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Abstract: Some intensive farmers tend to expect short-term beneficial effects by applying soil amend-
ments, but inconsistent fertilization practices are often conducted, causing economic losses and
environmental problems. This study aimed at investigating the short-term application effects of
different soil amendments on soil organic carbon (SOC) fractions, biogeochemical properties, and
crop performance for finding the best land management approach using one-year field trial grow-
ing Chinese cabbages. This filed experiment was conducted in 2020 and included eight fertilizer
treatments: control (w/o fertilizers), chemical fertilizer (CF), manure compost (MC), double MC
amount (2MC), CF + MC, CF + rice husk (RH), MC + RH, and CF + MC + RH. As a result, the
concentrations of recalcitrant to labile C forms, including Loss-On-Ignition C (LOIC), Walkley-Black
C, permanganate oxidizable C (POXC), and microbial biomass C, were the highest in a mixture
of MC and RH and 2MC. Additionally, the treatment with the largest difference from the control
in key soil parameters was 2MC: bulk density (10%), total N (30%), available P (186%), and CO2

(433%) and N2O (825%) emissions, followed by MC + RH. Moreover, more than 20% higher fresh
weight (FW) of cabbage was found in 2MC and MC + RH than in the control. Therefore, these two
organic amendments appeared to benefit SOC storage and overall soil biogeochemical processes,
contributing to higher biomass crop production. Moreover, LOIC significantly correlated to bulk
density, available P and K, and FW, while POXC significantly correlated to N concentration in plants,
indicating the short-term fertilization effects on the status of SOC fractions and the qualities of soil
and plant by applying soil amendments. Overall, our findings suggest that applying MC + RH
would be an alternative to replace the conventional farming practices for promoting soil quality and
crop performance, but further studies to sustain the application effects of this amendment should be
monitored for longer durations.

Keywords: fertilization; organic amendments; carbon sequestration; biogeochemical processes;
Brassica rapa L. subsp. Pekinensis; crop yield; soil quality indicator

1. Introduction

Historically, fertilization practices have played an important role in soil-based agri-
cultural activities by improving soil fertility and quality, contributing to an increase in
crop yield [1]. In general, various organic by-products generated by agriculture practices,
including livestock manure and crop residue, have been converted into arable soils for
successful crop production since approximately 4000 years ago [1]. Indeed, since the
1880s, when chemical fertilizer (CF) use was introduced, the global agricultural production
boomed upward, and meeting the growing demands for food production stability and se-
curity was possible [2]. However, intensive agricultural activities accompanying CF abuse
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are currently causing severe adverse effects globally: e.g., eutrophication, air pollution,
soil acidification, and mineral depletion [3,4]. In turn, such environmental problems can
exacerbate agricultural soil quality and health, consequently degrading crop production
sustainability and threatening overall agricultural ecosystems. Meanwhile, with the recent
increase in consumption preferences for organic and eco-friendly agricultural foods, adding
large amounts of organic amendments (OAs) in farmlands is strongly encouraged; this
is different from the main purpose of nutrient input in the past agricultural era. More-
over, adding OAs is considered a sustainable method to address the environmental and
ecological challenges faced today, including recycling organic wastes, improving carbon
sequestration, and reducing greenhouse gases (GHGs) emissions [5,6]. However, given
the sustainability of crop production and farmer’s profitability, the question remains as to
whether applying OAs alone is more efficient than conventional fertilization, which relies
mainly on CF; thus, many studies related to this are continuously required.

Soil organic matter (SOM) is a critical determinant for overall agricultural soil quality
because it primarily influences the regulation of a wide range of soil functions e.g., dynamics
of water and key nutrients and provisions of habitat and energy source for soil biota [7,8].
Thus, SOM functionality considerably affects the sustainability of agroecosystem services,
but it varies with the organic compound’s composition and amount [9] as well as the
environmental conditions (e.g., soil texture, vegetation, and climate) and land management
approaches (e.g., tillage, fertilization, and crop rotation) [7,10]. Therefore, proper soil
management is required on an ongoing basis to maintain and maximize SOM function in
agricultural soil.

The dynamics of SOM pool depend on the balance between the input and output of
organic sources [1], which has been quantified indirectly by measuring soil organic carbon.
Generally, the SOC pool consists of three distinct forms depending on their decomposition
rate: stable, intermediate, and labile. The stable C form is the dominant component in SOC
consisting of a recalcitrant or humified fraction of carbon (e.g., humus) and converting
slowly over decades to centuries. In contrast, the labile C form, a small fraction of the total
organic C (TOC) (5–20%), can be decomposed relatively quickly within days to a few years.
Labile SOC (LSOC) commonly originates from decomposing plant and animal residues,
root exudates, and dead microbial biomass [11]. Thus, it has a greater impact on short-
term turnover and availability of nutrients in the terrestrial ecosystem than recalcitrant
SOC (RSOC). Moreover, it has been widely reported that LSOC has great leverage in
controlling key soil functional processes linked to soil aggregation, biological activity, and
C sequestration under proper soil management [12–14]. Therefore, LSOC pool promotion
with OA addition, especially in agricultural soil, would contribute to improving crop
productivity and soil quality and health [12,15,16].

