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ABSTRACT
Soil microorganisms are crucial in regulating soil organic matter dynamics and nutrient cycling, mediating the effects of agricul-
tural management on soil health. Although the microbial responses to changes in soil organic carbon (SOC) are well-documented, 
a knowledge gap remains regarding microbial dynamics when soils reach SOC equilibrium. This study investigated how tillage 
and fertilizer types (compost and mineral fertilizer) influence microbial properties in a continuous corn system with surface 
soils at SOC equilibrium. We evaluated a 28-year experiment comparing conventional tillage (CT) and no-till (NT), combined 
with either manure or compost (OF), mineral fertilizer (MF), or no nitrogen addition (CO), measuring soil microbial biomass, 
extracellular enzyme activity, and soil physicochemical properties to a depth of 90 cm. In the 0–5 cm layer under NT-OF, SOC 
concentration had stabilized since 2003 despite annual compost additions, indicating a near-equilibrium state. Upon reaching this 
threshold, microbial biomass and β-glucosidase (bG) activity plateaued, suggesting additional organic carbon inputs no longer 
enhanced these properties but instead contributed to SOC movement into deeper soil horizons, where increased microbial activity 
was observed. Long-term CT-OF resulted in 30% less SOC and total nitrogen compared to NT-OF, suggesting tillage disrupted 
SOC accumulation and enhanced decomposition. Both NT-MF and NT-CO had minimal effects on microbial properties and SOC, 
potentially due to insufficient organic residue returned. Although NT-OF increased SOC, total nitrogen, available phosphorus, 
and microbial biomass to 30 cm depth, it also reduced oxidative enzyme activity and arbuscular mycorrhizal fungi abundance, 
indicating shifts in microbial functional strategies in response to the continuous addition of compost. Our study demonstrated 
that once surface soils reach SOC equilibrium, additional compost additions no longer increased microbial processes in the sur-
face layer but instead promoted SOC translocation to deeper horizons. This dynamic underscores the need for depth-conscious 
management strategies that balance soil microbial activity, SOC storage, and the capacity for SOC stabilization across soil profiles.

1   |   Introduction

Soil microorganisms are fundamental drivers of soil organic 
matter formation and decomposition, mediating the impact 
of agricultural practices on soil health and the cycling of car-
bon (C), nitrogen (N), and phosphorus (P) in agroecosystems 

(Andrews et  al.  2004; Sinsabaugh and Shah  2011; Chaparro 
et  al.  2012). Soil microbial activity and community structure 
are sensitive to agricultural practices, including tillage and 
nutrient sources. Tillage practices alter soil structure, water 
dynamics, and nutrient availability, creating different habitats 
for microbes and resulting in shifts in microbial activity and 

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any 
medium, provided the original work is properly cited and is not used for commercial purposes.

© 2025 The Author(s). European Journal of Soil Science published by John Wiley & Sons Ltd on behalf of British Society of Soil Science.

https://doi.org/10.1111/ejss.70125
https://doi.org/10.1111/ejss.70125
mailto:
https://orcid.org/0000-0002-8150-3907
https://orcid.org/0000-0002-6669-2885
mailto:cjhsiao@soilhealthinstitute.org
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fejss.70125&domain=pdf&date_stamp=2025-05-22


2 of 14 European Journal of Soil Science, 2025

community composition (Soane et al. 2012; Paustian et al. 2016; 
Hsiao et al. 2019). No-till (NT) practices help mitigate soil ero-
sion (Montgomery 2007; Derpsch et al. 2010) and promote water 
retention through enhanced infiltration and diminished evap-
oration rates (Alvarez and Steinbach  2009; Guan et  al.  2015; 
Pittelkow et  al.  2015). Compared to conventional tillage (CT), 
NT strengthens macroaggregate stability and microaggregate 
formation, enhancing soil organic C (SOC) protection and pos-
sibly accumulation (Six et al. 2000; Alvarez and Steinbach 2009; 
Soane et al. 2012; Mehra et al. 2018; Jakab et al. 2023), although 
the extent of SOC accrual in NT systems remains debatable 
(Blanco-Canqui 2021). This increase in aggregation may lead to 
an increase in soil microbial biomass, greater microbial diver-
sity, and higher extracellular enzyme activity that processes C, 
N, and P (Mbuthia et  al.  2015; Zuber and Villamil  2016). No-
till has been associated with a higher biomass of Gram-positive 
and Gram-negative bacteria and arbuscular mycorrhizal fungi 
(AMF), which are integral to nutrient cycling (White and 
Rice 2009; Mbuthia et al. 2015; Srour et al. 2020; Badagliacca 
et al. 2021).

Nutrient additions affect soil physicochemical properties, micro-
bial activity, and microbial community composition in agroeco-
systems (Mandal et al. 2007; Li et al. 2014; Gu et al. 2017). The 
response of soil organic matter, microbial community, and mi-
crobial activity to fertilizer amendment varies based on the fer-
tilizer source (Zhang et al. 2022; Govednik et al. 2023). Compost 
(OF) application directly introduces organic matter into the 
soil, facilitating stable aggregate formation, improving avail-
ability of essential nutrients like N, P, potassium (K), and sul-
fur (S), water retention, and enhancing microbial biomass and 
extracellular enzyme activities such as β-glucosidase (bG) and 
N-acetyl-β-D-glucosaminidase (Marschner et  al.  2003; Zhong 
et al. 2010; Francioli et al. 2016; Lupwayi et al. 2018). Mineral 
fertilizer (MF) amendment indirectly increases soil microbial 
properties by promoting root growth and crop productivity, 
leading to larger input of organic material through root exudates 
and decaying residues (Geisseler and Scow 2014; Li et al. 2018). 
Eukaryotic and fungal growth appears to be less responsive to 
compost, resulting in a lower fungal-to-bacterial ratio in fertil-
ized soils (Marschner et al. 2003).

