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Abstract: Film mulching and gravel mulching are effective methods for increasing crop yields in
Northwest China but exacerbate soil organic carbon (SOC) mineralization, while manure
amendment is a viable method for offsetting carbon (C) losses from mulching. SOC stability is a key
factor in determining the nutrient supply capacity of soil, as it affects the C sources available to
microorganisms. However, the synergistic effects of film mulching with manure amendment on
SOC stability and crop nutrient uptake are still unclear. Thus, four treatments of no mulching (CK),
gravel mulching (GM), film mulching (FM) and film mulching with manure amendment (FCM)
were established on the Loess Plateau. The experiments investigated nitrogen (N), phosphorus
(P), potassium (K) uptake in the plant and grain, SOC, labile organic C fractions (LOCFs), stability-
based organic C fractions (SOCFs) and C management index (CMI) in 2019 and 2020. The results
indicated that FM and FCM treatments significantly improved crop dry matter accumulation in
both years compared with that of the control, and the FCM treatment significantly increased the
two-year NPK average of plants to 44.9%, 50.7%, and 54.5%, and significantly increased the two-
year NPK average of grain to 46.7%, 58.2%, and 30.4%. The FCM treatment significantly increased
all LOCFs, namely water solution C (WSC), hot-water extractable C (HWC), permanganate
oxidizable C (POXC) and particulate organic C (POC) in the topsoil (0-20 cm) in both years, and the
fractions of active C pool (AP) in SOCFs, namely very labile C (Cvt) and labile C (CL), were
significantly increased, which suggested the FCM treatment significantly decreased the C stability
of topsoil. The results of CMI confirmed this. The sensitivity index indicated that among all SOC
fractions, POC (21.5-72.9%) and less labile C (Crv) (20.8-483.8%) were the most sensitive fractions of
LOCFs and SOCFs compared with SOC (1.93-35.8%). The random forest analysis showed that most
labile C fractions and CMI had significant contributions to crop N, P and K uptake, especially POXC
to crop N uptake, CMI to crop P uptake, and AP to crop K uptake. And the quantitative relationships
were determined by linear regression analysis. The study concluded the FCM treatment
synergistically enhanced SOC lability, crop NPK uptake, and labile C fractions (especially
POXC, AP) and CMI serve as robust indicators for guiding precision nutrient management in
semi-arid croplands.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Maize is the most widely distributed and productive food crop globally, and it plays an
important role in ensuring food security (Erenstein et al., 2022). Nitrogen (N), phosphorus (P) and
potassium (K) are the three macronutrient elements necessary for maize growth (Hao et al., 2023).
Optimising the supply and uptake of these elements is critical to improving crop yields. Therefore, it
is imperative to enhance soil nutrient supply in order to boost the uptake of N, P and K by maize. As
is well established, effective agricultural management practices, including crop rotation systems and
balanced fertilisers, have a recognised role in improving soil nutrient availability (Sainju et al., 2017;
Cai etal., 2019). Recent studies have demonstrated a close correlation between changes in soil organic
carbon (SOC) and its fractions, as influenced by agricultural management practices, and crop nutrient
uptake (Major et al., 2010; Wang et al., 2024b). SOC plays a crucial role in enhancing soil properties
and supporting crop production (Tang et al.,, 2022), as many soil biogeochemical processes are
mediated by SOC (Chen et al., 2019). Consequently, the uptake of nutrients by crops is influenced not
only by agricultural practices (Li et al., 2021), but also by the content of different carbon (C) fractions
(Wang et al., 2024b). Therefore, the effects of agricultural practices on soil nutrient supply and N, P
and K uptake by crops may be mediated by their effects on soil C dynamics.

The Loess Plateau is a typical dry farming area in China, and limited water resources and
increasing soil degradation are the main constraints to maize yield (Liu et al., 2009). Gravel mulching
and plastic film mulching were the effective agricultural practices to alleviate water shortage and
maintain crop yield in semi-arid region (Bu et al., 2013), but previous studies had reported that long-
term mulching could lead to a decrease in SOC content in the topsoil (0-20 cm) (Li et al., 2004;
Steinmetz et al., 2016; Zhang et al., 2022a; Ren et al., 2023). Manure amendment is an effective way
to improve soil fertility and increase SOC content (Abdalla et al., 2022; Zhang et al., 2022b). Manure
can not only provide a large amount of available carbon(C) and various nutrients, but also improve
soil structure, decrease soil bulk density, improve soil porosity and water storage capacity (Jiang et
al,, 2018; Wang et al., 2017; Wang et al., 2022), thus being able to support higher planting densities
(Zhang et al., 2022b). Studies have shown that long-term organic matter application improved SOC
accumulation and N use efficiency (Chen et al., 2020; Tang et al., 2022). Therefore, it is probably that
film mulching with manure amendment have an effect on soil nutrient uptake by crops by increasing
SOC.