Several studies have shown that LSOC is highly sensitive to changes in soil manage-
ment practices or environmental conditions, especially rather than TOC or RSOC, which
may not respond to recent changes in land management [8,17–19]. Therefore, LSOC has
been widely used as an indicator to assess the quality and health of agricultural soils that
are significantly affected by changes in land use and soil management [12]. Commonly,
the pool of labile SOC includes various C fractions, such as particulate organic C, POXC,
dissolved organic C, MBC, and potentially mineralizable C (PMC), etc., discernable by
physical, chemical, or biological fractionation methodology [18]. In recent decades, the anal-
ysis of these labile fractions has been widely used to evaluate LSOC degree, although most
are costly and labor intensive as well as constrain routine tests in the field [8,20]; of these,
POXC and PMC are relatively rapid, affordable, or easy to modify for field use [14,20].

Globally, total soil organic carbon content has been most frequently determined in the
laboratory using the Loss-On-Ignition and Walkley-Black methods [19]; thus, the values of
Loss-On-Ignition C (LOIC) and Walkley-Black C (WBC) are widely adopted as an indicator
of soil carbon monitoring and climate policy establishment. However, because their values
are characterized mainly by high levels of C in recalcitrant or passive forms [19], it could
be thought that both LOIC and WBC have limitations in their use as an overall soil quality
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indicator (SQI), especially for short-term agricultural soil management and environmental
changes. Conversely, LSOC, often considered the active C pool, has demonstrated its high
sensitivity to such changes in land use and management practice [12,18], suggesting the
high potential of LSOC as the SQI in actively managed arable soils. Therefore, studies on
the LSOC role with various fractions in response to several land management practices
should be considered to broaden the application range as an SQI in agricultural systems.

Applying soil amendments can influence the dynamics of SOM regulating SOC stock
and overall biogeochemical processes of soil; thus, it can be an important farming practice
for effectively managing poor agricultural soils. In modern agriculture, organic fertilization
alone or in combination with inorganic additives has become more popular than chemical
fertilization alone in terms of eco-friendliness and economic feasibility. Moreover, long-
term applications of OAs would be better for providing benefits for improving soil quality
and health. Nevertheless, in situ, many farmers tend to have high expectations of obtaining
such benefits through short-term applications. This study aims at investigating the short-
term application effects of different soil amendments on the SOC pool, biogeochemical
properties, and crop performance and their interrelationships. We hypothesized that
applying combinations of organic additives (e.g., manure compost, rice husk, etc.) that can
affect different types of carbon pools in soil has positive effects on soil biogeochemistry and
plant performance as well as soil C sequestration over a short period of time. Moreover, by
conducting this experiment, we could expect to determine the most effective fertilization
method for the farmland of this study, which has been practiced intensively but ineffectively
during the past decade, as well as identify some SOC fractions that have high potential as
SQI indicators to evaluate the status of overall soil characteristics according to a short-term
change in land management practices.

2. Materials and Methods
2.1. Study Area

An upland field (about 300 m2) located in Ansan, South Korea, was selected for this
study. This farmland has a 10-year constant history of farming practices producing Chinese
cabbage (Brassica rapa L. subsp. Pekinensis) and soybean (Glycine max L.) cultivated from
April to July and from July to October, respectively. Meanwhile, the upland soil has been
identically managed by applying mineral fertilizers with livestock manure compost (MC).
Additionally, different types of soil additives such as rice straw and husk, etc., were treated
in this field, but their composition and quantity differed yearly. Following the preliminary
soil analysis performed in the Soil Environment Laboratory of the University of Seoul, the
properties of this agricultural soil were as follows: pH 7.75; electrical conductivity (EC)—
0.08 dS m−1; SOM—21.1 g kg−1; available (Av.) P2O5—193.1 mg kg−1; exchangeable (Ex.)
Ca, K, and Mg—12.2, 3.4, and 4.3 cmolc kg−1, respectively. This upland was homogeneously
plowed a month before the cabbage cultivation.