While increased organic inputs typically promote SOC accumu-
lation, soils may eventually reach a state of SOC equilibrium, 
where additional inputs no longer result in proportional in-
creases in SOC (Hassink 1997; Stewart et al. 2007). Equilibrium 
reflects the balance between C inputs and losses under specific 
management, soil, and climatic conditions. The SOC levels at 
equilibrium may fall below the maximum SOC storage capacity 
due to limitations in C stabilization within chemically, physi-
cally, or biochemically protected pools (Stewart et al. 2007; West 
and Six 2007; Castellano et al. 2015). Microbial activity plays an 
important role in reaching and maintaining this equilibrium 
through organic matter decomposition and stabilization pro-
cesses. As soils approach SOC equilibrium, the availability of 
mineral binding sites becomes limited, making additional SOC 
inputs primarily accumulate in labile pools (Gulde et al. 2008). 
The accumulation of labile C fractions can stimulate micro-
bial growth and activity and influence a microbial community. 
Under that condition, microbes might allocate resources to-
wards growth and reproduction rather than enzyme production 
for decomposing recalcitrant C. However, some studies sug-
gested the addition of labile substrates can enhance microbial 
activity by stimulating the co-metabolism of recalcitrant C (Huo 
et al. 2017; Tamura and Suseela 2021; Rajakaruna et al. 2024). 
The interactions between SOC equilibrium, microbial dynam-
ics, and enzyme production are complex, context-dependent, 
and warrant further investigation.

The objective of this study was to (1) investigate differences 
in microbial communities and activities among management 
practices with varying SOC status, including those at SOC 
equilibrium in the surface layer; (2) examine the microbial 
response to SOC accrual in underlying layers; and (3) com-
pare these responses with deeper soil layers that were not at 
SOC equilibrium. A long-term field experiment comparing 
tillage (conventional and NT) and nutrient sources (compost 
and MF) established in 1990 at the Kansas State University 
Agronomy North Farm provides a unique opportunity to ex-
amine these relationships. While previous studies have exam-
ined the effects of tillage and nutrient sources on crop yield 
and soil physical and chemical properties (Rivera-Zayas and 
Rice  2017; Nicoloso et  al.  2018), less is known about their 
impacts on soil microbial community and enzyme activity, 
particularly as SOC approaches equilibrium. After 28 years 
of annual organic fertilizer inputs in NT management, SOC 
increased by 194% in the 0–5 cm layer and 102% in the 5–15 cm 
layer (Nicoloso et  al.  2018). Despite an increase in SOC in-
puts from 2.1 (2004–2007) to 2.6 Mg C ha−1 yr.−1 (2007–2017), 
SOC concentrations in the 0–5 cm layer remained statistically 
unchanged in NT-OF since 2003, suggesting the system had 
reached a SOC equilibrium (Nicoloso et al. 2018). We hypoth-
esized that managements with higher SOC concentrations 
would support greater microbial biomass and enzyme activity, 
with this relationship becoming less pronounced in soils that 
have reached SOC equilibrium. Additionally, we anticipated 
differences in microbial community composition across till-
age and nutrient source regimes. To test these hypotheses, soil 
samples were collected to a depth of 90 cm from fields under 
CT and NT systems with MF, OF, or no N addition as con-
trol (CO). Soil extracellular enzyme activity was used as an 
indicator of potential microbial activity, and the phospholipid 
fatty acid (PLFA) profile was used as an indicator of living 

Summary

•	 Long-term no-till with compost application (NT-OF) 
led to soil organic carbon (SOC) stabilization in the 
surface layer, which was associated with a plateau of 
microbial biomass and β-glucosidase activity at high 
SOC levels.

•	 Conventional tillage with compost application (CT-
OF) reduced SOC by 30% relative to NT-OF.

•	 No-till with mineral fertilizer or without nitrogen (N) 
addition had minimal impact on SOC and microbial 
properties, likely due to insufficient organic residue 
return for SOC accumulation.

•	 NT-OF increased SOC, total N, available phosphorus, 
and microbial biomass up to 30 cm depth, while ar-
buscular mycorrhizal fungi abundance and oxidative 
enzyme activity decreased.
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microbial biomass. Soil chemical characteristics including 
SOC, total N, pH, and Mehlich-3 extractable P were also mea-
sured at different depth intervals.

2   |   Materials and Methods

2.1   |   Site and Experimental Design

Soil was sampled from a long-term continuous corn field 
at the Agronomy North Farm of Kansas State University in 
Manhattan, KS, USA (39°12′42″ N, 96°35′39″ W). The mean 
annual temperature was 11.4°C with an average annual pre-
cipitation of 800 mm from 2008 to 2017 (Kansas Mesonet 2018). 
The predominant soil type in the field was a moderately well-
drained Kennebec silt loam (fine-silty, mixed, superactive, 
mesic Cumulic Hapludoll), with a particle size distribution of 
9% sand, 71% silt, and 20% clay. The research was started in 
1990 when tillage and fertility treatments were implemented in 
corn (Zea mays L.).