SOC varies greatly with different agricultural practices and is often positively correlated with
aboveground nutrient uptake (Xie et al.,, 2022; Wang et al., 2024b). However, SOC is not sensitive
enough to reflect changes in soil quality due to higher background levels and natural soil variability
(Haynes, 2005). Labile organic C fractions (LOCFs), such as water solution C (WSC), hot-water
extractable C (HWC), permanganate oxidizable C (POXC) and particulate organic C (POC) have been
used as early indicators to reflect soil quality dynamic (Chaudhary et al., 2017; Bongiorno et al.,
2019; Zhang et al., 2022a). LOCFs are SOC fractions that can be directly utilised by microorganisms
and are often considered the primary energy source for microorganisms (Haynes, 2005). Previous
studies have found that LOCFs directly affect the supply of soil nutrients to crops (Zhang et al., 2021;
Wang et al., 2024b). However, it should be noted that SOC are complex, heterogeneous substances
composed of multiple compounds, each with different stability levels (Deb et al., 2015). The degree
of stabilisation of different SOC fractions varies due to differences in physico-chemical properties
and turnover times (Chan et al., 2001). Based on these differences in stability of SOC fractions, they
can be broadly categorised into active C pools and passive C pools (Chan et al., 2001). The active C
pools behaved in a similar way to LOCFs, while passive C pools were altered very slowly by
microbes. This suggests that the C sources available to microorganisms are also limited by the
stability of SOC pools (Davidson and Janssens, 2006). Furthermore, it has been demonstrated that
microorganisms can also mediate the conversion of passive C pools into active C pools (Liang et al.,


https://doi.org/10.20944/preprints202504.1647.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 April 2025 d0i:10.20944/preprints202504.1647.v1

3

2017; Zhang et al., 2024). Different agricultural practices impact various soil properties, which are
essential for the sustainability of cropping systems (Jat et al., 2019; Zhang et al., 2024). Based on the
above two classifications, LOCFs together with Cvi, C, and AP are refered to labile C fractions. The
changes in soil quality induced by agricultural practices can be more accurately and sensitively
indicated by the C pool management index (CMI) (Blair et al., 1995). It can be used as an indicator
of soil C lability and availability, and is often used to assess the relative potential of different
agricultural practices to affect SOC pools (Chaudhary et al., 2017). However, few studies have
focused on the effects of the stability of SOC fractions on soil nutrient supply and crop nutrient uptake
under different agricultural practices in semi-arid areas, particularly film mulching with manure
amendment. Microorganisms play a crucial role in the soil-plant nutrient cycle (Liu et al., 2021), and
their enzyme activity has been demonstrated to correlate with the SOC fractions (Li et al., 2016; Jat et
al., 2019). It is obviously related to the fact that the C sources available to microorganisms are also
limited by the stability of SOC fractions. Therefore, a hypothesis was proposed in the present study
that film mulching with manure amendment stimulated maize NPK uptake by accelerating labile
C fractions driven nutrient mineralization.

A field experiment was conducted from 2009 to understand how mulching practices and manure
amendment interact with soil organic matter (SOC) fractions and crop nutrient uptake (NPK) in semi-
arid regions. The experiment was designed to test our hypothesis and provide valuable insights into
these interactions. The specific objectives of the study were to (1) determine the effect of mulching
practices and manure amendment on above-ground dry matter accumulation, crop NPK uptake and
SOC pool; (2) indentify the effect of mulching practices and manure amendment on the stability of
various SOC fractions, and the contribution of SOC fractions to crop NPK uptake; (3) quantify the
effect of labile C fractions on NPK uptake in spring maize, with a view to establish their potential
application in crop nutrient uptake.

2. Materials and Methods

2.1. Experimental Site

The field experiment was established at the Changwu Agro-ecological Experimental Station
(35.28°N, 107.88°E; 1200 m a.s.l) on the Loess Plateau since 2009. The area has a semiarid monsoon
climate with a mean annual air temperature of 9.2 °C and average annual precipitation of 582 mm
(with about 73% received between May and September), while the average annual free evaporation
is 1564.5 mm. The water table of groundwater is as deep as 60 m, making it unavailable for plants.
The soil was classified as Cumuli-Ustic Isohumosols of the U.S. Department of Agriculture (USDA)
classification system. The average monthly temperature and precipitation during the spring maize
growth season in 2019 and 2020 and the average monthly precipitation from 2009 to 2020 shown in
Fig 1. At the beginning of the experiment in 2009, the soil had the following initial properties in the

0-20 cm soil layer (Luo et al., 2015): bulk density (BD) 1.3 g cm "3, pH 8.4, SOC 8.2 g kg "1, total N 1.05
g kg1, available P 20.7 mg kg ", available K 133.1 mg kg -!, and mineral N 28.8 mg kg "'
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Figure 1. The average monthly temperature and average monthly precipitation during maize growing
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season in 2019, 2020 and the 12-year average at the experiment site.

