&

e agronomy

Article

Long-Term Organic Substitution Regimes Affect Open-Field
Vegetable Yields and Soil Organic Carbon Stability by
Regulating Soil Labile Organic Carbon Fractions” Changes

Yaling Wang 2%, Linxuan Wang 2*, Ruonan Li 3, He Wang !, Guohan Wu 2, Xinyue Wen 2, Shaowen Huang 2,
Xiubin Wang >* and Chunjing Liu !

Academic Editor: Yash Dang

Received: 24 December 2024
Revised: 27 January 2025
Accepted: 28 January 2025
Published: 31 January 2025

Citation: Wang, Y.; Wang, L.; Li, R;
Wang, H.; Wu, G.; Wen, X.; Huang,
S.; Wang, X.; Liu, C. Long-Term
Organic Substitution Regimes Affect
Open-Field Vegetable Yields and
Soil Organic Carbon Stability by
Regulating Soil Labile Organic
Carbon Fractions” Changes.
Agronomy 2025, 15, 396. https://
doi.org/10.3390/agronomy15020396

Copyright: © 2025 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC BY) license
(https://creativecommons.org/license

s/by/4.0/).

1 College of Resources and Environmental Sciences, Hebei Agricultural University, Baoding 071000, China

2 State Key Laboratory of Efficient Utilization of Arable Land in China, The Institute of Agricultural
Resources and Regional Planning, Chinese Academy of Agricultural Sciences, Beijing 100081, China

3 Institute of Agricultural Resources and Environment, Hebei Academy of Agriculture and Forestry Sciences,

Shijiazhuang 050051, China

Correspondence: wangxiubin@caas.cn

* These authors contributed equally to this work.

Abstract: Soil labile organic carbon (C) fractions play a key role in agricultural soil fertility.
However, the effects of long-term organic substitution regimes on soil organic carbon
(SOCQ), its labile fractions, stability, and vegetable yields as well as the relationships among
these factors in the open-field are less well-studied. Hence, the objective of this study was
to analyze the effects of long-term organic substitution regimes on SOC sequestration, la-
bile C fractions [particulate organic C (POC), microbial biomass carbon (MBC), dissolved
organic C (DOC), and readily oxidizable C (ROC)], SOC stability, the C pool management
index (CMI), and vegetable yields in a long-term (13 years) open-field experiment. Five
treatments were examined: 100% chemical nitrogen fertilizer (CN), substituting 25% of
the chemical N with manure (MN) or straw (SN), and substituting 50% of the chemical N
with manure (2MN) or manure plus straw (MSN). Compared to the CN, organic substi-
tution treatments increased the average yields of vegetable, the SOC, the labile C fractions’
contents, and the C pool management index (CMI) to varying degrees, but only MSN
reached significant levels for these factors. However, the MSN treatment had a signifi-
cantly lower C stability index (SI) than the CN. ®*C-NMR analyses also confirmed that
organic substitution treatments increased the proportion of O-alkyl C and the OA/A, but
reduced SOC stability. Pearson correlation analysis and the partial least squares path
model indicated that labile C fractions were the mainly direct contributors to yield and
SOC stability. Overall, substituting 50% of the chemical N with manure plus straw is a
relatively ideal fertilization practice to improve vegetable yields and enhance C activity
in an open field.

Keywords: long-term organic substitution; labile organic carbon fractions; soil organic carbon

stability; carbon pool management index; open-field vegetables

1. Introduction

Soil organic carbon (SOC), the largest C pool in the terrestrial ecosystem, has an im-
portant impact on soil nutrient cycling, microbial activities, and crop productivity in farm-
land, and is the core indicator of soil fertility [1]. Fertilization is a key factor affecting SOC
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[2]. Application of a single chemical fertilizer can indirectly increase SOC content by in-
creasing crop residues and belowground production [3]. Organic substitution (e.g., com-
mercial organic fertilizer, manure, and straw) of chemical fertilizer directly enhances SOC
content, improves soil physical, chemical, and biological properties, and thereby enhances
soil quality and crop yield [4-6]. However, different organic substitution regimes have
different effects on increasing SOC content and crop yield [7-10]; hence, the proportion
and type of substitution should be considered comprehensively.