The experiment followed a split-plot randomized block design 
with four replications, each subplot measuring 7.5 m × 6 m. The 
main plot treatments were tillage systems with two levels: CT 
and NT. CT involved chisel plowing in the fall to a depth of 15 cm, 
followed by offset disking in the spring to a depth of 10 cm. In 
the NT system, corn seeds were directly planted into the pre-
ceding crop's residue using a direct-seed planter. The subplot 
treatments consisted of three levels of N fertilizer application: 
no N addition (control), 168 kg N ha−1 as MF (ammonium nitrate 
or urea), and 168 kg N ha−1 as organic fertilizer. Fertilizers for 
phosphorus, potassium, and other essential nutrients were ap-
plied as needed based on soil test results to ensure optimal crop 
uptake and prevent excessive application. The organic fertilizer 
used was fresh cattle manure from 1990 to 2001 and composted 
organic waste thereafter. The carbon-to-nitrogen ratio of com-
posted material has ranged from 6.5 to 11.6 (mean 8.3) in recent 
years (2019–2024). The composted organic waste was sourced 
from the Agronomy North Farm's composting facility at Kansas 
State University. Both organic and MFs were broadcast before 
planting. In CT, the fertilizers were incorporated via spring 
disking to ~10 cm. In NT, the broadcast fertilizers remained on 
the surface, with no additional mechanical incorporation. The 
application rates were calculated based on the assumption that 
100% of the mineral N and 47% of the organic N were available 
during the crop-growing season.

2.2   |   Soil Sampling

The soil profile was sampled below the plant litter using a 
tractor-mounted hydraulic press (Giddings, Windsor, Colorado) 
after the corn harvest in September 2017. Within each plot, two 
90 cm soil cores (diameter 2.54 cm) were collected randomly and 
partitioned into six depth intervals: 0–5, 5–15, 15–30, 30–45, 
45–60, and 60–90 cm. Soil samples were collected concurrently 
to minimize the hourly/daily variability in soil microbial proper-
ties. Soil samples were stored at 4°C until analyzed. Cores from 
each plot were composited by depth, homogenized, and subsa-
mpled for subsequent analyses. Subsamples for physiochemical 
properties were air-dried, ground, and sieved through a 2-mm 

mesh sieve. Subsamples of fresh soil were freeze-dried and 
stored at −20°C before PLFA analysis. Subsamples for extracel-
lular enzyme activity were stored at −20°C before further pro-
cessing. All analyses were performed within 2 months after soil 
collection.

Additional soil samples were collected in October 2023 to eval-
uate SOC equilibrium status, with 2017 and 2023 datasets an-
alyzed independently to confirm the consistency of microbial 
response across sampling years. The 2023 sampling followed the 
same experimental design as 2017 but focused on the 0–30 cm 
depths (0–5, 5–15, and 15–30 cm intervals) where the most sig-
nificant management effects were observed. The 2023 sampling 
included all treatment combinations (CT and NT with OF, MF, 
and CO) across four replications. Sample handling, storage, and 
processing followed the same protocols as the 2017 sampling to 
ensure data comparability.

2.3   |   Laboratory Analyses

Soil pH was determined in a 1:10 soil:water slurry. Soil gravimet-
ric moisture content was determined after oven-drying samples 
for 24 h at 105°C. Soil organic C and total N concentrations were 
determined by dry combustion analysis using a Carlo-Erba C 
and N analyzer (Thermo Finnegan Flash EA1112, Milan, Italy). 
Extractable P was measured using the Mehlich-3 extraction 
method (Frank et  al.  1988) by the Soil Testing Laboratory at 
Kansas State University, Manhattan, KS.

Soil hydrolytic and oxidative potential activities were measured 
using fluorometric substrate 4-methylumbelliferone (MUB) and 
colorimetric substrate L-3,4-dihydroxyphenylalanine (L-DOPA) 
(Zeglin et al. 2013). Hydrolase assays included a C-acquiring en-
zyme (bG, EC 3.2.1.21, 2 h incubation), a P-acquiring enzyme 
(acid phosphatase, AP, EC 3.1.3.2, 2 h incubation), and two N-
acquiring enzymes (N-acetyl-β-D-glucosaminidase, NAG, EC 
3.2.1.30, 4 h incubation; and leucyl aminopeptidase, LAP, EC 
3.4.11.1, 18 h incubation). bG hydrolyzes β-D-glucopyranosides 
in the degradation of cellulose. Acid phosphatase releases in-
organic P from soil organic matter into biologically available 
forms. NAG cleaves the amino sugar N-acetyl-β-D-glucosamine 
from chitin in soils. LAP hydrolyzes leucine and other hydro-
phobic amino acids from polypeptides. Oxidase assays included 
two main categories of lignin degradation enzymes: phenol ox-
idase (PHX, EC 1.10.3.2, 18 h incubation) and peroxidase (POX, 
EC 1.11.1.7, 18 h incubation). These enzymes control the rate-
limiting steps of soil C, N, or P mineralization. All assays were 
run at room temperature in 50 mM pH 5 acetate buffer with 
blank sets and quench controls for each sample.

Soil microbial biomass was estimated as the sum of all PLFA 
concentrations following the modified protocol from the White 
and Ringelberg method (White et  al.  1997). Total lipids were 
extracted using 2:1:0.8 of methanol, chloroform, and phos-
phate buffer on 5 g of freeze-dried soil. Phospholipids were iso-
lated using silicic acid chromatography columns (Disposable 
BAKERBOND SPE Columns, J. T. Baker, Phillipsburg, NJ, USA) 
and methylated to fatty acid methyl esters (FAMEs) using 0.2 M 
methanolic potassium hydroxide. Fatty acid methyl esters were 
dissolved in hexane and quantified with a Thermo Scientific 
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Trace GC-ISQ mass spectrometer (Thermo Fisher Scientific, 
Waltham, MA, USA) equipped with a DB5-MS column 
(30 m × 250 μm in diameter × 0.25 μm film thickness; Agilent 
Technologies, Santa Clara, CA, USA). Internal standards C19:0 
FAME were used to determine concentrations. The PLFA con-
centration was reported as nmol PLFA per gram of dry soil. The 
neutral lipid fatty acid (NLFA) 16:1ω5c was used to represent the 
biomass of AMF (Frostegård et al. 2011).