2.2. Experimental Design

The field experiment of this study was conducted in 2019 and 2020. The experiment was
established four treatments with three replicates in a randomized completed block design, including
no mulching + NPK fertilization (CK), gravel mulching + NPK fertilization (GM), film mulching +
NPK fertilization (FM) and film mulching + NPK fertilization + cow manure (FCM). The size of each
plot was 56 m? (7 x 8 m), and all plots had alternating wide and narrow row spacing of 60 cm and 40
cm. The GM treatment was covered with gravel 2-4 cm in diameter and about 5 cm thick at the joint.
The FM and FCM treatments were mulched with plastic film all the year round, and re-mulched
before sowing in the second year. The N fertilizer (urea, 46% N) was applied at a rate of 225 kg ha™
in three times: 40% before sowing, 30% at the 10-leaves stage, and 30% at the silking stage. All plots
received 40 kg P ha™ as calcium superphosphate (12% P>0Os) and 80 kg K ha™ as potassium sulfate
(45% K20) before sowing. The manure (cow dung) applied at a rate of 30 t ha™ with an average
content of 12.0 g N kg, 2.0 g P kg' and 1.5 g K kg on a dry weight basis (Zhang et al., 2024). The
manure added mineral N, available P, available K for 25, 4 and 3 kg ha™, respectively (Zhu et al,,
2018). The P and K fertilisers and manure were applied before sowing as basal fertilizers. The
topdressing fertilizer was applied using a hole-sowing machine. The maize (Zea mays L.) of Pioneer
335 was sown in late April and harvested in late September each year, and all straws were completely
removed after harvest. The water in the field was only precipitation.

2.3. Plant Sampling and Determination

Three maize plants were randomly selected in each plot at harvest and separated according to
different plant organs (including leaves, stem, sheath, cob, and grain), then dried at 105°C for 30 min,
and then dried at 75°C to a constant weight to obtain aboveground biomass. The dried plant samples
were crushed and digested for determination of NPK concentrations, respectively. The N
concentration was determined by the Kjeldahl method, the P concentration by the molybdenum-
antimony colourimetric method, and the K concentration by the flame spectrophotometric method
(Bao, 2000).

2.4. Soil Sampling and Analysis

2.4.1. Soil Sampling

Three soil samples were collected after the maize harvest with an auger in the 0-20, 20-40 and
40-60 cm soil layers, respectively. A composite sample was taken by mixing the three samples from
the same soil layer in each plot. The fresh soil was immediately divided into two sub-samples after
passing through a 2-mm sieve. One subsample was refrigerated (4 °C), and the other subsample was
air dried for further analysis.
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2.4.2. LOCFs Determination

WSC and HWC were determined using the method described by Ghani et al. (2003). POXC was
determined according to the method of Weil et al. (2003). The POC were determined according to the
method of Zhang et al. (2024).

2.4.3. Stability-Based Organic Carbon Fractions (SOCFs) and CMI

SOC was determined using the wet oxidation method (Walkley and Black, 1934). The fractions
at varying degrees of oxidation were estimated by the modified Walkley and Black method using 5,
10 and 20 mL of concentrated H2SO4 (which corresponded respectively to 6, 9 and 12 mol L1 of
H2504). The fractions were very labile C (Cvt), labile C (Cv), less labile C (Crr) and non-labile C (Cnt).
Cwv. and Cv together constituted the active C pool (AP), and Ci. and Cni together constituted the
passive C pool (PP) (Chan et al., 2001).

According to the stability of different fractions, Cvi, Ci, and CiL were given weights of 3, 2,

and 1, respectively. Then lability index (LI) was calculated using the following equation (Majumder
et al., 2007).

3Cv 2Ct Cu
= + +
Csoc  Csoc Csoc

The C pool index (CPI) and CMI were calculated using the following equations, taking the soil
in the different soil layers of the control as the reference (Blair et al., 1995):

LI M

CPI=SOC in samplesoil/SOCin referencesoil 2)

CMI=CPIx LIx100 3)

2.4.4. Sensitivity Index (SI)

The sensitivity index (SI, %) of SOC fractions was calculated according to the formula described
by (Zhang et al., 2022a).

B |SOC fractionsin treatment - SOC fractionsin contr01|

SI | (4)

- | SOC fractionsin control

For multi-year results, the higher the mean value of SI, the more sensitive the SI; the smaller the
variation coefficient (CV), the more stable the SI.

2.5. Statistical Analysis

The analysis of variance and Pearson’s correlation analysis were conducted using IBM SPSS
Statistics 25.0 (IBM Corporation, Armonk, USA). The normality of the data distribution was
determined by the Shapiro-Wilk method, and the homogeneity of variance was determined by the
one-way analysis of variance (ANOVA). Multiple comparisons of mean values among treatments
were performed using the least significant difference (LSD) at P < 0.05. Pearson correlation analysis
between crop NPK uptake and SOC fractions and CMI was performed at 0.05 and 0.01 probability
level. Random forest analysis was determined using the R package “randomForest”. The Origin 2021
(OriginLab, USA) was used to draw figures.

3. Results

3.1. Crop NPK Uptake

After ten years of long-term mulching and manure amendment, significant differences in crop
dry matter accumulation and NPK uptake (Table 1). Compared with the control, both FM and FCM
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treatments significantly improved crop dry matter accumulation over two years, but GM treatment
decreased dry matter accumulation. In comparison with the control, the two-year means of the plant
NPK of the FCM treatment were found to be significantly higher at 44.9%, 50.7%, and 54.5%,
respectively. Similarly, the grain NPK of the FCM treatment were found to be significantly higher at
46.7%, 58.2%, and 30.4%, respectively. The results demonstrated that FCM treatment led to a
significant increase in aboveground biomass and NPK in the plant and grain in both years.

Table 1. Dry matter accumulation, nitrogen (N), phosphorus (P) and potassium (K) in the
plant and grain under long-term mulching and amendment in 2019 and 2020.