Soil labile organic C is a component of organic C that is easily used by microorgan-
isms and impacts crop yield, soil nutrient supply, and soil structure [11]. However, short-
term changes in SOC are not sensitive to different farmland management measures [12].
Although labile organic C only accounts for a small proportion of SOC, its high activity,
sensitivity, and turnover rate enable it to be a sensitive indicator reflecting SOC changes
and also make it an important indicator for soil fertility and potential productivity, since
its changes can mirror such field management practices as fertilization and tillage [13,14].
The application of organic fertilizers significantly influences the dynamics of SOC frac-
tions, a concept well-established through extensive research. A meta-analysis based on 57
published studies disclosed that the addition of organic materials invariably improved
the SOC composition and boosted the contents of various labile organic C fractions (e.g.,
POC, particulate organic C; MBC, microbial biomass C; DOC, dissolved organic C; and
ROC, readily oxidizable C), thus having an impact on the stability and turnover of SOC
[15]. In the short term, straw amendment has been noted to enhance the levels of labile
soil carbon fractions, including DOC, ROC, and MBC [16]. However, prolonged investi-
gations spanning over three decades reveal that the incorporation of organic materials,
such as straw and manure, can elevate SOC levels without significantly affecting DOC
levels [17]. These inconsistent results might be related to the differences in the environ-
mental conditions, soil type, years of cultivation, and cropping system among study sites
[12,18-20]. Moreover, based on changes in ROC and SOC, the C pool management index
(CMI) was developed to assess the state and rate of change in agricultural soil C of the
agro-ecosystem, which is also a useful parameter to evaluate the capacity of management
practices to improve soil quality [16].

SOC stability is mainly related to soil organic carbon composition and agricultural
management practices [15]. Organic substitution is not only a direct and effective measure
to supplement C sources [21], but also influences SOC stability and drives soil C cycling
[5]. However, many research results are inconsistent, with positive [22], negative [12], and
neutral [23] effects on SOC stability being reported. These discrepancies may arise owing
to varying cropping systems, types of crop straw, and specific site conditions, likely at-
tributed to the complex processes of microbial humification and the decomposition of ex-
ogenous organic matter in the soil [5,24,25]. In addition, among various methods, the
Walkley-Black and *C-NMR methods are effective means to quantify the stability and
composition of SOC, and can divide it into unstable/active and stable/inert fractions [25].

Open-field vegetables are one of the most important vegetable production systems
in China, covering 80% of the planting area and accounting for 65% of production. How-
ever, owing to farmers’ pursuit of high vegetable yields and maximized economic bene-
fits, the issue of improper fertilization is serious [26]. Long-term application of chemical
fertilizers promotes soil organic matter mineralization [27], leading to soil quality degra-
dation and nutrient imbalance, thereby reducing the sustainable productivity of farmland
[28]. Organic fertilizers and straw contain abundant organic C sources and essential min-
eral nutrients required by plants [8]. As such, long-term and appropriate application of
organic fertilizers/straw can effectively promote an increase in SOC content and enhance
soil quality [29,30]. Meanwhile, reducing the use of chemical fertilizers is considered an
important measure to safeguard food security in China and soil health [31]. Therefore,
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investigating the impact of long-term organic substitution of chemical fertilizers on SOC
in open-field vegetable cultivation is particularly significant.

Research on the effects of different long-term organic substitutions for chemical fer-
tilizers on SOC composition and stability has mainly focused on grain crops [32,33] and
greenhouse vegetables [5,34], with scarce numbers of studies reported on open-field veg-
etables. Therefore, in the present study, a 13-year field trial was conducted under different
organic substitution regimes in open-field vegetable systems. Our objectives were to (1)
investigate the variations in vegetable yield and the sustainable yield index under differ-
ent long-term fertilization regimes; (2) explore which organic substitution regimes have
the greatest influence on SOC content, labile organic C fractions, SOC stability, and the
CMI; and (3) illustrate the relationships between SOC, labile SOC fractions, SOC stability,
vegetable yield, and the CMI.

2. Materials and Methods

2.1. Experimental Site

The local experiment was carried out from August 2009 to July 2022 with spring cab-
bage (Brassica oleracea L.) and autumn Chinese cabbage (Brassica rapa L. ssp. pekinensis)
rotation in the open field of the Dahe Experimental Station, Hebei Academy of Agricul-
tural and Forestry Sciences (N 38°1'48", E 114°28'48"). The region has a warm-temperate
continental monsoon climate, with an altitude of 78 m, an average annual precipitation of
496.6 mm, and an average annual temperature of 12.9 °C. The soil in the study has a clay
loam texture and can be classified as calcareous cinnamon soil (FAO classification). Before
the experiment, the physicochemical properties of the 0-20 cm soil layer were as follows:
pH, 8.2, SOC, 11.3 g kg1; NOs~-N, 40.0 mg kg; available phosphorus, 18.9 mg kg; and
available potassium, 143.8 mg kg-1.

2.2. Experimental Design

The experimental trial was conducted in a randomized block design with three rep-
lications, each plot covering an area of 49 m? (7 x 7 m). Five treatments were set up based
on different types of N fertilizers applied: (1) 100% chemical N fertilizer (CN), (2) 75%
chemical N plus 25% pig manure N (MN), (3) 50% chemical N plus 50% pig manure N
(2MN), (4) 50% chemical N plus 25% pig manure N plus 25% corn straw N (MSN), and
(5) 75% chemical N plus 25% corn straw N (SN). Before the trial commenced, the soil
within each plot was maintained in its original state, and the surrounding soil layer was
excavated to match the plot’s shape. PVC boards of 4 mm in thickness were buried at a
depth of 100 cm and protruded 5 cm above the ground between the plots to the prevent
lateral migration of nutrients and water. For spring cabbage, 14 rows were planted in each
plot with 20 plants per row, spaced at 0.35 x 0.5 m. Autumn Chinese cabbage was planted
with 12 rows per plot, with each row containing 12 plants, spaced at 0.58 x 0.58 m.