PLFA analysis was also used to assess soil microbial commu-
nity structure and to identify a broad-scale shift of populations 
within the microbial community (Findlay and Dobbs  1993; 
Slaughter et  al.  2015; Duncan et  al.  2016). The relative abun-
dance of individual fatty acid biomarkers was calculated. Of 
those, 19 FAMEs with > 1% relative abundance were used for 
the community structure analyses (10Me16, 10Me18, 14:0, i15:0, 
a15:0, 16:0, i16:0, 16:1ω5c, 16:1ω5c NLFA, 16:1ω7c, 17:0, i17:0, 
a17:0, cy17:0, 18:0, 18:1ω7c, 18:1ω9c, 18:2ω9c, and 18:2ω6c).

For 2023 samples, SOC and microbial biomass were ana-
lyzed using identical protocols as the 2017 samples. However, 
due to logistical constraints, soil bG activity in 2023 was 
measured using a standard colorimetric p-nitrophenyl-β-D-
glucopyranoside (pNPG) substrate assay (Hayano 1973; Eivazi 
and Tabatabai  1988). Briefly, 0.5 g of field-moist soil was in-
cubated with a 0.05 M pNPG solution in a modified universal 
buffer at 37°C for 1 h. The reaction was terminated by adding 
0.5 M CaCl2 and 0.1 M Tris buffer (pH 12). The concentration of 
released p-nitrophenol (yellow color) was quantified by mea-
suring absorbance at 398 nm on a spectrophotometer (BioTek 
Epoch microplate reader, Agilent Technologies). The intensity 
of the color is directly proportional to bG activity, enabling the 
calculation of enzyme activity rates.

2.4   |   Calculation of Soil C, N, P, Enzyme Activities, 
and PLFAs Densities

Since tillage often changes soil bulk density (Wendt and 
Hauser 2013), quantification of SOC, total N, extractable P, en-
zyme activities, and PLFA density in different soil layers was per-
formed based on equivalent soil mass (Wendt and Hauser 2013; 
Li et al. 2018; Nicoloso et al. 2018; Fowler et al. 2023). In addition, 
we used the average masses of 590, 1180, 1800, 1785, 1680, and 
3180 Mg ha−1 measured in the 0–5, 5–15, 15–30, 30–45, 45–60, 
and 60–90 cm soil layers in the CT and NT plots in 1992 as refer-
ences of equivalent soil mass comparisons (Nicoloso et al. 2018). 
The estimation of SOC stocks (Mg C ha−1) was calculated con-
sidering SOC concentrations and soil masses in the 0–5, 5–15, 
15–30, 30–45, 45–60, and 60–90 cm soil layers by cubic spline 
function (Fuentes et  al.  2010; Wendt and Hauser  2013; von 
Haden et al. 2020). Although all SOC stocks were calculated and 
compared as equivalent soil masses, the results were expressed 
as 0–5, 5–15, 15–30, 30–45, 45–60, and 60–90 cm soil layers for 
better clarity. To facilitate comparisons between the unequal 
sampling depth intervals, we conducted our analyses on SOC 
density (kg C m−3), computed using the following Equation (1):

Total N, extractable P, soil enzyme activities, and PLFAs were 
calculated and presented using the same process.

2.5   |   Statistical Analysis

The effects of tillage, fertilizer source, and soil depth on soil 
physicochemical and microbial properties were analyzed using 
a linear mixed-effects model. Tillage and fertilizer were in-
cluded as fixed effects, while soil depth was treated as a ran-
dom factor with repeated measurements, utilizing restricted 
maximum likelihood (REML) estimations. Post hoc compar-
isons were conducted using the Tukey adjustment. Dependent 
variables were tested for the assumption of normality using the 
Shapiro–Wilk test and then log-transformed when necessary to 
meet assumptions of normality before analysis (for PLFAs and 
enzyme activities except LAP and PHX).

To evaluate the correlation between SOC concentration and 
microbial properties, bG activity and microbial biomass were 
analyzed using linear-plateau regression to identify potential 
thresholds at which additional SOC accumulation no longer 
proportionally increases microbial properties. The analysis was 
stratified by fertilizer source groups (CO, MF, and OF) to account 
for potential treatment-specific effects. Only soil microbial prop-
erties data from the 0–5 cm, 5–15 cm, and 15–30 cm depth layers 
were included in the analysis. Model fit for these nonlinear least 
squares regressions was assessed using R2, calculated as 1-(RSS/
TSS), where RSS represented the residual sum of squares and TSS 
was the total sum of squares. This R2 provided an estimate of how 
well SOC explains variations in microbial activity and biomass.

Microbial community composition was examined using Bray–
Curtis dissimilarity of the fatty acid biomarkers between sam-
pling points, visualized through a two-dimensional nonmetric 
multidimensional scaling (NMDS) ordination model. The signif-
icance of treatment effects on PLFA dissimilarity was analyzed 
using permutational multivariate ANOVA (PerMANOVA), fol-
lowed by pairwise PerMANOVA to compare differences between 
tillage and fertilizer groups. All significance tests were evaluated 
at α value of 0.05. All errors were reported as standard errors. 
All statistical analyses were performed in R (R Core Team 2013), 
using the package nlme (Pinheiro et al. 2012) for ANOVA, vegan 
(Oksanen et al. 2011) for PerMANOVA and NMDS.