Year Treatment Dry matt?_r Plant N PlantP Plant K Grain N Grain P Grain K
accumulation
- - Mg ha™! kgha! kgha'! kgha'! kgha! kgha! kgha'
2019 CK 25.2b 209.2bc  283b  118.2b 156.1b  23.8b 31.6b
GM 21.9¢ 200.3¢ 31.7ab 117.8b 156.9b 29.3ab  28.7b
FM 26.1b 250.5ab 31.9ab 127.3b 196.3a 28.6ab 32.9b
FCM 29.6a 290.5a 44.6a 173.4a 224.0a 39.7a 40.3a
2020 CK 22.7b 207.2c 34.8b 119.1c 1452c 28.7b 28.1c
GM 20.0b 179.6c  32.0b 95.2d  126.6c 269b  23.9bc
FM 26.9a 261.0b 363b 147.1b 183.8b 31.6b 31.2b
FCM 28.8a 313.0a 50.5a 193.2a 218.2a 43.4a 37.5a

Data are presented as the mean values (n = 3). Different lowercase letters denote significant differences among
treatments at P < 0.05. CK, GM, FM and FCM represent no mulching, gravel mulching, film mulching and film
mulching with amendment, respectively.

3.2. 50C

The effects of long-term mulching and manure amendment on SOC at different soil depths were
shown in Figure 2. In the 0-20 cm soil layer, the SOC in the GM and FM treatments showed a
decreasing trend compared to the control, while FCM significantly increased the SOC in both years.In
the 20-40 cm soil layer, only the FCM treatment significantly increased SOC in 2020 compared to the
control. In the 40-60 cm soil layer, there was no significant difference in SOC among the treatments.
The linear regression analysis of NPK in both plant and grain with SOC content in both years
demonstrated a highly significant positive correlation between SOC content and both plant NPK and
grain NPK (Figure 3). The results demonstrated that the FCM treatment increased SOC in the 0-40
cm soil layers, particularly in the topsoil, reaching significant levels, and SOC content was
significantly correlated with NPK in both plant and grain.
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Figure 2. Soil organic carbon content in different soil layers under soil surface mulching and
manure amendment in 2019 and 2020. CK, GM, FM and FCM represent no mulching, gravel
mulching, film mulching and film mulching with amendment, respectively.
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Figure 3. Linear regression analysis between soil organic carbon content of the topsoil and nitrogen
(N), phosphorus (P) and potassium (K) in the plant (A) and grain (B) (n=24).

3.3. LOCFs

The results of long-term mulching and manure amendment affected the LOCFs at different soil
depths in 2019 and 2020 were shown in Figure 4. Compared to the control, both GM and FM
treatments decreased WSC in the topsoil in both years, but the FCM treatment significantly increased
WSC in the topsoil in both years when compared with the FM treatment. The HWC increased
significantly in the topsoil in the FCM treatment in both years, as compared to the control, while there
was no significant change in the other soil layers. Compared to the control, POXC was decreased by
the FM treatment and significantly increased by the FCM treatment in the topsoil in both years, while
there was no significant difference in POXC between treatments in the other soil layers. The variation
trends of POXC and POC were basically the same among treatments. Compared to the control, GM
and FM treatments significantly decreased the POC in the topsoil in 2019, while the FCM treatment
significantly increased the POC in both years. The variation trends of POC in the 20-40 and 40-60 cm
soil layers were consistent with those of the topsoil. The results suggested that the FM treatment
decreased the WSC and POXC, and the FCM treatment resulted in a significant increase in all of the
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Figure 4. The contents labile organic carbon fractions under long-term mulching and amendment in
2019 and 2020. Error bars are standard errors of means (n = 3). Different lowercase letters denote
significant differences among treatments at P < 0.05. CK, GM, FM and FCM represent no mulching,
gravel mulching, film mulching and film mulching with amendment, respectively. WSC: water
solution carbon; HWC: hot-water extractable carbon; POXC: permanganate oxidizable carbon; POC:
particulate organic carbon.

3.4. SOCFs and CMI

The long-term mulching and manure amendment affected SOCFs at different soil depths in 2019
and 2020 (Table 2). In the 0-20 cm soil layer, compared to the CK, the FCM treatment significantly
increased CvL in both years, while the FM treatment decreased Cvi, reaching significant levels
especially in 2020. Compared to the CK, the FCM treatment increased Cr and Cit in both years, but
the FM treatment significantly decreased CiL in both years. In comparison with the CK, the FM and
FCM treatments increased the Cnt in both years, especially to significant levels in 2020. Compared to
the CK, the Car increased significantly in the topsoil in the FCM treatment in both years, whereas Crp
showed no significant difference..Overall, compared to the control, the FM treatment decreased the
AP, and the FCM treatment increased significantly the AP in the topsoil. It suggested the FM
treatment impoved the SOC stability, and the FCM treatment decreased the SOC stability.

Table 2. The contents of carbon fractions based on gradient oxidation under long-term mulching and
manure amendment.