2.2. Treatments and Sampling

A total of eight different fertilizers were applied to an upland on 20 April 2020:
Control (w/o fertilizers), CF, MC, manure compost (MC), double MC amount (2MC),
CF + MC, CF + rice husk (RH), MC + RH, and CF + MC + RH. Commercial CF was applied
to the upland soil as 240 kg ha−1 based on the Korean fertilizer recommendation rate
(N-P-K = 46-17-22). Moreover, commercial MC, mainly consisting of cow and pig manure
as well as sawdust, was applied to the soil as 8000 kg ha−1 based on the recommendation
rate. RH was amended as 7500 kg ha−1 to the soil, equivalent to 1 kg C per 3.3 m2. The
properties of MC and RH used in this study are shown in Table 1; generally, MC had higher
nutrients (C, N, P, K, Ca, Mg, and K) and a lower C/N ratio than RH. All treatment plots
(2.5 m× 2.5 m) were installed as the randomized complete block design and each treatment
had three replicates.



Agronomy 2022, 12, 1106 4 of 17

Table 1. Chemical constituent of manure compost (MC) and rice husk (RH) used in this field study.

Amendment
T-C T-N C/N P2O5 K2O Ca Mg K

(%) (%) (cmol kg−1)

MC 57.4 ± 0.145 3.61 ± 0.055 15.9 8.64 ± 0.726 1.93 ± 0.057 4.17 ± 0.177 2.76 ± 0.099 3.48 ± 0.136
RH 40.0 ± 0.219 0.47 ± 0.048 85.1 3.96 ± 0.852 0.33 ± 0.035 0.21 ± 0.016 0.41 ± 0.037 0.01 ± 0.002

Data are the mean ± standard errors of triple measurements. T-C, total carbon; T-N, total nitrogen; C/N,
carbon-to-nitrogen ratio.

Approximately 1000 seeds of B. rapa were germinated and grown in a greenhouse
for three weeks, and then these seedlings were transplanted into the field site. A week
after fertilization, 16 cabbage seedlings were planted in each treatment plot with a 50 cm
space. The water supply was conducted every 3–4 days using sprinklers and a commercial
eco-friendly organic product was treated to protect cabbage disease and insect pests during
cultivation. Following a 10 week cultivation, each plot’s surface soil (0–15 cm depth) was
collected on 2 July 2020, sieved with a 2 mm steel sieve after air-drying, and stored in a
container before analyzing the soil properties. For plant sampling, four individuals were
randomly selected from each experimental plot, and then they were gently washed with
tap water before recoding biomass. Gas sampling was performed using a static closed
chamber at the beginning (three days after fertilization) and at the end (ten days before soil
and plant sampling) of this field study.

2.3. Analytical
2.3.1. SOC Fractions

Different types of organic C fractions in the soil sample were determined in this study:
LOIC, WBC, POXC, and PMC corresponding as recalcitrant, slightly labile, moderate labile,
and readily forms of SOC, respectively. To assess LOIC, the oven-dried (105 ◦C soil sample
was analyzed using the LOI method at 550 ◦C in a muffle furnace [21]. WBC was evaluated
with the WB chromic acid wet oxidation–titration method, which is the common method to
determine SOC content in agricultural soil [22]. POXC, known as active C, was measured
via the oxidation process based on the methods of Culman et al. [20] and Weil et al. [19].
Two replicate subsamples of each soil were prepared. Twenty milliliters of 0.02 mol L−1

KMnO4 were added to a 50 mL centrifuge tube containing 2.5 g air-dried soil. The tube
was shaken for two minutes at 240 oscillations min−1 and allowed to settle for ten minutes.
The supernatant (0.5 mL) was transferred to another centrifuge tube and diluted with
49.5 mL deionized (DI) water. Sample absorbance values were detected using a microplate
reader (Epoch, BioTek, Winooski, VT, USA) at 550 nm, and the POXC concentration of
the sample was calculated using the formula described by Hurisso et al. [14]. PMC was
quantified by measuring CO2 flush during a day of aerobic incubation [14,23]. In the 50 mL
centrifuge tube screw-up, 10 g air-dried soil was rewetted with DI water to adjust to 50%
water-filled pore space, and then it was incubated at 25 ◦C. A day after, approximately
5 mL air sample was collected from the headspace of the centrifuge tube and injected into a
portable gas analyzer, GT5000 Terra (Gasmet Technologies, Vantaa, Finland) to estimate
CO2 concentrations. Moreover, MBC as an indicator of soil microbial abundance of the
field soils was determined using the method of Vance et al. [24]. Following fumigation
with ethanol-free CHCl3, the samples were extracted with 0.5 M K2SO4 and organic C in
the extracts was determined using a TOC-L analyzer (Shimadzu, Kyoto, Japan).