3   |   Results

3.1   |   Soil Characteristics

Soil organic C, total N, and extractable P (kg m−3 soil) were af-
fected by tillage X fertilizer and fertilizer X depth interactions 
(Table  1). Organic fertilizer enhanced SOC and total N to a 
depth of 30 cm, with significantly higher levels observed in NT-
OF than in CT-OF (Figure 1ab). For CT-OF, the increase in SOC 
relative to MF and CO was observed in the surface 0–15 cm, 
which was the tillage mixing zone. For the 0–5 cm depth, SOC 
was 54.1 and 34.2 kg C m−3 in NT-OF and CT-OF, respectively, 
compared to 18.9 kg C m−3 for the control and 19.9 kg C m−3 for 
the MF treatments in NT. Below 30 cm, no differences were 
observed between fertilizer sources in SOC and total N. Total (1)

SOC density
(

kg C m−3
)

=
SOC stock

(

Mg C ha−1
)

depth interval (m)
×
103 kg

Mg
×

ha

104 m2
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N was correlated with SOC with a Pearson r of 0.97 (p < 0.001; 
Figure S1). Soil extractable P was significantly greater under OF 
than MF and CO to a depth of 60 cm (Figure 1c). Extractable P 
was greater in NT under OF and MF but not under CO.

Soil pH was affected by the interactions of tillage and fertilizer 
and fertilizer and depth (Table  1). Soil pH was lower in MF 
than CO and OF in the top 15 cm, with soil pH decreasing to 
6.4 in NT-MF (Table S1). There were no detectable differences 
between tillage and fertilizer sources below 15 cm. Soil water 

contents in CT-CO were generally larger than in -MF and -OF 
in soils below 15 cm depth, but no significant differences were 
observed across treatments.

3.2   |   Extracellular Enzyme Activity Profiles

Soil bG activity (mmol hr.−1 m−3) as an indicator of C mineral-
ization potential was affected by fertilizer source and soil depth 
(Table 1). Soil in OF had greater bG activity than in CO and MF 

TABLE 1    |    Summary of the p value from mixed-effects model for impacts of tillage, depth, and fertilizer amendment regimes on soil properties 
(2017 sampling).

pH SOC Total N ExP bG AP NAG LAP PHX POX MB AMF

Tillage (T) *** ** * ns ns *** ns *** ns * *** ns

Fertilizer (F) *** *** *** *** *** ns ns ** * ns *** ***

Depth (D) ns *** ** * *** *** *** ** * *** *** ***

T × F * ** *** *** ns ** ns * ns ns * ns

T × D ns ns ns ns ns ns ns ns ns ns ns ns

F × D *** *** *** *** ns ns *** *** ns * *** ns

T × F × D ns ns ns ns ns ns ns ns ns ns ns ns

Note: The model results are labeled by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.
Abbreviations: AMF, arbuscular mycorrhizal fungi; AP, acid phosphatase; bG, β-glucosidase; ExP, extractable phosphorus; LAP, leucyl aminopeptidase; MB, microbial 
biomass; NAG, N-acetyl glucosaminidase; ns, nonsignificant; PHX, phenol oxidase; POX, peroxidase; SOC, soil organic carbon.

FIGURE 1    |    Vertical distribution of soil properties under different management practices (2017 sampling). Concentration of (a) SOC, (b) total N, 
and (c) extractable P distribution in conventional tillage (CT) and no-till (NT) under organic fertilizer (OF), mineral fertilizer (MF), and unfertilized 
control (CO) with depth. Results are given as means ± standard error of the mean (n = 4).
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and was greater in the top 30 cm of soil (Figure 2a). Tillage did 
not affect bG activity. The bG activity was positively correlated 
with SOC, with a Pearson r of 0.7 (p < 0.001; Figure S1).

Soil AP activity as an indicator of P mineralization potential 
was affected by depth and the interaction of tillage and fertilizer 
(Table 1). Soil AP activity was higher in NT with added fertilizer 
relative to CT, and the level of AP activity was higher in MF in 
NT (Figure 2b). Soil AP activity was negatively correlated with 
soil pH with a Pearson r of −0.6 (p < 0.001; Figure S1).

Soil NAG and LAP are both indicators of N mineralization 
potential. Soil NAG activity was affected by the interaction of 
fertilizer and depth (Table 1). In general, NAG increased with 
depth starting from 30 cm (Figure 2c). Soil NAG activity in OF 
was higher than in CO in the top 15 cm, while CO was higher 
than OF at the 15–45 cm layer. The vertical profile of LAP activ-
ity was correlated with SOC with a Pearson r of 0.8 (p < 0.001; 

Figure S1). Soil LAP activity was affected by the interactions of 
tillage and fertilizer and fertilizer and depth (Table 1). Soil LAP 
activity was greater in OF than in CO and MF, and greater in 
NT than in CT, to a depth of 15 cm (Figure 2d). Below 15 cm, the 
fertilizer source did not affect soil LAP activity.

POX was the dominant oxidative enzyme in these soils, with its 
activity significantly influenced by tillage and the interaction be-
tween fertilizer source and soil depth (Table 1). Peroxidase activ-
ity was lower in the 0–10 cm layer under NT-OF (Figure 2f). In 
contrast, PHX activity was affected by fertilizer source and soil 
depth, with organic fertilizer increasing PHX activity (Figure 2e).