Equal amounts of NPK nutrients were applied in all treatments: 300, 150, and 300 kg
ha! of N, P20s, and K20 fertilizer for the spring cabbage season, respectively; and 300,
150, and 450 kg ha! of N, P20s, and KO fertilizer for the autumn Chinese cabbage season,
respectively. The chemical fertilizers used were urea (N, 46%), calcium superphosphate
(P20s, 18%), and potassium sulfate (containing 51% K20). In the spring cabbage season,
commercial fermented pig manure (dry basis C-N-P205-K20 of 21.80-3.45-2.08-0.97%,
with a water content of 28.72%) was used as the organic fertilizer, and corn straw (dry
basis C-N-P205-K20 of 42.69-1.28-0.39-2.06%, with a water content of 8.72%) was used
as the straw. For the autumn Chinese cabbage season, commercial pig manure (dry basis
C-N-P205-K20 of 21.80-3.18-2.27-0.82%) and corn straw (dry basis C-N-P205-K:z0 of
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42.69-1.12-0.35-1.53%) were used; the types of chemical fertilizers were the same as those
used in the spring cabbage season. Detailed fertilizer data are shown in Table 1.

Table 1. Nitrogen (N) and carbon (C) inputs applied in different fertilization treatments during the

spring cabbage season and autumn Chinese cabbage season.

N Inputs (kg ha) C Inputs (kg ha?)
Treatment Chemical _, .
.. Pig Manure Corn Straw  Total = Pig Manure Corn Straw Total
Fertilizer
Spring cabbage season
CN 300.0 0.0 0.0 300.0 0.0 0.0 0.0
MN 225.0 75.0 0.0 300.0 665.5 0.0 665.5
2MN 150.0 150.0 0.0 300.0 1331.0 0.0 1331.0
MSN 150.0 75.0 75.0 300.0 665.5 2733.8 3409.3
SN 225.0 0.0 75.0 300.0 0.0 2733.8 2733.8
Autumn Chinese cabbage season
CN 300.0 0.0 0.0 300.0 0.0 0.0 0.0
MN 225.0 75.0 0.0 300.0 692.9 0.0 692.9
2MN 150.0 150.0 0.0 300.0 1385.8 0.0 1385.8
MSN 150.0 75.0 75.0 300.0 692.9 2969.1 3662.0
SN 225.0 0.0 75.0 300.0 0.0 2969.1 2969.1

Before planting spring cabbage, each crop residue treatment was evenly spread in
the 20-30 cm soil layer. Subsequently, commercial manure, 40% inorganic nitrogen ferti-
lizer, 100% inorganic phosphate fertilizer, and 50% inorganic potash were evenly sprin-
kled on the ground. Additionally, 20% inorganic nitrogen fertilizer and 20% inorganic
potash fertilizer were applied at the rosette stage, while 40% inorganic nitrogen fertilizer
and 30% inorganic potash fertilizer were applied at the nodulation stage. Autumn Chinese
cabbage was fertilized before sowing in the same manner as spring cabbage. The fertilizer
was spread and watered, and the amount of water applied to each plot was controlled by
a water meter to ensure equality. The irrigation amount was 2245 m?® hm= during the
spring cabbage season, and 2143 m? hm=2 during the autumn Chinese cabbage season.
Weeding, disease control, pest control, and other field management measures were con-
ducted according to local practices.

2.3. Soil Sampling and Chemical Analysis

Soil samples were collected during the cabbage harvesting period (June 2022) using
a five-point random sampling method, where five sampling points were randomly se-
lected from each plot, and samples from the 0-20 cm soil layer were mixed and divided.
Before soil sampling, surface debris was removed from the area. After sampling, fresh soil
samples were sieved through a 2 mm mesh sieve, mixed, and a portion of the soil was air-
dried for determining SOC fractions and SOC pools, and for performing *C-NMR. Air-
dried soil samples were subsequently sieved through a 100-mesh sieve, and SOC was
measured using the external heating potassium dichromate oxidation method and as-
sessed using a Multi N/C 3100/HT1300 analyzer (Analytik Jena AG, Germany) [12].

POC was determined using 10 g of soil dispersed in 30 mL of 5 g L' sodium hex-
ametaphosphate [(NaPOs) ¢] solution. The mixture was shaken, passed through a 53 um
sieve, and then dried at 60 °C to obtain particles with a size > 53 pm, which were analyzed
separately [22].

MBC was determined using the fumigation-extraction method by the Multi N/C
3100/HT1300 analyzer (Analytik Jena AG, Germany) and was calculated as the difference
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between organic C in the fumigated and unfumigated soil samples with a correction factor
of 0.45 [35].