2.3.2. Soil Physical and Chemical Parameters

According to a core method [25], the soil bulk density (BD) of each plot was determined.
The total soil volume was estimated as the internal volume of the cylinder (100 cm3). The
soil sample was oven-dried at 105 ◦C for three days, and then the mass of the dried sample
was measured. The BD value was calculated as this formula: BD (Mg m−3) = Ms (the
weight of the dry soil sample)/Vs (the volume of the dried soil sample in m3).
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The pH and EC of air-dried soil samples were measured in 1:5 DI water:soil using a
pH meter (MP220, Mettler Toledo, Leicester, UK) and EC meter (MC226, Mettler Toledo,
Leicester, UK), respectively.

To determine total nitrogen, the soil sample sieved with a 0.5 mm sieve was digested
with concentrated sulfuric acid and Kjeltabs Se/3.5® (3.5 g K2SO4 + 3.5 mg Se) and then
analyzed using Kjeldahl distiller (Kjeldahl 2300, Foss, Hillerød, Denmark).

Available P was determined colorimetrically using a UV spectrophotometer (UV-160 A,
Shimadzu, Kyoto, Japan) after extraction with Bray No. 1 solution [26].

Cation exchangeable capacity (CEC) and soluble macronutrients (Ex. K, Ca, and Mg)
in soil were determined using a Kjeldahl 2300 distiller and inductively coupled plasma–
optical emission spectroscopy (ICP–OES) (Agilent 5110, Agilent Technologies, Santa Clara,
CA, USA), respectively, following extraction with 1 M NH4OAc solution at pH 7.0 [25].

2.3.3. Plant Performance

The fresh weight of collected plant samples (n = 4 of each plot) was measured. The N
concentration in the plant samples was determined using a Kjeldahl distiller (Kjeldahl 2300,
Foss, Hillerød, Denmark) following the wet digestion with H2SO4–HClO4 solution [25].

To determine chlorophyll (Chl.) and carotenoid contents in the plant leaves, fresh
leaves (0.1 g) of each sample were placed in a glass test tube with screw cap containing
10 mL 80% acetone [27]. The samples were stored in darkness at room temperature
for one day, and the extract was measured at 663, 645, and 470 nm wavelengths of UV
spectrophotometer (UV–160 A, Shimadzu, Kyoto, Japan). The photosynthetic pigments,
such as Chl. a, Chl. b, total Chl. (a + b), and total carotenoid, were estimated with the
following formula:

Chl. a = 12.7 A663 − 2.69 A645

Chl. b = 22.9 A645 − 4.68 A663

Total Chl. (a + b) = 20.29 A645 + 8.02 A663

Total carotenoid = (1000 A470 − 1.82 Chl. a − 85.02 Chl. b)/198

where A is the absorbance value at appropriate wavelength.

2.3.4. Emission of CO2 and N2O

The static closed chamber was used to collect CO2 and N2O gases emitted from the
soil of each plot. Gas measurement was conducted twice on the 3rd and 60th d from
the fertilization date and climatic information during this field experiment was recorded
(Figure 1). In general, with the increasing trend of daily average temperature during
the field experiment, it was 8 ◦C at the first gas measurement and 25.5 ◦C at the second
measurement. Identically, sampling for both gases was conducted between 9 am and 12 pm
daily. The aliquots (~15 mL) of headspace gas were injected at 0, 20, and 40 min after
sealing and determined using a portable gas analyzer, GT5000 Terra (Gasmet Technologies,
Vantaa, Finland). The headspace volume was 7.2 L, and the soil surface area was 133 cm2.
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Figure 1. Mean rainfall and temperature in an upland during the field experiment, which were
measured at Suwon weather station of Korea Meteorological Administration.

2.4. Statistical Analysis

Data shown in this study indicate the mean of triple measurements. To compare
differences in soil biogeochemical properties, plant physiological properties, and GHGs
emission among different fertilizer treatments, one-way ANOVA with the Tukey’s honestly
significant difference (HSD) post hoc test at the 0.05 probability level was conducted (n = 3).
Omega squared (ω2) from the ANOVA results was used to compare the difference in effect
size for a single parameter, depending on fertilizer types. Pearson’s correlation analysis
was used to measure how soil organic C fractions correlate with soil and plant parameters.
Principal component analysis (PCA) was conducted to investigate patterns of variation
in the dataset, focusing on the degree of relationships of different SOC fractions with key
parameters throughout different fertilizer treatments. Moreover, a linear regression test
was performed to find a SOC fraction with a high potential to be used as a soil index
to predict soil biogeochemistry, plant performance, and greenhouse gas emission. All
statistical analyses were conducted using the R program (version 3.3.3).