3.3   |   Phospholipid Fatty Acids

Microbial PLFA biomass (mmol PLFA m−3) was affected by 
the interactions of tillage and fertilizer and fertilizer and 

FIGURE 2    |    Vertical distribution of soil enzyme activities in response to tillage and fertilizer amendment (2017 sampling). Soil (a) β-glucosidase 
(bG), (b) acid phosphatase (AP), (c) N-acetyl glucosaminidase (NAG), (d) leucyl aminopeptidase (LAP), (e) phenol oxidase (PHX), and (f) peroxidase 
(POX) activity potential in conventional tillage (CT) and no-till (NT) under organic fertilizer (OF), mineral fertilizer (MF), and unfertilized control 
(CO) with depth. Results are given as means ± standard error of the mean (n = 4).
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depth (Table  1). Microbial biomass was greater in OF than in 
CO and MF to a depth of 30 cm, with higher levels observed in 
NT (Figure  3a). Below 30 cm, the fertilizer source did not af-
fect microbial biomass. Microbial biomass was positively cor-
related with SOC, with a Pearson r of 0.8 (p < 0.001; Figure S1). 
Microbial biomass was higher in NT-OF than CT-OF from 0 to 
30 cm, corresponding with the higher SOC in NT-OF translo-
cated from the surface to the 30 cm depth of the profile.

Soil AMF biomass was affected by fertilizer source and soil 
depth (Table 1). Organic fertilizer decreased AMF, and the con-
trol treatment had the highest AMF (Figure 3b). Other microbial 
groups responded similarly to management practices as micro-
bial biomass (Figure S2).

Depth, fertilizer source, and tillage affected soil microbial PLFA 
community composition. The PerMANOVA results indicated 
that 56.1%, 11.7%, and 1.5% of the variability of the PLFA commu-
nity composition was explained by depth, fertilizer, and tillage, 
respectively (p < 0.01). The distribution of the most abundant 
phospholipid biomarkers among all samples from the 0–15 cm 
soil depth was represented by the first two NMDS axes with a 
stress level of 0.058 (Figure 4). Microbial PLFA profiles diverged 
significantly across fertilizer treatments, with OF-amended soils 
clustered near the upper region of the NMDS plot, MF-amended 
soils in a central grouping, and no N fertilizer (CO) soils nearer 
the lower region (Figure 4a). Tillage had a minor effect on the 
microbial PLFA community composition compared to the fertil-
izer source (Figure 4b).

3.4   |   Relationship Between SOC and Microbial 
Properties

A linear plateau regression explained the relationship between 
SOC and bG, and between SOC and MB, across fertilizer treat-
ments in NT (Figure 5). In NT-CO and NT-MF, bG activity and 

MB increased linearly with SOC concentrations in both years. 
In NT-OFs, both microbial properties exhibited a plateau at SOC 
concentrations between 30 and 45 g C kg−1 (Table S2). Despite 
methodological differences in bG measurement between years, 
both methods detected significant treatment effects and consis-
tent SOC-bG activity correlations.

3.5   |   Long-Term Changes in SOC

This study builds upon a previous study analyzing the physi-
cal and chemical properties of soil samples from the same site 
collected between 1992 and 2014 (Nicoloso et al. 2018). At that 
time, long-term NT-OF led to significant increases in SOC, total 
N, and extractable P to a depth of 15 cm compared to other treat-
ments. When integrating our 2017 and 2023 data to track the 
continued temporal dynamics of SOC in response to tillage and 
fertilizer amendment (Figure 6), SOC level in the 0–5 cm layer 
of NT-OF remained high but has been stable since 2003. In con-
trast, SOC in the 5–15 cm depth layer of NT-OF has increased 
since 2007, and SOC from 15 to 30 cm increased since 2017.

4   |   Discussion

Despite different methodological approaches to measuring bG 
activity (fluorometric assay in 2017 and colorimetric assay in 
2023), both methods detected that microbial biomass and bG 
activity plateaued at SOC levels of approximately 30–45 g C 
kg−1 in NT-OF (Figure 5). This suggested bG production did not 
further increase despite additional C inputs beyond this SOC 
concentration. Although the correlations between SOC and 
microbial properties reflected associations rather than direct 
causation, the plateau might be attributed to factors including 
the quality of residue inputs (Lupwayi et al. 2018), limitations 
in essential nutrients, or environmental constraints (Manzoni 
et  al.  2012; Rui et  al.  2016; Eberwein et  al.  2017). Another 

FIGURE 3    |    Vertical distribution of soil microbial biomass and arbuscular mycorrhizal fungi (AMF) in response to tillage and fertilizer amend-
ment (2017 sampling). Estimation of soil (a) microbial biomass through PLFA and (b) AMF biomass through NLFA in conventional tillage (CT) and 
no-till (NT) under organic fertilizer (OF), mineral fertilizer (MF), and unfertilized control (CO) with depth. Results are given as means ± standard 
error of the mean (n = 4).
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potential explanation for the decoupling of microbial biomass 
and activity from C accumulation is the physical protection of 
SOC from decomposition within aggregates. Specifically, soil 
in NT-OF could contain more aggregates that isolate SOC from 
enzyme access. Indeed, previous analysis from the same field 
indicated that continuous addition of organic matter in NT-OF 
increased reactive ammonium oxalate–extractable Fe, Al, and 
Si, which subsequently enhanced organo–mineral associations 
and promoted C sequestration within aggregates or bound to 
reactive mineral phases, thereby limiting continuous microbial 
breakdown (Pitumpe Arachchige et  al.  2024). However, or-
ganic amendments can facilitate SOC stabilization via mineral 
interactions and stimulate microbial activity simultaneously. 
Spectromicroscopy analysis revealed the presence of microbial-
derived C, identified as aragonite-like minerals, in microaggre-
gates in NT-OF (Pitumpe Arachchige et al. 2024). Aragonite is a 
biogenic carbonate frequently associated with microbial extra-
cellular polysaccharides, cyanobacterial activity, or earthworm 
bioturbation (Obst et al. 2009). The presence of aragonite-like 
minerals demonstrated that microbial processing of organic 
matter continues despite increased physical protection of SOC, 
indicating a dynamic balance between C stabilization and mi-
crobial decomposition. As the capacity of mineral-associated 
organic matter fractions and aggregate protection mechanisms 
was reached, additional C inputs were no longer effectively 
stabilized. Instead, these excess inputs accumulated in labile 
pools and translocated to deeper soil layers (Cotrufo et al. 2015; 
Jakab et al.  2023). This shift was accompanied by changes in 
microbial functional strategies, as indicated by lower oxidative 
enzyme production for ligninaceous C breakdown (Figure 2f), 
higher bG activity (Figure 2a), and shifts in microbial commu-
nity composition (Figure 4a).