2019 2020
Treat CvL Co CLL Cne AP PP CvL Co (@33 Cne AP PP
ment gkg! gkg' gkg'! gkg' gkg' gkg' gkgt gkg! gkg' gkg' gkg' gkg!
0-20 cm
CK 285 136b 1.0la 294a 421b 395a 2.02b 199a 154ab 2.88b 4.0l1b 4.42ab
GM 283 144b 092a 287a 4.32b 3.80a 1.77bc 222a 1.03b 3.13ab 4.00b 4.16b
FM  256b 1.35b 053b 3.37a 391b 3.90a 1.44c 2.05a 049> 3.47a 349 3.96b
FCM 440a 217a 1.13a 3.24a 6.58a 437a 4.14a 217a 287a 3.43a 63la 6.30a
20-40
cm
CK 229a 135a 084a 167a 3.64a 25la 1.72b 1.26b 144a 259a 297b 4.03a
GM 186a 092a 0.89a 233a 278a 3.22a 1.06b 252a 058 1.92b 3.58b 2.50b
FM 22a 0.70a 1.04a 238a 29a 34la 1.05b 2.15ab 0.61b 2.54a 3.20b 3.15ab
FCM 254a 1.18a 1.28a 189 3.72a 3.17a 3.00a 1.76ab 1.5la 191b 4.76a 3.42a
40-60
cm
CK 178a 1.18a 1.16a 120b 296a 236a 0.80b 0.53b 1.89a 24la 134c 429
GM 16la 130a 039 220a 29la 259 0.60b 2.17a 0.94c 1.72ab 2.77ab 2.66b
FM  149a 138a 039 205ab 2.87a 244a 090b 1.32ab 1.20bc 1.8lab 222b 3.01b
FCM 1.80a 1.10a 0.88ab 1.52ab 2.90a 2.40a 1.92a 143ab 1.72ab 1.08b 3.35a 2.80b
Data are presented as the mean values (n = 3). Different lowercase letters denote significant differences among
treatments at P < 0.05. CK, GM, FM and FCM represent no mulching, gravel mulching, film mulching and film
mulching with amendment, respectively. CvL: very labile carbon; Ci: labile carbon; Cri: less labile carbon; Cnt:
non-labile carbon; AP: active carbon pool; PP: passive carbon pool.

The above results on the SOC stability were well confirmed by the CMI (Table S1). In contrast to
the CK, the GM and FM treatments decreased the LI and CPI, while the FCM treatment significantly
increased the LI and CPI in the topsoil in both years. The FCM treatment significantly increased the
LI only in 2020 and was not significant for the CPI in the subsoil. Compared to the control, the FM
treatment decreased the CMI in the topsoil in both years and reached a significant level in 2020, while
the FCM treatment significantly increased the CMI in both years. The variation trend of the CMI in
the subsoil of all treatments was basically the same as that of the topsoil. The CMI in the 0-20 and 20-
40 cm soil layers among the treatments showed a trend of FCM > CK > GM > FM. Overall, in the
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topsoil, the FM treatment decreased the CMI, while the FCM treatment significantly increased the
CMI in both years.

3.5. 51

The two-year SI of all SOC fractions under long-term mulching and manure amendment in
the topsoil were shown in Table 3. The average SI of HWC (30.0%), POXC (24.6%) and POC (40.6%)
were higher than that of SOC (15.2%). The same was true for Cv. (40.3%), Ct (19.9%), Cr. (181.7%)
and AP (23.0%), which were higher than SOC. POC and Cri. were highly sensitive to all treatments,
and the SI occurred in the order: FCM > FM > GM, whereas the SI to the FCM treatment followed the
order: Cr> Cvi>POC > HWC>POXC>AP. Overall, the Ci. and POC were most sensitive to the long-
term mulching and manure amendment on the Loess Plateau.

Table 3. Sensitivity index of soil organic carbon and its fractions in the topsoil under long-term
mulching and manure amendment in the topsoil in 2019 and 2020.

Treat Year SOC LOCFs SOCFs
ment - - WSC HWC POXC POC CwL CL CLL CnL AP PP
2019  0.59 1.50 1.39 4.45 22.8 1.35 8.13 6.22 0.53 2.79 3.40
2020 3.27 7.24 9.59 2.35 20.1 12.6 12.9 35.4 8.68 0.50 6.40
Mean 1.93 4.37 5.49 3.40 21.5 6.98 10.5 20.8 4.61 1.64 4.90
Ccv 97.9 93.0 105.6  43.6 890 114.11 31.8 99.2 125.1 98.32 43.34

GM

2019  4.36 42.8 17.0 13.8 25.8 11.7 3.06 41.8 16.7 6.79 1.03
FM 2020 11.6 10.4 16.2 18.9 28.9 15.5 5.76 39.5 11.9 13.09 9.61
Mean 7.98 26.6 16.6 16.3 27.3 13.6 441 40.6 14.3 9.94 5.32

Ccv 64.3 86.4 3.52 222 7.89 19.3 43.4 3.92 23.8 44.84 114.03

2019 341 18.1 1053 534 70.7 66.3 82.5 126.5 1.67 57.66 10.71

FCM 2020 374 411 30.6 54.7 75.1 134.1 7.28 841.1 1.14 56.99  41.64
Mean 35.8 11.1 67.9 54.1 72.9 100.2 449 483.8 1.40 57.33  26.18

CvV 6.50 89.1 77.8 1.70 4.25 47.9 118.5  104.4 26.4 0.82 83.54

GM, FM and FCM represent no mulching, gravel mulching, film mulching and film mulching with amendment,

respectively. SOC: soil organic carbon; WSC: water solution carbon; HWC: hot-water extractable carbon; POXC:
permanganate oxidizable carbon; POC: particulate organic carbon; Cvi: very labile carbon; Cv: labile carbon; Crr:
less labile carbon; Cni: non-labile carbon; AP: active carbon pool; PP: passive carbon pool.