3. Results
3.1. SOC Fractions

All SOC fraction concentrations varied with the type of soil amendment used in this
study (Table 2). Among the fractions, LOIC had the highest concentration in soil treated
with CF + RH (72.9 g kg−1), followed by MC + RH > 2MC > MC > CF + MC + RH >
CF + MC > CF. CF + RH and MC + RH showed similar concentrations of LOIC and other
treatments induced intermediate values significantly higher than control (53.0 g kg−1)
(p < 0.05). For WBC, the highest concentration (22.9 g kg−1) was found in the soil of 2MC
treatment. However, there were no significant differences in WBC concentrations among
all treatments (p > 0.05), indicating WBC was not markedly influenced by amendment
supply. POXC was in the order MC + RH (807 mg kg−1) > 2MC > MC > CF + MC + RH >
CF + MC > CF + RH > CF > control (643 mg kg−1), but there were not found significant
differences among the treatments (p > 0.05). The highest PMC concentration was found in
the control soil (43.8 mg kg−1), while CF soil represented the lowest value (17.9 mg kg−1).
MBC concentrations among the treatments were listed in the following order: MC + RH >
2MC > MC > CF + MC + RH > CF + RH > CF + MC > CF > control. In particular, the MBC
value was approximately 1.9-fold higher in 2MC treatment (48.8 mg kg−1) than the control
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(25.2 g kg−1). Among the intermediate values, WBC concentration in 2MC (46.1 mg kg−1)
was significantly higher than the control (p < 0.05), while those in the remaining treatments
(26.8−38.9 mg kg−1) were not significantly different from the control (p > 0.05).

Table 2. Concentrations of soil organic carbon fractions including LOIC, WBC, POXC, PMC, and
MBC in soils treated with different type of soil amendments.

Treatment
LOIC WBC POXC PMC MBC

(g kg−1) (mg kg−1)

Control 53.0b 18.8 643 43.3 25.2c
CF 65.8a 20.4 699 17.9 26.8c
MC 71.1a 22.1 746 21.5 38.9abc
2MC 71.4a 22.9 782 31.4 46.1ab

CF + MC 67.9a 20.4 712 22.9 27.7c
CF + RH 72.9a 21.6 706 28.9 29.8bc
MC + RH 72.7a 22.4 807 27.5 48.8a

CF + MC + RH 70.1a 20.9 712 25.3 31.5bc
p value <0.001 0.813 0.424 0.097 <0.001

Data are the mean of three replicates and the overall p value of one-way ANOVA. Different letters in each column
indicate significant difference among the treatments (Tukey’s HSD post hoc, p < 0.05). LOIC, loss-on-ignition
carbon; WBC, Walkley-Black carbon; POXC, permanganate oxidizable carbon; PMC, potentially mineralizable C;
MBC, microbial biomass carbon; CF, chemical fertilizer; MC, manure compost; RH, rice husk.

3.2. Soil Physicochemical Properties

Table 3 shows the difference in the physicochemical properties of soils according to
the type of soil amendments. Soil BD showed the most significant difference among all
treatments, with the following order: control > CF > MC > CF + MC, MC + RH > 2MC,
CF + RH > CF + MC + RH. Among the intermediate values, BD in CF, MC, and MC + RH
were not significantly different from the control (p > 0.05), while the remaining treatments
showed significantly lower BD than control (p < 0.05). For soil chemistry, the highest
values for each relevant parameter were observed in different treatments: pH (7.78), T-N
(2.37 g kg−1), and Av. P2O5 (238 mg kg−1) in 2MC; Ex. Ca, and Mg (10.6 and 3.40 cmolc kg−1,
respectively) in MC + RH, EC (0.240 dS m−1); Ex. K (2.47 cmolc kg−1) in CF + RH; and
CEC (12.9 cmolc kg−1) in CF + MC. Conversely, the control soil had the lowest values of all
chemical parameters except for soil pH.

Table 3. Physicochemical properties of soils treated with different type of soil amendments.

Treatment Bulk Density pH1:5w
EC T-N Av. P2O5 CEC Ex. Ca Ex. K Ex. Mg

(dS m−1) (g kg−1) (mg kg−1) (cmolc kg−1)

Control 1.21a 7.51 0.107 1.83b 83.3 9.18 9.33 1.06 3.17
CF 1.19ab 7.60 0.220 1.87b 96.3 11.8 9.40 1.55 3.22
MC 1.14ab 7.52 0.150 2.20ab 100 12.8 10.0 1.64 3.38

2MC 1.09b 7.78 0.183 2.37a 238 11.9 9.82 1.78 3.30
CF + MC 1.12ab 7.27 0.217 2.10ab 147 12.9 9.42 1.70 3.18
CF + RH 1.09b 7.57 0.240 2.10ab 134 11.2 9.70 2.47 3.28
MC + RH 1.12ab 7.76 0.116 2.23ab 168 11.6 10.6 1.73 3.40

CF + MC + RH 0.93c 7.37 0.183 2.10ab 172 12.1 9.45 1.71 3.24
p value <0.001 0.205 0.332 0.019 0.080 0.303 0.387 0.073 0.955

Data are the mean of three replicates and the overall p value of one-way ANOVA. Different letters in each column
indicate significant difference among the treatments (Tukey’s HSD post hoc, p < 0.05). EC, electrical conductivity;
T-N, total nitrogen; Av. P2O5, available phosphorus; CEC, cation exchangeable capacity; Ex. Ca, K, and Mg,
exchangeable calcium, potassium, and magnesium; CF, chemical fertilizer; MC, manure compost; RH, rice husk.