The consistency of this plateau across sampling years rein-
forced our findings despite methodological differences. Due to 

logistical constraints, two methods were employed to measure 
bG activity in 2017 and 2023. Although these methods may pro-
duce different absolute values, both methods are effective in de-
tecting differences in bG activity due to management practices 
(Dick et al. 2018). In this study, we focused on the qualitative re-
lationship between SOC and enzyme activity across years, vary-
ing SOC levels, and different management treatments, rather 
than on direct comparisons of absolute bG values. Although 
soils from different depths were used to generate the SOC gra-
dient in Figure 5, the consistent patterns observed across both 
sampling years in the 0–5 cm and 5–15 cm layers suggested that 
microbial responses to SOC stabilization occur similarly across 
distinct soil horizons.

If the 0–5 cm soil layer in NT-OF could no longer retain addi-
tional C inputs, continuous C inputs might facilitate significant 
C translocation to the underlying 5–15 cm soil layer, likely as dis-
solved organic C (Kaiser and Kalbitz 2012; Cotrufo et al. 2015; 
Nicoloso et al. 2018; Jakab et al. 2023). This mechanism might 
help explain the observed increase in SOC after 2007 at 5–15 cm 
and after 2017 at 15–30 cm depth, while it remained stable at 
0–5 cm depth (Figure 6). The C translocation from the surface 
application of organic fertilizer increased nutrient availabil-
ity and promoted microbial activity and microbial biomass in 
deeper soil layers (Abrar et  al.  2021; Jakab et  al.  2023). The 
translocation of organic C could contribute to stable aggregate 
formation, improving soil structure, water infiltration, and pro-
moting soil health (Kaiser and Kalbitz 2012; Cotrufo et al. 2015; 
Dynarski et al. 2020). Although OF increased SOC to a depth of 
15 cm in CT-OF, similar SOC levels between 0–5 cm and 5–15 cm 
layers were attributed to soil mixing to 15 cm from tillage.

Although NT alone did not support substantial SOC accumula-
tion, tillage reduced the SOC gains from organic matter inputs 
in the OF by approximately 30%. The cumulative SOC in the 

FIGURE 4    |    Impact of tillage and fertilizer amendment on soil microbial community composition at 0–15 cm soil depth (2017 sampling). Microbial 
community composition was expressed using Bray–Curtis dissimilarity in the most abundant phospholipid biomarkers for all samples, with each ex-
perimental unit summarized by a single point using nonmetric multidimensional scaling (NMDS). Letters represent significant differences between 
management practices (p < 0.05); ns, nonsignificant.
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0–30 cm layer in CT-OF was 71.7 ± 6.4 Mg C ha−1, which was 
68.9% of the 104.1 ± 9.3 Mg C ha−1 in NT-OF (Figure 1). This re-
duction exceeded the general expectation from NT on C storage 
observed in similar climate conditions in the Great Plains (Al-
Kaisi et al. 2005; Varvel and Wilhelm 2011; Ogle et al. 2012) and in 
broader global analysis (West and Post 2002; Mondal et al. 2023). 
Despite these gains, NT without any fertilizer application (NT-
CO) did not significantly enhance SOC stocks in the 0–30 cm 
layer, showing only a slight increase from 54.7 ± 3.0 Mg C ha−1 
in CT-CO to 56.8 ± 2.9 Mg C ha−1 in NT-CO. Similar trends were 

noted in total N, bG, and NAG activities, and bacterial biomass 
(including Gram-positive, Gram-negative, and actinomycetes) in 
the 0–5 cm layer of soil. These findings highlight the complexity 
of the role of NT in SOC storage and C-related soil properties, 
which may also be influenced by different C input levels (Baker 
et  al.  2007; Blanco-Canqui and Ruis  2018; Ogle et  al.  2019; 
Mondal et al. 2023). Carbon inputs from corn stover were greater 
in CT-CO compared to the NT-CO at this site (Rivera-Zayas and 
Rice 2017; Nicoloso et al. 2018). Thus, the lower C inputs in NT 
may offset the benefits of lower residue-C decomposition rates. 

FIGURE 5    |    Relationship between SOC and microbial properties. Scatter plots for SOC and β-glucosidase (bG) activity (a, c) and microbial bio-
mass (MB) (b, d) to a 30 cm depth in NT by fertilizer sources including organic fertilizer (OF), mineral fertilizer (MF), and unfertilized control (CO). 
Panels (a) and (b) represent data from 2017, while panels (c) and (d) represent data from 2023. The solid black lines depict the linear-plateau regres-
sion models, with coefficients of determination (R2) shown for each treatment. Data points are color-coded by soil depth. Detailed information on the 
modeling results for each fertilizer source is provided in Table S2.
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Despite mixed results regarding its effectiveness in enhancing 
SOC storage, NT practice is valued for reducing soil erosion, en-
hancing water retention, and adapting to climate change (Zhao 
et al. 2017; Fiorini et al. 2020; Pearsons et al. 2023).