3.6. Relationships Between Crop NPK and SOC Parameters

SOC, various organic C fractions (HWC, POXC, POC, Cvi, AP, etc) and CMI showed significant
correlations with crop NPK uptake under different treatments (Table 4). The correlation between
WSC and crop NPK uptake was not significant, nor was the stable organic C fraction (Cxt). Significant
positive correlations were identified between SOC and its fractions (Table S2). SOC had the strongest
correlation with POXC and POC, with a value of 0.929. Among SOC fractions, the strongest
correlation was observed between POXC and AP (r = 0.916), followed by POXC and POC (r = 0.877).

Table 4. Correlation analysis of soil organic carbon fractions and carbon management index in the
topsoil and nitrogen (N), phosphorus (P) and potassium (K) in the plant and grain (n=24).

Plant N Plant P Plant K Grain N Grain P Grain K

SOC 0.726** 0.790** 0.746** 0.682** 0.719** 0.618**
WSC 0.051 0.019 0.139 0.212 0.036 0.363

HWC 0.608** 0.439* 0.571** 0.635** 0.490* 0.622**

POXC 0.603** 0.820** 0.748** 0.576** 0.778** 0.627**

POC 0.699** 0.754** 0.743** 0.644** 0.690** 0.648**
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Cwvo 0.603** 0.704** 0.662** 0.681** 0.672%* 0.756**
Co 0.251 0.510* 0.329 0.122 0.480* 0.106
CrL 0.481* 0.570** 0.497* 0.328 0.468* 0.191
Cne 0.398 -0.037 0.271 0.389 -0.005 0.218
AP 0.638** 0.826** 0.721** 0.662** 0.786** 0.724**
pP 0.579** 0.482* 0.542** 0.442* 0.406* 0.253
CMI 0.655** 0.812** 0.728** 0.651** 0.754** 0.702**

SOC: soil organic carbon; WSC: water solution carbon; HWC: hot-water extractable carbon; POXC:
permanganate oxidizable carbon; POC: particulate organic carbon; Cvi: very labile carbon; Cv: labile carbon; Cur:
less labile carbon; Cni: non-labile carbon; AP: active carbon pool; PP: passive carbon pool. CMI: carbon
management index.

The effects of SOC fractions and CMI on crop NPK uptake were analysed using the Random
Forest method to quantitatively evaluate the relative contributions of each SOC fraction and CMI to
crop NPK uptake (Figure 6).The largest contributor to both plant N and grain N was POXC (P<0.01),
and the largest contributor to both plant P and grain P was CMI (P<0.01). The top three contributors
to plant K were CMI (P<0.05), HWC (P<0.01), and AP (P<0.01), and the top three contributors to grain
K were Cvi (P<0.01), AP (P<0.01), and POXC (P<0.05). It was evident that AP (P<0.01) contributed
significantly to both plant and grain K, reaching a highly significant level. It can be concluded that
film mulching combined with manure amendment can improve crop NPK uptake by increasing the
labile C fractions’ contents and CMI. Among them, POXC has the highest contribution to crop N,
CMI has the highest contribution to crop P, and AP has a higher contribution and significance to crop
K. Overall, most labile C fractions (POXC, HWC, POC, etc.) and CMI had significant effects on crop
NPK uptake.

4. Discussion

4.1. The Effects of Long-Term Mulching and Manure Amendment on Crop NPK Uptake and SOC Content

Mulching and fertilization practices are closely related to maize nutrients uptake, translocation
and partitioning (Liu et al., 2017; Li et al., 2021). The results of this study indicated that plant and
grain N uptake were significantly higher in the FM treatment in both years, and NPK uptake in the
plant and grain were significantly higher in the FCM treatment. The main reason is that film mulching
can significantly improve the N utilization efficiency (Liu et al., 2017), while manure amendment to
improve soil fertility can provide sufficient soil NPK for maize growth (Cai et al., 2019). The
significant improvement of crop nutrient uptake by manure amendment can be attributed to several
factors. Firstly, the amendment mitigates the competition between soil microbes and crop nutrient
for N, thereby reducing nutrient loss through regulated soil stoichiometry (Yan et al., 2023); secondly,
manure amendment has been shown to increase soil active organic N, and the increase of SOC can
increase soil microbial biomass, which in turn increases soil microbial N sequestration capacity, thus
reducing N loss (Tang et al., 2022); thirdly, manure amendment resulted in well-structured soil
aggregates, contributing to increase availabilities of soil nutrients (Zhang et al., 2021). The results
indicated that the FM treatment only had significant effects on crop N uptake, while the FCM
treatment had significant effects on crop NPK uptake. This suggested that film mulching with
manure amendment significantly improved the NPK uptake of the crops by improving soil fertility.