3.3. GHG Emission

Three days after fertilization, we found significant differences in the amounts of
carbon dioxide and nitrous oxide emitted from soils, depending on the soil amendment
type (Table 4). The concentration of CO2 emission from all treatments ranged from 14.3
to 44.3 kg ha−1 d−1. The highest CO2 concentration was observed in 2MC treatment,
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followed by CF + MC + RH (40.3 kg ha−1 d−1), MC + RH (36.6 kg ha−1 d−1), and CF + MC
(34.3 kg ha−1 d−1). These CO2 emission values were significantly higher (approximately
2–3 times) than that in the control treatment (p < 0.05). On the 60th day after fertilization,
we also found a similar trend in the difference between CO2 emission amounts depending
on the soil amendment type; however, the concentrations in all treatments considerably
decreased compared to those on the third day. The highest CO2 concentration in the 2MC
treatment (0.636 kg ha−1 d−1) was more than five times higher than that in the control
(0.124 kg ha−1 d−1). MC +RH and CF + MC + RH treatments showed similar values of
CO2 emission, which were significantly different from the remaining treatments, including
CF, CF + MC, CF + RH, and control (p < 0.05).

Table 4. Concentrations of carbon dioxide (CO2) and nitrous oxide (N2O) emitted from soils treated
with different type of soil amendments.

Treatment
CO2 (kg ha−1 d−1) N2O (g ha−1 d−1)

3 Days 60 Days 3 Days 60 Days

Control 14.3c 0.124d 2.01c 5.89b
CF 17.4bc 0.279cd 9.37ab 9.30b
MC 29.7abc 0.391bc 9.34ab 21.2ab

2MC 44.3a 0.636a 11.6a 54.6a
CF + MC 34.3ab 0.297cd 11.3a 33.3ab
CF + RH 18.0bc 0.211cd 5.26bc 23.7ab
MC + RH 36.6a 0.543ab 9.51ab 31.7ab

CF + MC + RH 40.3a 0.548ab 8.16ab 33.4ab
p value <0.001 <0.001 <0.001 0.004

Data are the mean of three replicates and the overall p value of one-way ANOVA. Different letters in each column
indicate significant difference among the treatments (Tukey’s HSD post hoc, p < 0.05). CF, chemical fertilizer; MC,
manure compost; RH, rice husk.

For N2O emission, the treatments of 2MC and CF + MC had the highest concentrations,
approximately 5.6-times higher than the control (2 g ha−1 d−1) on the third day after
fertilization (Table 4). Moreover, intermediate values of N2O emission were found in
treatments of CF, MC, MC + RH, and CF + MC + RH (8.16–9.51 g ha−1 d−1), which were
significantly higher from control (p < 0.05). Unlike carbon dioxide, N2O emission from
the soils of all treatments increased on the 60th day after fertilization, and the order by
treatment was as follows: 2MC > CF + MC + RH > CF + MC > MC + RH > CF + RH > CF >
MC > control. In particular, there was approximately a 9.3-fold difference in N2O emission
between the control (5.89 g ha−1 d−1) and 2MC (54.6 g ha−1 d−1). Other treatments showed
intermediate values of N2O emission, which were not significantly different from the
control (p > 0.05).

3.4. Crop Biomass and Physiological Properties

Differences in FWs of plant samples depending on the soil amendment type are shown
in Figure 2. The highest FW was observed in 2MC treatment (2.7 kg plant−1), while the
lowest FW was found in CF treatment (2.3 kg plant−1). The FWs in 2MC and CF treatments
were 26% and 9% larger, respectively, than that in the control. As a result of measuring N
concentration in plant leaves, CF + MC, MC + RH, 2MC, CF + MC + RH, and MC showed
similar plant N concentrations (>1.3%), which were approximately 1.5 times higher than the
control (0.86%). However, there were no significant differences in plant N concentrations
among the treatments (p > 0.05). For photosynthetic pigments, the highest values of total
chlorophyll and carotenoid contents were observed in MC + RH treatment, followed by
CF + MC + RH, control, MC, and so on, but there were insignificant differences in those
among the treatments (p > 0.05, respectively).
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Figure 2. Fresh weight (A), plant N concentration (B), and total chlorophyll (C) and carotenoid (D)
content of Chinese cabbage cultivated in soils with different fertilizer application. Data are mean ±
standard errors (n = 6) and the overall p value of one-way ANOVA. Same letters indicate no significant
difference among the treatments (Tukey’s HSD post hoc, p < 0.05).