While some studies have reported minimal effects of MF on 
soil nutrients and microbial properties (Shen et  al.  2004; Su 
et al. 2006), other research demonstrates significant benefits (Srour 
et al. 2020; Zhang et al. 2022; Govednik et al. 2023). Indeed, MF 
often correlates with enhanced crop productivity and increased 
plant residue inputs, fostering greater microbial activity and bio-
mass (Marschner et al. 2003; Geisseler and Scow 2014; Mbuthia 
et al. 2015; Gu et al. 2017; Lupwayi et al. 2018). In this study, corn 
grain yields were higher in MF compared to the control at this 
site (Rivera-Zayas and Rice 2017), with residue inputs of 2.6 Mg 
C ha−1 yr−1 in MF compared to 1.6 Mg C ha−1 yr−1 in CO (Nicoloso 
et al. 2018). These C input levels were still lower than the 5.2 Mg 
C ha−1 yr−1 in OF plots. Although the C inputs in MF meet the 
criteria required to maintain SOC levels (2.5 ± 1.7 Mg C ha−1 yr.−1) 
(Johnson et al. 2014; de Los Rios et al. 2022), the modest increase 
of 1 Mg C ha−1 yr−1 over the CO might not significantly enhance 

microbial properties. In addition, the quality of residue inputs is 
also important for soil microbial activity and diversity (Marschner 
et al. 2003; Francioli et al. 2016; Wu et al. 2020; Bhattacharyya 
et al. 2022). In this study, MF and CO received corn residue while 
OF received both composted material and corn residue. Compost 
addition significantly increases labile C fractions in soil (Benbi 
et al. 2015; Li et al. 2018; Zhang et al. 2020), potentially altering 
the soil microbial community toward a copiotroph-dominant 
composition with relatively lower growth efficiency under fer-
tile conditions (Ramírez et  al.  2020; Zhang et  al.  2020; Srour 
et  al.  2020). The microbial community composition in OF dif-
fered substantially from the control than MF did from the control 
(Figure 4a). Overall, OF had a more substantial positive impact 
on soil properties than MF, suggesting the critical role of residue 
input in shaping microbial biomass and activity in agricultural 
soils. Implementing management practices such as cover crops, 
intensified cropping systems, or perennial plants can increase or-
ganic C inputs to the systems and the buildup of SOC.

Tillage and fertilizer application negatively impacted the abun-
dance of AMF, with the highest AMF observed in NT-CO soil. 

FIGURE 6    |    Temporal dynamics of SOC in response to tillage and fertilizer source. Soil organic C dynamics in the 0–5, 5–15, and 15–30 cm soil 
layers affected by conventional tillage (CT) and no-till (NT) under organic fertilizer (OF), mineral fertilizer (MF), and unfertilized control (CO) since 
1992. Source of was cattle manure from 1990 to 2001 and composed of organic waste from 2002 to 2017. Results are given as means ± standard error 
of the mean (n = 4).
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Higher levels of critical nutrients, primarily N and P, have been 
found to decrease mycorrhizal colonization (Johnson et al. 2003; 
Mbuthia et al. 2015; Liu et al. 2016; Jeske et al. 2017). When soil 
nutrients are readily available, plants tend to utilize photosyn-
thetically derived C for aboveground biomass first, followed by 
roots and mycorrhizal symbionts (Fageria and Moreira  2011; 
Mbuthia et al. 2015). This preference might be because plants 
do not require nutrient transfer provided by AMF under these 
conditions (Johnson et al. 2003; Konvalinková et al. 2017). It is 
noted that the response of AMF to OF might become positive 
when the mutualistic symbiosis between AMF and host plants 
is strong, such as in P-limited environments, during drought, or 
in rotation sequences that include legumes (Jiang et al.  2021). 
No-till soils had significantly higher AMF abundance than CT, 
likely due to reduced soil disturbance in NT that helps maintain 
an intact hyphal network (Sun et al. 2016).

5   |   Conclusion

This research elucidated how SOC equilibrium influenced mi-
crobial communities and activities in a continuous corn system. 
Long-term NT-OF had driven SOC in the surface layer towards a 
near-equilibrium state, which was associated with a plateauing 
of microbial biomass and β-glucosidase activity. Additionally, 
oxidative enzyme activity, which facilitates the breakdown of 
complex organic compounds, was reduced in the 0–5 cm layer 
under NT-OF, further indicating a shift in microbial activity at 
SOC equilibrium. Once the equilibrium was reached in the sur-
face layer, additional organic C additions no longer enhanced 
microbial properties but instead translocated to underlying soil 
horizons. This observation suggested that while organic amend-
ments increased SOC stocks and microbial activity, the long-
term impact was associated with soil depth, physical protection 
from microorganisms, and the extent of saturation in mineral-
associated C pools. While NT-OF resulted in about 30% more 
SOC and total N compared to CT-OF, no-till without organic 
inputs (NT-CO and NT-MF) showed minimal improvements in 
SOC and microbial properties, suggesting that the combination 
of NT with sufficient organic inputs is necessary for significant 
soil health benefits. Given the complexity of soil responses to 
tillage and fertilizer sources, future research should explore 
the synergistic effects of integrating no-till or reduced tillage 
with other soil health practices, such as composting or cover 
cropping, in diversified cropping systems. Additionally, incor-
porating quantitative management indices could enhance our 
ability to assess tillage and fertilizer impacts beyond traditional 
categorical classifications. For example, the USDA-NRCS Soil 
Tillage Intensity Rating (STIR) provides a standardized mea-
sure of tillage intensity, and developing similar indices for nu-
trient inputs would improve our ability to capture variability 
in nutrient management strategies. Such efforts are critical for 
understanding how agricultural practices affect soil biological, 
chemical, and physical attributes, thereby ensuring the sustain-
ability and resilience of agricultural systems.
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