SOC content is a key indicator of soil fertility, with a direct impact on crop growth (Cai et al.,
2019). The present study demonstrated that the initial SOC of the experiment was 8.20 g kg in 2009,
and 12 years of FCM treatment significantly increased SOC content by 11.61 g kg in the topsoil. It
was clearly due to the fact that manure itself can input large amounts of organic C and can also
contribute to increased C input from the crop root (Zhang et al., 2020). Based on the regression
analysis of crop NPK uptake and SOC content, it was found that the increase of SOC content was
significantly correlated with crop NPK uptake, which was consistent with the results of previous
research (Tang et al., 2022; Wang et al., 2024b). Manure amendment can significantly improve the
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physical and chemical properties of the soil and promote the transformation of soil nutrients by
enhancing the C metabolism activity of soil microorganisms, which in turn improves the nutrient
supply capacity of the soil and promotes nutrient uptake by crops (Tang et al., 2022; Zhang et al.,
2022b). Therefore, SOC was closely related to crop NPK uptake, and manure amendment can
significantly improve crop NPK uptake.

4.2. The Effects of Long-Term Mulching and Manure Amendment on SOC Fractions

4.2.1. The Effects of Long-Term Mulching and Manure Amendment on LOCFs

The dynamics of WSC and HWC exhibited distinct patterns across soil profiles (Figure 4). Both
labile fractions demonstrated rapid turnover rates and collectively accounted for less than 5% of SOC
(Bongiorno et al., 2019), consistent with their roles as microbial energy substrates. The observed
divergence in vertical distribution patterns between WSC and HWC likely stems from their
differential microbial associations: While WSC primarily serves as immediate microbial substrate
(Li et al., 2022), HWC better reflects microbial biomass (Ghani et al., 2003). Notably, both GM and
FM treatments reduced WSC in the topsoil while enhanced HWC compared to control. It could be
attributed to improved hydrothermal conditions under mulching (Bu et al., 2013), which may
stimulate microbial growth and the enzyme activity with accelerating WSC utilization (Li et al.,
2004). POXC demonstrated particular sensitivity to management practices as evidenced by its
strong correlations with both SOC (r =0.930, P < 0.01) (Table S1). It was consistent with previous
findings identifying POXC as the most oxidation-sensitive SOC fraction (Weil et al., 2003)
and a robust indicator of labile C dynamics (Culman et al., 2012). The differential responses of
POXC in the topsoil to mulch type, significant reduction under FM treatment versus non-
significant reduction under GM treatment, may reflect the superior temperature and moisture
elevating capacity of film mulch (Bu et al.,, 2013), potentially increasing oxidative losses of
LOCFs. Contrary to expectations, POC showed significant depletion under mulching treatment,
although mulching may have increased root input (Zhang et al., 2020). As POC originates from
particulate plant/microbial residues (Bai et al., 2022), its decline suggests accelerated microbial
mineralization outpaced fresh input accumulation. This observation supports the emerging
concept of POC serving as a preferential microbial energy reservoir in disturbed systems
(Witzgall et al., 2021). The apparent decoupling between POC dynamics and below-ground root
inputs may be due to the fact that roots are inherently more resistant to microbial attack,
combined with the long and cold winters of the region, and therefore more difficult to exploit to
the extent that they are removed from the soil when ploughed the following year. The FCM
treatment uniquely enhanced all SOC fractions relative to control, establishing its superiority
over single management practice. This synergistic effect likely arises from dual mechanisms:
(1) direct input of manure-derived labile organic compounds (Chaudhary et al., 2017) and (2)
gradual transformation of low-stable SOC into various LOCFs (Zhang et al., 2024). Our findings
suggested that strategic integration of manure amendment with film mulching can effectively
counteract the labile C depletion associated with film mulching.

4.2.2. The Effects of Long-Term Mulching and Manure Amendment on SOCFs and CMI

The modified Walkley-Black method revealed differential responses of SOC stability pools to
management practices (Table 2). The FM treatment decreased chemically vulnerable labile C (Cvt) by
13.6% in the topsoil relative to the control, consistent with enhanced decomposition rates under
improved hydrothermal conditions (Li et al., 2004). This accelerated Cv. depletion is consistent with
its role as microbial 'fast food' during early stages of decomposition (Cotrufo et al., 2015), which was
particularly pronounced under the intensive organic matter mineralisation of FM. The cellulose-like
fraction (Cr) maintained relatively stable proportions (16.7-27.5% of SOC) across treatments (Table
3, Fig 52), supporting its characterization as intermediate-stability C (Zhang et al., 2024). In contrast,
chemically resistant lignin-derived C (CiL) showed significant depletion (-5.6- -11.7%) under FM
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treatment, likely reflecting preferential degradation of aromatic compounds requiring high
activation energy (Hammel, 1997). The observed Crr-Cvr flux (ACiL=-0.77 g kg vs ACvL =+0.44 g kg
1) in the topsoil suggested active microbial funnelling of recalcitrant compounds into labile pools
under FM treatment (Davidson & Janssens, 2006), although this conversion efficiency requires
isotopic further verification. The FCM treatment increased both Ci. and Cniby 49.1% and 14.7%
in the topsoil, attributed to lignin-polyphenol inputs from manure (Tian et al., 1992) and
microbial necromass and extracellular metabolites (Liang et al, 2017). The superior SOC
sequestration capacity of FCM compared to conventional mulching is explained by this dual
enhancement mechanism. The turnover of SOC fractions was a key process for releasing nutrients
that can affect crop growth (Zhang et al., 2024). The FCM treatment significantly increased the AP
content but not the PP content in the topsoil, probably because the AP content was higher than the
PP content in the manure itself, suggesting that the manure application reduced SOC stability to some
extent. This result was inconsistent with the findings of Shao et al. (2024), possibly due to more active
microbial activity in the rhizosphere soil. In our study, the FCM treatment significantly increased the
overall ratio of Cvi, Cr and Cit, and decreased the stability of SOC, which also led to an increase in
greenhouse gas emissions to a certain extent as reported by our team previously (Nan et al., 2020;
Gao et al., 2023).