3.5. Correlations of SOC Fractions with Whole Parameters

Figure 3 represents the correlations between soil organic C fractions and parameters
of soil, plant, and GHG across all treatments of soil amendments. There were significantly
strong correlations among the SOC fractions (p < 0.05), except for PMC. Of the fractions,
LOIC correlated positively with T-N, Av. P2O5, Ex. K, CO2, N2O, plant FW, and plant N
(r = 0.67, 0.47, 0.57, 0.57, 0.48, 0.78, and 0.42, respectively), but correlated negatively with
soil BD (r = −0.41). WBC had positive correlations with T-N, Av. P2O5, and plant FW
(r = 0.54, 0.45, and 0.41, respectively). POXC correlated positively with T-N, Ex. Ca, and
CO2 (r = 0.71, 0.50, and 0.55, respectively). PMC correlated positively with Ex. Mg and total
chlorophyll and carotenoid contents (r = 0.41, 0.52, and 0.54, respectively) but negatively
correlated with CEC (r = −0.82). MBC had significant correlations with pH, Ex. Ca, T-N,
plant FW, and CO2 (r = 0.45, 0.52, 0.60, 0.47, and 0.70, respectively).
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Figure 3. Correlation matrix among soil organic C fractions (LOIC, WBC, POXC, PMC, and MBC;
highlighted in yellow), soil biogeochemical parameters (bulk density, pH, EC, CEC, soluble P, K,
Mg, and Ca), plant physiological parameters (FW, N content, and total chlorophyll and carotenoid
content). The areas of circles show the value of corresponding Pearson correlation coefficients with
significance at the 0.05 probability level. Correlation values are indicated by circle in the upper panel;
positive correlations are displayed in blue and negative correlations in red. Color intensity (light to
dark) and the size of the circle (small to big) are proportional to the correlation coefficients (0 to 1
for the positive coefficient and 0 to −1 for negative coefficient) where, for example, the correlation
coefficients on the principal diagonal are equal to 1 (it was represented in dark blue and biggest size
of circle). The legend on the right side of the correlogram shows Pearson’s correlation coefficients
with their corresponding colors.

3.6. Analysis of PCA

The PCA of the dataset for all variables, including soil biogeochemical properties, plant
properties, and gas emissions, provided a clear picture of the effects of soil amendment
types (Figure 4). As illustrated in the PC1 axis (32.1% variance), there was a clear separation
of soils with soil amendment types due primarily to SOC fractions, such as LOIC, POXC,
MBC, and WBC as well as T-N, Av. P2O5, and emission of CO2 and N2O (p < 0.001). Along
with the PC2 axis (19.4% variance), the soils were separated by chlorophyll and carotenoid
content, PMC, and CEC (p < 0.001). Because of this multivariate analysis, there appeared
to be an overall trend that adding OAs, including MC, RH, and their mixture, had a close
influence on most SOC fractions, including LOIC, WBC, POXC, and MBC, as well as key
soil variables (bulk density, pH, N, P, K, etc.), plant biomass, GHG emission, and their
significant correlations.
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4. Discussion

SOC stock regulation is critical for managing soil quality and sustaining agricul-
tural production. However, since the capacity to store SOC in agricultural lands varies
with external factors, such as climate, soil properties, and land management practices,
including fertilization, tillage, and cropping system [28–30], appropriate land manage-
ment approaches are required per region. Generally, various soil amendments have been
widely introduced into farmlands to promote SOC pool, leading to further modifications
of overall soil biogeochemical properties [31]. In this study, SOC fractions in upland soil
appeared to be significantly influenced by the short-term fertilization practices but var-
ied with the type of soil amendment. Clearly, adding OAs increased the amount of all
SOC fractions than that of CF alone (Table 2), indicating the superiority of OA applica-
tion in improving C stock in agricultural soils that can be supported by several reports
from other short-term [31–33] and long-term [34,35] field experiments. Conversely, we
found that applying OAs along with additional input of inorganic fertilizer (e.g., MC→
CF + MC and MC + RH→ CF + MC + RH) did not have a significant effect on all SOC
fractions (Table 2). Perhaps this might be due to inadequate proportions and balance status
of chemical fertilizers applied as well as crop residue and tillage management together
with experimental duration [28,34]. Consistent with this, several studies have reported that
applying CF does not affect the SOC pool and its fractions [36–38].