DOC was measured by adding 50 mL of distilled water to 10 g of fresh soil (5:1, v/w)
in a 100 mL polypropylene bottle. The samples were shaken on a shaker for 30 min at 180
rpm and then centrifuged for 10 min at 12000 rpm. The upper suspension was filtered
through a 0.45 um filter into a bottle, and the filtrate was assessed using the Multi N/C
3100/HT1300 analyzer as described previously [36].

ROC was analyzed based on the work of Chan et al. [37], who used the modified
Walkley-Black method, and its filtrate was assessed using the Multi N/C 3100/HT1300
analyzer as described previously. According to the ease with which SOC is oxidized, it
was classified as very labile C (Cvr), labile C (Cr), less labile C (Crt), or recalcitrant C (Cnt),
with the sum of Cvi and Ct regarded as the active C pool (Ca) and the sum of Crt and Cnt
regarded as the passive C pool (Cr) [25].

13C NMR analysis [38] of the organic C chemical structure was carried out using the
CPMAS solid-state ®*C-NMR detection technique (*C-NMR, Bruker Avance I1I 400 NMR,
Germany), and the NMR spectra of the soil samples were classified into four regions based
on chemical shifts: the alkyl C region (0-45 ppm), O-alkyl C region (45-110 ppm), aromatic
C region (110-160 ppm), and the carbonyl C region (160-190 ppm).

2.4. Data Computation and Analysis

The sustainable yield index (SYI) is an important indicator of the sustainability of
farm management practices, based on crop yields over a calendar year [39]:

SYI = (Yimean — 0)/Yimax 1)

where Ymean represents the mean yield (t ha™'), o denotes the standard deviation, and Ymax
denotes the maximum yield (t ha™) of the vegetable during the trial.

The following indices were calculated based on the differences in C content between
fertilizer treatments [40,41].

Lability Index(LI) = (Cy, X3+ C, X2+ €, X 1)/S0C (2)
CPI = SOC/SOCreterence 3)

CMI = CPI x LI x 100 @)

Soil Carbon Stability Index(SI) = Cpggsive/Cactive (5)

where Cvi, Ci, and Cit represent the fractions of highly, moderately, and minimally active
organic C content, respectively, and SOC denotes the total organic C content. SOCgreference
is the organic C content (g kg) of the soil prior to the long-term orientation test.

Based on the relative proportions of alkyl C, O-alkyl C, carbonyl C, and aromatic C,
the SOC hydrophobicity index (HI) and aromaticity index (AI) were calculated as follows
[38]:

OA/A = (O-alkyl C)(alkyl C) 6)
HI = (alkyl C + aromatic C)(O-alkyl C + carbonyl C) (7)
Al = aromatic C/(aromatic C + alkyl C + O-alkyl C) x 100 (8)

The experimental data were compiled and analyzed using Excel 2019 (Microsoft Of-
fice). Duncan’s one-way analysis of variance (ANOVA, p <0.05) was performed using IBM
SPSS 19.0 software. The results were plotted using Origin 2021 software.
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3. Results
3.1. Open-Field Vegetable Yields and Sustainability Index

Compared with single chemical fertilizer application, long-term organic substitution
treatments increased the average yield of spring cabbage and autumn Chinese cabbage
from 2009 to 2022 (Figure 1). When compared with the CN treatment, the 2MN, MSN, and
SN treatments significantly enhanced the average yield of spring cabbage and autumn
Chinese cabbage (p < 0.05). The MSN treatment showed the highest increases in the aver-
age yields of spring cabbage and autumn Chinese cabbage compared to CN, significantly
increasing by 10.53% and 15.45%, respectively. Additionally, under different fertilization
treatments, the SYI for cabbage was ranked highest to lowest as follows: MSN > SN >2MN
> CN > MN; and for Chinese cabbage, the ranking was MSN > CN > 2MN > MN > SN.

(A) (B)

100 =170
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_TE 90 - ; b < 150+ ab a ab
= Ky E’ ‘
% 804 2 130 .
‘S-' §
& 701 ; . 2 110
< 0.79 . ¢ . :
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g 0.73 0.78 g 070 TN Tk
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50—, ‘ , , : S 0l : : : :
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Figure 1. Boxplots showing cabbage (A) and Chinese cabbage (B) yields for different fertilization
treatments from 2009 to 2022. Upper and lower boundaries of the boxes represent the 75% and 25%
quartiles, respectively. Horizontal lines represent the average value, and different lowercase letters
indicate significant differences (p < 0.05) among different treatments. Numbers under the boxes rep-
resent the sustainable yield index (SYI) corresponding to different treatments. Values are the mean

(n =3) + standard error.

