the intensive tillage regime of CT, which enhanced
microbial respiration. Furthermore, the lower levels of dissolved carbon and nitrogen under
CT may have caused an imbalance in the soil C:N ratio, intensifying microbial nitrogen lim-
itation. This is supported by the lower C:N ratio (Table 1) and TERc.N (Figure 4) observed
under CT. Consequently, microbes were more dependent on glucose as a nutrient source
to support their growth. Additionally, lower pH levels are known to suppress microbial
activity, potentially reducing glucose mineralization in NT and ST soils. Conservation
tillage practices such as no till and straw mulching generally promote root growth and
the release of organic acids, leading to a decrease in soil pH [36]. Therefore, compared to
conventional tillage, conservation tillage reduces glucose mineralization.

4.2. The Regulation Mechanism of Priming Effect Under Conservation Tillage

We observed a significant positive priming effect following the addition of glucose,
which was primarily attributed to the stimulation of microbial activity and the subsequent
co-metabolism of native SOC (Figure 5). However, the mechanisms underlying this priming
effect varied across the different stages of the incubation period. In the initial phase,
within one hour of glucose application, the priming effect was predominantly driven by
‘microbial nitrogen mining’ [28,37]. During this process, microbes used the readily available
glucose as an energy source to access nitrogen from the background organic matter, thereby
accelerating SOC mineralization [14,38]. This interpretation is supported by the lower
BG/(NAG + LAP) and BG/PER ratios observed in glucose-amended treatments compared
to the control (Figure 4). These ratios reflect a shift in microbial investment towards
oxidases and nitrogen-acquiring enzymes [39]. This enzymatic adjustment indicates that
microbes were actively degrading more complex organic matter to satisfy their nitrogen
requirements [3].

In the later stage of incubation (days 1 to 31), the persistence of the positive priming
effect appeared to be governed by microbial stoichiometric decomposition theory (Figure 2).
According to the principles of microbial stoichiometric homeostasis, ratios of extracel-
lular enzymes such as BG/(NAG + LAP) and BG/ AP rise in carbon-limited conditions,
reflecting an imbalance between microbial carbon demand and nutrient availability [31].
As the synthesis of extracellular enzymes involves additional energy and nutrient costs,
lower carbon use efficiency is often observed in such conditions [40]. In this study, CT
treatments exhibited higher (NAG + LAP)/AP ratios than NT and ST treatments (Figure 4),
indicating that under CT conditions, microbes experienced greater nitrogen limitation and
consequently relied more heavily on the decomposition of native organic nitrogen pools
to fulfil their requirements. This is further evidenced by a significant positive correlation
between the RC:N ratio and the magnitude of the priming effect in glucose-amended soils
(Figure 5), implying that increased microbial nitrogen demand stimulates SOM mineraliza-
tion [2,41]. These findings are consistent with previous studies reporting that stronger C-IN
imbalances can intensify microbial self-regulation, leading to a more pronounced priming
effect [4,19]. Overall, our results imply that conservation tillage (NT and ST) alleviates
microbial nutrient stress, reducing the need to mine nitrogen from soil organic matter and
mitigating the priming effect compared to conventional tillage.
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4.3. Physical, Chemical and Microbial Nutrient Limitation Regulated SOC Stability Under
Conservation Tillage

We found that at the end of cultivation, 54.7% of glucose was released from the soil in
the form of CO,, 8.3% formed MBC, 4% was converted to DOC, and the remaining 33%
SOC stabilized in the soil. This is consistent with the findings from previous study [41,42].
We found that compared to CT, conservation tillage retained more glucose in the soil, which
may be due to higher microbial carbon utilization efficiency, allowing microorganisms
to assimilate more glucose and ultimately sequester it in the soil [37]. Furthermore, un-
der the regulation of microbial stoichiometric balance, the higher DOC/TDN, DOC/AVP,
and TDN/AVP ratios in soil background inhibited the conversion of glucose to carbon
dioxide [10,43]. According to stoichiometric homeostasis, microbes modulate extracellular
enzyme production in response to carbon and nutrient imbalances [43]. Under carbon-
limited or nutrient-imbalanced conditions, the synthesis of enzymes like NAG, LAP, and
AP incurs high metabolic costs, leading to lower carbon use efficiency [44]. In addition,
lower soil pH also inhibits the conversion of glucose to CO,, ultimately retaining more
glucose in different forms in the soil [44]. The percentage of glucose mineralization to CO,
represents the intensity of microbial co metabolism [28,37], which explains the trend of
stimulation effects caused by tillage practices in two different types of soils. The significant
positive correlation between glucose carbon use efficiency and background organic carbon
use efficiency supports this microbial co metabolism. The significant negative correlation
between the proportion of glucose forming MBC and its retention in soil and the priming ef-
fect suggests that higher retention of exogenous unstable carbon helps alleviate the priming
effect, which can be used as an indicator of long-term carbon retention trends [16,35].