The CMI dynamics provided critical insights into system sustainability (Wang et al.,
2024a). The CMI reduction under GM and FM treatments signaled accelerated C cycling in excess
of input rates, potentially reflecting long-term fertility mining. Conversely, FCM significantly
increased CMI by 60.8% in the topsoil, demonstrating the dual role of manure in replenishing
labile pools while building stabilised C (Chaudhary et al., 2017). The divergence from Yang et al.
(2024) may be due to differences in baseline SOC and regional precipitation gradients (450 mm vs 582
mm annual) modulating decomposition-input balances (Wang et al., 2016). Overall, there was a
significant decrease in SOC stability in the FCM treatment compared to the FM treatment.

4.3. Relationships Between Crop NPK Uptake and SOC Parameters

As reported by Wang et al. (2024b), the study revealed a significant correlation between LOCFs
(except WSC), Cv, AP, CMI and NPK uptake in plants and grain. It was confirmed that the SI of POC,
Cvr and AP to the FCM treatment was consistent with that of SOC. This result was consistent with
previous studies that WSC and Ct were not correlated with SOC (Jat et al., 2019; Ma et al., 2021). The
reason for this was probably that WSC and C. were more easily decomposed by microorganisms and
had a much lower proportion when accounting for SOC (Zhang et al., 2024). A meta-analysis also
showed that the addition of organic matter continuously increased SOC composition and promoted
microbial diversity, and dissolved organic C (DOC) (similar to WSC in this study) and microbial
biomass C (MBC) (similar to HWC in this study) increased with the increase of organic matter
addition, but the two were negatively correlated (Chen et al., 2024). It suggested that the increase in
soil microbial abundance and enzyme activity may promote the increase in the labile C fractions with
relatively faster turnover rates, introduced into the soil with the addition of manure.

Manure application directly increased C inputs and indirectly improved soil aggregate stability
(Chen et al., 2020), which promoted nutrients uptake by crops (Tang et al., 2022; Yan et al., 2023). In
this study, the results showed that SOC and its fractions were significantly higher in the FCM
treatment than in the other treatments, which was similar to the variation of crop NPK uptake among
treatments. The results had demonstrated that there were significant correlations between SOC
parameters and NPK uptake in plant and grain (Table 4), which was similar to the results of Tang
et al. (2022). Thus, we deduced that the N, P and K uptake in the plant and grain mainly contributed
by the labile SOC fractions in the study. The random forest analysis showed that POXC contributed
the most to crop nitrogen uptake, CMI contributed the most to crop P uptake, and AP contributed
significantly to crop K uptake (Fig 5). To further investigate the relationships between POXC and
crop N, CMI and crop P, AP and crop K, linear regression analysis was used to clarify the
quantitative relationships (Figure 6). The R? values of the linear regressions of the CMI on the
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plant P (R?=0.6591, P<0.001) and grain N (R?=0.5685, P<0.001) were the highest; followed by the
AP on the plant P (R?=0.5198, P<0.001) and grain N (R?= 0.5243, P<0.001); and then the POXC
on the plant N (R?=0.3634, P=0.002) and grain N (R?=0.3319, P=0.003). Therefore, CMI was found
to be the most effective predictor of crop P uptake, followed by AP for crop K uptake and then
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Figure 6. Linear regression analysis between soil organic carbon content of the topsoil and nitrogen
(N), phosphorus (P) and potassium (K) in the plant (A) and grain (B) (n=24).

5. Conclusions

A 12 consecutive year spring maize field experiment revealed that both FM and FCM treatments
significantly increased above-ground dry matter accumulation, while FCM treatment significantly
increased NPK uptake in the plant and grain. Both GM and FM treatments decreased SOC and most
labile C fractions in the topsoil, while FCM treatment significantly increased SOC and all labile C
fractions, and resulted in a great improvement in CMI, which suggested the FCM treatment
significantly decreased the SOC stability in the topsoil. The results of sensitivity index indicate that
POC and Cri can be used as early indicators of the potential effects of mulching measures on SOC
dynamics in the short term. SOC and most labile C fractions have positive effects on crop NPK
uptake, among which CMI has the highest relative contribution to crop P uptake, AP has the highest
relative contribution to crop K uptake, and POXC has the high relative contribution to crop N uptake.
The results concluded that film mulching with manure amendment is a key technology for improving
soil fertility and promoting NPK uptake in crops, and labile C fractions (such as POXC and AP)
and CMI were effective predictors of crop nutrient uptake.
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