3.2. SOC and Its Labile Fractions

All long-term manure/straw substitutions for chemical fertilizer treatments signifi-
cantly increased the soil SOC, POC, MBC, DOC, and ROC contents (p < 0.05) compared
with the CN treatment (Figure 2). Among them, the MSN treatment showed the greatest
increases in SOC, POC, MBC, DOC, and ROC contents (80.39%, 119.53%, 135.93%, 71.56%,
and 107.45%, respectively; Figure 2A-E). In addition, the POC, MBC, DOC, and ROC con-
tents in the straw substitution treatment were higher than those in the manure-substitu-
tion-alone treatment (Figure 2B-E).



Agronomy 2025, 15, 396

7 of 17

(A) (B)
14 8
2 a
12 b
b
’T'\m- c
23l 4
D'O L
o 6
2 4
2.
ol
CN MN 2MN MSN SN CN MN 2MN MSN SN
O o)
a
b b
(v
d
oLl
CN MN 2MN  MSN SN CN MN 2MN MSN SN

CN MN 2MN MSN SN

Figure 2. Responses of soil organic carbon (SOC, (A)), particulate organic carbon (POC, (B)), micro-
bial biomass carbon (MBC, (C)), dissolved organic carbon (DOC, (D)), and readily oxidizable carbon
(ROC, (E)) to different fertilization treatments. Values are the mean (n = 3) + standard error. Different

lowercase letters indicate significant differences (p < 0.05) among different treatments.

3.3. SOC Stability Indicators and the CMI

Manure/straw substitution for chemical fertilizer altered the contents of various ac-
tive and passive C pools in the soil (Table 2). The contents of Ca (Cvr and Cr) and Cr (CrL
and Cnt) ranked in descending order as MSN > SN > 2MN > MN > CN. Compared with
the CN treatment, the MN, 2MN, MSN, and SN treatments significantly increased the soil
Cvi, C, and Cni contents (p < 0.05), with increases ranging from 27.27 to 106.06%, 40.98—
85.25%, and 5.49-35.94%, respectively. Moreover, the MSN and SN treatments also signif-
icantly increased the CiL content (p < 0.05) by 160.71% and 107.14%, respectively.

All organic substitution treatments significantly increased soil LI, CPI, and CMI val-
ues compared with the sole chemical fertilizer treatment (p < 0.05; Table 2), with increases
of 2.92-13.45%, 26.42-80.19%, and 29.75-103.80%, respectively, but MSN treatment signif-
icantly reduced the SI by 22.73%. As the application of manure increased, the LI, CPI, and
CMI increased accordingly, with significant differences among treatments (p < 0.05).
Among the organic substitution treatments, MSN treatment had the highest LI (1.94), CPI
(1.91), and CMI (369.71), significantly exceeding others (p < 0.05), with LI, CPI and CMI
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increases of 4.30-10.23%, 17.90-42.54%, and 24.97-57.07%, respectively. But the SI was
also significantly decreased by 19.05-26.09%.

Table 2. Soil oxidizable organic C fractions and C pool indicators in the open vegetable fields under

different fertilization treatments.

CwvL CL Ca CLL CnL Cr
Treatment LI CPI CMI SI
(gkg!) (gkg? (g kg (g kg (g kg?) (g kg
263+ 1.62+010 426+027 0.74+0.03 2694007 171+ 1.06+ 18140+ 0.66<0.01
1.94 1 0.
CN 017d d e ¢ 940034 4 0.02e 005d 11.46d ab
335+ 2314007 5.67+0.13 0.74+0.04 310£007 176+ 134+ 23538+ 0.650.02
MN 007¢ ¢ d c 2.35+0.04b 001d 003c 547c  ab
434+  271+011 7.05+026 0.96+0.07 360+018 1.82+ 162+ 29585+ 0.69+0.02
2 2.64+0.1
MN 015b b b ¢ 64£0.13a 00lc 007b 1120b a
543+ 3014010 843+0.14 1.94+0.14 4204011 194+ 191+ 36971+ 0.51+0.03
MSN 013a a a a 215£005¢ 002a 00la 376a «c
N 420+ 2.29+0.08 6494016 154+0.15 2.05+0.04 359+019 1.86+ 154+ 28570+ 0.63+0.02
010b ¢ ¢ b od b 001b 005b 857b b

Notes: Cvi, very labile carbon; Ct, labile carbon; Ci, less-labile carbon; Cni, recalcitrant carbon; Ca,
very labile carbon plus labile carbon; Cr, less-labile carbon plus recalcitrant carbon; LI, lability index;
CPI, carbon pool index; CMI, carbon management index; SI, stability index. Values represent the
mean (n = 3) + standard error. Different lowercase letters indicate significant differences (p < 0.05)

among different treatments.

3.4. SOC Chemical Composition

The organic substitution treatments altered the relative proportions of the SOC func-
tional groups (Figure 3; Table 3). O-alkyl C had the highest relative proportion, ranging
from 31.07% to 35.50%, followed by alkyl C (25.87-26.72%), aromatic C (22.48-25.17), and
carbonyl C (16.14-17.03%). The data are shown in Table 3. Compared with the sole chem-
ical fertilizer treatment, the SN treatment showed the greatest increase in the relative pro-
portion of O-alkyl C (14.26%), and the largest decreases in alkyl C (3.18%), aromatic C
(10.69%), and carbonyl C (5.23%). The MSN treatment exhibited similar trends. This indi-
cates that straw can provide a higher relative proportion of easily degradable C (e.g., O-
alkyl C) to the soil, while reducing the relative proportion of recalcitrant C (e.g., aromatic
C), thereby altering SOC stability.