Despite the increased microbial biomass under NT and ST, mineralization remained
suppressed, supporting the hypothesis that conservation tillage improves aggregate stabil-
ity and reduces substrate availability [41,45]. Previous research shows that macroaggregates
(>2 mm and 0.25-2 mm) offer physical protection by limiting oxygen diffusion and creating
spatial barriers that slow microbial access to SOC [40]. Over time, these aggregates accu-
mulate microbial residues that form stable organo-mineral complexes, further reducing
substrate decomposition potential [14,38]. Our findings align with this, showing that NT
significantly increased the proportion of large aggregates and improved mean weight
diameter (MWD), in agreement with studies from both Northeast and North China [45].
The resulting structural improvements promote the physical stabilization of SOC and
limit the extent to which microbial communities can stimulate decomposition, even in the
presence of added glucose [24,46]. The differences in microbial communities caused by
long-term conservation tillage play an important role in regulating soil carbon cycling [47].
The function of microorganisms can cause organic carbon to tend to stabilize in soil or be
more easily mineralized in soil, leading to decomposition [48]. Therefore, one limitation
of our study is the lack of connection and discussion between microbial communities and
the microbial mechanisms of triggering effects. However, our study found a significant
correlation between excitation effect and glucose retention percentage, indicating that our
conclusion is applicable and can complement the results reported in previous studies.

In summary, the observed reductions in both SOC and glucose-C mineralization under
NT and ST can be attributed to a dual mechanism: (i) improved physical protection through
stable aggregate formation, and (ii) reduced microbial nutrient stress and stoichiometric
imbalance. These processes act in concert to suppress priming responses and limit carbon
loss. Overall, our findings underscore the critical role of conservation tillage in enhanc-
ing soil structural integrity, decoupling microbial activity from SOC mineralization, and
promoting long-term carbon sequestration. Such practices offer tangible benefits for soil
health, climate mitigation, and sustainable agricultural productivity.
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5. Conclusions

Long-term tillage practices fundamentally influence soil organic carbon (SOC) dy-
namics by modulating physical aggregation, chemical protection, and microbial nutrient
availability. This study highlights that conservation tillage enhances SOC stabilization
not only through improved aggregate formation and physical shielding of organic mat-
ter but also by alleviating microbial nitrogen limitation, thereby reducing excessive SOC
mineralization. The glucose-induced priming effect revealed distinct microbial regula-
tory mechanisms: an initial phase driven by microbial nitrogen mining and a subsequent
phase governed by microbial stoichiometric decomposition. Conventional tillage (CT),
characterized by disrupted soil structure and greater microbial nutrient stress, consistently
triggered a stronger priming response compared to conservation tillage. These findings
underscore the critical role of microbial nutrient constraints and soil physical structure
in controlling SOC turnover. Advancing our understanding of these microbial-mediated
processes offers promising pathways to optimize conservation tillage management, max-
imize carbon sequestration, and foster resilient soil ecosystems that support sustainable
agricultural productivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
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The following abbreviations are used in this manuscript:

SOC Soil organic carbon

TN Total nitrogen

CT Conventional tillage with straw removed

ST Subsoil tillage with straw mulching

NT No tillage with straw mulching

BG -glucosidase

NAG N-acetyl-p-D-glucosidase

AP Phosphatase

PER Peroxidase

TERcN  Carbon-nitrogen imbalance of available resources
MBC Microbial biomass carbon

MBN Microbial biomass nitrogen
MWD Mean weight diameter
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