Compared with the CN treatment, the MN, 2MN, MSN, and SN treatments increased
the soil O-alkyl C/alkyl C ratio by 0.59%, 1.29%, 16.15%, and 18.01%, respectively (Table
3). The hydrophobicity index (HI) and the aromaticity index (AlI) values decreased in the
order of CN > MN > 2MN > MSN > SN. With increasing organic fertilizer application, the
OA/A ratio also increased, while the HI and the Al showed the opposite trend. Compared
with replacing chemical fertilizer with organic fertilizer alone, the MSN and SN treat-
ments increased the O-alkyl C/alkyl C ratio and decreased the HI and the Al values.
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Figure 3. 3C-NMR spectra of soils under different fertilization treatments. I, alkyl C zone; II, O-alkyl

C zone; 111, aromatic C zone; IV, carbonyl C zone.

Table 3. Effects of different fertilization treatments on SOC functional groups and the SOC quality

index in the open fields used for the vegetables.

Treatments Alkyl C (%) O-Alkyl C (%) Aromatic C (%) Carbonyl C (%) OA/A HI Al

CN 26.72 31.07 25.17 17.03 1.16 1.08  30.34
MN 26.65 31.17 25.15 17.02 1.17 1.08  30.31
2MN 26.66 31.40 25.13 16.81 1.18 1.07  30.21
MSN 25.87 34.94 22.59 16.60 1.35 0.94 27.09
SN 25.87 35.50 22.48 16.14 1.37 094 26.81

Notes: SOC quality index includes alkoxyl C/alkyl C (OA/A), hydrophobicity index (HI), and aro-
maticity index (AI).

3.5. Correlation Analysis and PLS-PM Analysis

Correlations between SOC, different labile C fractions, the CMI, and yield care shown
in Table 4. The CMI was significantly related to SOC, POC, DOC, MBC, and ROC; the
correlations were stronger than those between SOC and POC, DOC, MBC, and ROC.
Thus, the total active C component was closely related to but also different from SOC. The
SOC, DOC, MBC, ROC, the CMI and the cabbage yield of 2022 were positively correlated.
In addition, the SI was significantly and negatively correlated with all factors except for
yield.

To better explore the complex interrelationships of organic substitution fertilization,
labile C fractions, SOC, vegetable yields, and the SI, we carried out PLS-PM (Figure 4).
Manure (standardized path coefficient, b = 0.48, p < 0.001) and straw (b = 1.02, p < 0.001)
application significantly and positively influenced POC (with a loading value of 0.95),
MBC (0.99), DOC (0.97), and ROC (0.93) contents. Furthermore, the increasing labile or-
ganic C fraction contents induced by organic amendment application had positive effects
on increasing vegetable yields (b = 0.58, p < 0.05) and a negative effect on the SI value (b =

-0.99, p < 0.05). SOC content, which was significantly and positively affected by manure
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(b=0.82, p<0.001) and straw (b =1.00, p <0.01) application, played the prominent role in

directly shaping vegetable yields (b =0.48, p <0.05), but we did not observe the SI.

Table 4. Pearson correlations between SOC, soil labile organic C fractions, CMI, and yield.

Factor SOC POC DOC MBC ROC CMI Yield SI
SOC 1

POC 0.896 ** 1

DOC 0.937 ** 0.957 ** 1

MBC 0.875 ** 0.946 ** 0.962 ** 1

ROC 0.991 ** 0.935 ** 0.964 ** 0.912 ** 1

CcMI 0.997 ** 0.919 ** 0.958 ** 0.901 ** 0.997 ** 1

yield 0.596 * 0.500 0.516* 0.553 * 0.576 * 0.580 * 1

SI -0.622 * -0.764 ** -0.732 ** -0.756 ** -0.699 ** -0.670 ** -0.345 1

Note: SOC, soil organic carbon; POC, particulate organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; ROC, readily oxidizable carbon; CMI, carbon pool management
index; yield, 2022 cabbage yield; SI, Soil Carbon Stability Index. * p <0.05. ** p <0.01.

4 Positive }
1‘ Negative |
A ##xp< 0,001
$ wp<o01 |

GOF=0.91

I #p<0.05
" P> 0.05
| Loading

,,,,,,,,,,,,

Figure 4. Partial least squares path model showing the relationship among fertilization, labile or-
ganic C fractions, SOC stability indicators, SOC, vegetable yields, and the CMI. GOF, goodness-of-
fit, was calculated to assess the model. The numbers near the red and blue arrows are the standard-
ized path coefficients, which were calculated after 1000 bootstraps. *, p < 0.05; **, p < 0.01; ***, p <
0.001. SOC, soil organic carbon; POC, particulate organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; ROC, readily oxidizable carbon; SI, Soil Carbon Stability Index.

4. Discussion
4.1. Vegetable Yield Response to Different Fertilization Treatments over Time

The productivity of crops is significantly influenced by the soil quality, thus well-
managed soil can support sustainable production and improve crop yields [16]. Previous
studies have demonstrated that the long-term application of fertilizers and organic matter
can increase crop yields [42—44]. Our results showed that substituting 50% of chemical N
with a manure plus straw regime significantly increased spring cabbage (10.53%) and au-
tumn Chinese cabbage yields (15.45%) compared with sole chemical fertilizer application
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(Figure 1). This is consistent with the results of Zhang et al. [45], who reported increased
yields in greenhouse vegetables with long-term organic substitution. This may be because
the nutrients fixed in organic fertilizer and straw are slowly released throughout the crop
growing season, reducing nutrient loss compared with mineral fertilizer application.
Their combined input provides ample nutrients for vegetables, improves soil quality, and
promotes yield enhancement [43,44].

The SOC, DOC, MBC, and ROC were significantly and positively correlated with the
cabbage yield of 2022 (Table 4 and Figure 4), which indicated that long-term organic sub-
stitution regimes could increase crop productivity by improving the SOC content. This
suggests that the active C pools improve the crop yield possibly by maintaining a better
soil quality. Zhu et al. [16] and Ma et al. [46] also reported positive effects on the crop yield
and soil productivity after organic materials” application, which were attributed mainly
to the improved soil physical, chemical, and biological properties. Additionally, the SYI
was employed to assess the impact of agricultural practices on crop yield sustainability
[39]. A lower standard deviation and higher SYI value indicate greater yield stability un-
der the fertilization regime [47]. Here, substituting 50% of chemical N with manure plus
straw yielded the highest SYI value (Figure 1), suggesting that this treatment not only
increases the yields of spring cabbage and autumn Chinese cabbage but also ensures the
sustainability of field vegetable production.

4.2. Response of SOC Fraction Content to Different Fertilization Treatments Over Time

Long-term substitution of chemical fertilizers with manure/straw is an important
measure for enhancing SOC content. The carbonaceous materials within manure and
straw directly influence the content of SOC and its composition through their transfor-
mation and distribution in the soil [48]. This study found that compared with sole chemi-
cal fertilizer application, all manure/straw substitution treatments significantly increased
SOC, POC, DOC, MBC and ROC contents in the soil (Figure 2A-E), which is consistent
with previous research [12,18,49]. This increase was attributed to the long-term input of
exogenous organic C into the soil through organic fertilizer/straw, which directly or indi-
rectly boosted SOC and its fractions [7]. In this study, the soil labile organic C fractions
(POC, DOC, MBC, and ROC) were significantly and positively correlated with the SOC
(Table 4). Such correlations suggested that the SOC was a crucial factor influencing the
labile C fractions [12]. This is likely because organic materials provide large labile organic
matter inputs, and are C sources for microbial activity that converts organic C into labile
organic C [50]. Likewise, the depletion in the labile C pools could also provide an early
indication of decreased SOC [5]. POC, MBC, DOC, and SOC were positively associated,
with similar results reported by Xu et al. [51]. Additionally, under the same substitution
rate, straw application resulted in a higher amount of SOC content in soil compared with
that under organic fertilizer application (Figure 2A) owing to the higher C input from
straw under equivalent N input conditions (Table 1), higher C/N, and slower microbial
decomposition [52].

The results of this study showed that the soil labile C fractions of all straw application
regimes (MSN and SN) were higher than those of the manure substitution regimes alone
(MN and 2MN) (Figure 2B-E), which is consistent with the findings of Jin et al. [53]. This
can be attributed to (1) labile organic C fractions primarily originating from easily decom-
posable plant residues, root exudates, soil microbial residues, and metabolites [54]; and
(2) the higher soil C/N of straw compared with that of manure (Table 1), which, upon
incorporation into the soil, rapidly releases large amounts of C and induces dissolved or-
ganic matter (DOM) release [52]. However, Zhang et al. [18] found opposing results in
maize monocropping on black soil, indicating differences due to soil type, organic ferti-
lizer type, C input level, and crop type.
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4.3. SOC Stability in Response to Different Fertilization Treatments over Time

The soil lability index (LI), stability index (SI), OA/A, hydrophobicity index (HI), and
aromaticity index (Al) were used to comprehensively evaluate SOC stability under the
different long-term fertilization treatments. Higher LI values indicate a higher content of
an active organic C pool, attributed to the rapid decomposition and mineralization of or-
ganic C; conversely, lower values suggest less decomposition and accumulation of organic
matter [55]. In this study, the LI under manure/straw substitution treatments was signifi-
cantly higher than that under CN (Table 2), but the SI was the opposite and PLS-PM anal-
ysis indicated that the labile organic C fractions drove the decrease in the SI value (Table
4 and Figure 4). This is similar to the findings of Luan et al. [5], who observed substantial
active C (Cvr and Cv) in long-term organic fertilizer and maize straw applications in green-
house vegetable systems. Moreover, it is also corroborated by Liu et al. [25], who found
that long-term chemical fertilizer application promotes the depletion of Cvi, thereby en-
hancing SOC stability. Additionally, this study found that manure plus straw substitution
for chemical fertilizer increased the LI in SOC (Table 2), which was attributed to (1) ma-
nure supplying nutrients that promote crop growth and increase crop biomass; and (2)
straw enhancing microbial activity, stimulating the secretion of unstable C compounds by
roots, and collectively increasing unstable C [5,25].

In this study, all organic substitution treatments increased the relative proportion of
O-alkyl C (readily degradable C) in the soil and reduced the relative proportion of aro-
matic C (difficult-to-degrade C) (Table 3), which is similar to the findings of Zhang et al.
[56]. The main reasons for this are likely that (1) exogenous organic materials contain a
higher proportion of readily degradable C, leading to an increase in the readily degrada-
ble C fraction upon their input into the soil [57] and an increase in the relative proportion
of O-alkyl C; that the (2) input of exogenous organic materials promotes an increase in
root exudates, which contain a relatively higher proportion of O-alkyl C, increasing the
relative proportion of readily degradable C [58]; and that (3) the addition of organic ma-
terials promotes the formation of soil aggregates, enhancing the physical protection of
organic matter, which reduces its susceptibility to microbial decomposition and thereby
increases the proportion of O-alkyl C [59]. The OA/A can be used to assess the humifica-
tion degree of organic C, with a higher value indicating lower organic C stability [60],
while the HI and the Al show the opposite trend [61]. In this study, compared with long-
term sole chemical fertilizer application and sole organic fertilizer substitution for chemi-
cal fertilizer, long-term straw substitution for chemical fertilizer resulted in a relatively
higher OA/A, and a lower HI and Al (Table 3), similar to the results of Yuan et al. [62] and
Luan et al. [5]. This may be attributable to the stronger stimulation of soil organic matter
by the addition of straw, which enhances microbial growth and activity, accelerates the
decomposition of soil organic matter, further degrades more recalcitrant C, simplifies the
molecular structure of organic C, and increases the proportion of unstable organic C com-
ponents [62].

4.4. Response of C Pool Management Indices to Different Fertilization Treatments over Time

The CMI comprehensively considers variations in both total SOC and active organic
Cin soil, which is also a useful parameter to evaluate the capacity of management prac-
tices to improve soil quality [63]. Compared with sole chemical fertilizer application, ma-
nure/straw replacing chemical fertilizer can increase the soil CMI [25,64]. Liu et al. [25]
also confirmed that the CMI of 0-20 cm of soil under no fertilizer or chemical fertilizer
application decreased, indicating that the long-term absence of fertilizer or the application
of inorganic fertilizer does not lead to organic C accumulation. The findings of this study
(Table 2) are consistent with those of the aforementioned studies, showing an increased
soil CMI with long-term organic substitution of chemical fertilizer, indicating a positive
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transformation of soil due to manure/straw. Furthermore, this study found that the soil
CMI was highest with the combined application of manure plus straw substituting for
chemical fertilizer (Table 2), similar to the findings of Zhu et al. [16] and He et al. [54]. This
can be attributed to the increased C input and organic matter content from annual organic
manure and straw, thereby enhancing the organic C LI and subsequently increasing CMI
values [12]. Wang et al. [65] also showed that straw return treatments led to a higher rate
of organic matter decomposition and nutrient cycling, which would accelerate the conver-
sion of nutrients from being organic to being inorganic via mineralization. Additionally,
the CMI was significantly correlated with labile organic C fractions and SOC (Table 4), as
was previously reported by Zhu et al. [16] and Yuan et al. [50]. Therefore, the CMI may
be a sensitive indicator of changes in soil quality due to the organic substitution of chem-
ical fertilizers.

5. Conclusions

In this study, we found that long-term organic substitution of chemical fertilizer
treatment had obvious impacts on open-field vegetable systems in many aspects such as
vegetable yield, soil organic carbon and its active components, stability, and the relation-
ship of these indicators. Different treatments had different effects. Overall, substituting
50% of chemical N with manure plus straw strongly enhanced SOC, POC, DOC, MBC,
LFOC contents, the CMI value, and the average vegetable yield, but led to decreased SOC
stability. Labile organic C fractions were highly correlated with SOC, the CM], yield, and
the SI, and had a direct impact on yield and SOC stability. These research results had
important reference value for rational fertilization, improving soil quality, and ensuring
the sustainable production of open-field vegetables. Future study would focus on how
long-term manure/straw substitution regimes affected the microbiological mechanisms of
SOC fraction changes in open-field vegetable systems.
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