Of the SOC fractions, LOIC, WBC, and POXC, often used as indicators of SOC stor-
age [14,19], were the highest in this study’s MC + RH treatment, and their concentrations
were higher than those in the control: LOIC (37.2%), WBC (19.1%), and POXC (25.4%). Such
increases in these SOC fractions may suggest that the co-treatment of MC and RH, which is
well-balanced of labile and recalcitrant-formed organic C, would be the best approach for
the short-term soil management to promote C sequestration in this upland field. Moreover,
soil MBC was allowed to be enhanced by adding OAs. Similarly, Chang et al. [39] revealed
that MBC in the soil of compost-applied treatments was higher than that of inorganic
fertilizer treatment, explaining that this may be due to the improved availability of organic
substrates to the indigenous microbial growth. Meanwhile, we could find neutral and
negative effects on MBC using CF alone and CF-combined amendments, respectively,
supported by Omay et al. [40] and Xue et al. [41]. According to Zhang et al. [42], such
negative effects on MBC may be attributed to the occurrences of uneven nutrient supply,
acidification, and compaction in the soil surface by chemical fertilization, consequently
causing degradation of soil microbial community abundance and activity. Moreover, the
high concentration of MBC was observed in 2MC treatment, which seemed to be due to
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the supply of abundant C sources by adding the largest amount of MC and the increase in
abundance of newly introduced microorganisms. Then, we also observed a significant effect
of additional RH inputs on MBC increase: e.g., CF→ CF + RH (11.2%), MC→MC + RH
(25.4%), and CF + MC→ CF + MC + RH (13.7%). This indicated that although the applied
RH dominantly formed recalcitrant C is very resistant to microbial degradation [43], it
certainly facilitated soil microbial communities during this experiment by providing some
C energy sources and microflora habitats.

Similarly to SOC fractions, physicochemical properties of arable soil considerably
responded to different fertilization practices of this study (Table 3). Among the soil pa-
rameters, BD had the largest effect size on different treatments (F = 16.08, p < 0.001,
ω2 = 0.81) (Table S1), indicating that applying soil amendments during the short-term
experiment generated the greatest effect on the status of soil physic rather than soil biochem-
istry. Compared to the control, soil BD slightly decreased with CF alone, which is supported
by the findings of Tang et al. [33] and Liu et al. [44]. This BD decrease may be associated
with an increased turnover of crop leaves and root residues generated during growth [45].
Moreover, we found that the effect of organic-complex fertilizers outweighed that of CF
alone in BD reduction. Compared to CF treatment, significantly greater BD reduction was
observed in treatments of OAs, such as MC (4.2%), 2MC (8.4%), and MC + RH (5.9%), and
in combination with CF, such as CF + MC + RH (22%) (Table 3). This appears to be due to
organic additives being lighter than an equal volume of solid soil and more porous, thereby
lowering BD in the organic matter-enriched soils. Moreover, during the decomposition
of the organic compounds, the formation of macropores and macroaggregates generated
by the adsorption of organic acids and polysaccharides secreted by microorganisms could
contribute to soil BD reduction [29,33]. In particular, of the SOC fractions, LOIC showed the
largest negative correlation with soil BD, indicating that increased recalcitrant-formed C
through the input of soil amendments resulted in a significant reduction in soil BD [29,46].
Therefore, our findings suggest that the enhanced SOC pool in the upland’s surface layer
mainly by adding OAs, and the incidental accumulation of plant residues generated during
this experiment improved the overall soil physical status. Several studies demonstrated
such benefits of adding OAs, e.g., stabilizing soil aggregation against slaking and dispersion
and promoting soil aeration and moisture retention, in agricultural soils, which would
contribute to crop yield increase in turn [47–49].

Soil chemical properties, including pH, EC, T-N, Av. P2O5, CEC, and Ex. Ca, K, and
Mg, were affected by adding soil amendments, but their changes varied significantly with
the soil amendment type (Table 3). Compared to the control, all treatments, including CF,
MC, RH, and their combinations, showed higher concentrations of these variables. The
most significant differences were observed in the soils treated with OAs. Of the minerals, T-
N and Av. P2O5 concentrations were higher in MC, MC + RH, or 2MC treatments than in CF
alone treatment (p < 0.05), indicating that increased SOM by adding OAs improved the soil
retention for these key nutrients essential for crop growth and production [50]. As a basis
to support this, significant correlations of T-N and Av. P2O5 with most SOC fractions, such
as LOIC, WBC, POXC, or MBC, were found throughout this study’s treatments (Figure 3).

Recently, intensive agricultural practices for crop production have been characterized
by high N fertilizer application and frequent tillage events, causing a significant amount of
soil-borne GHG emissions [51]. Moreover, it can be expected that the provision of C and N
sources subsequently circulated to the atmosphere through OA application promotes GHG
release from the agricultural soils. However, there remains no consensus on whether adding
OAs increases or decreases GHG emissions from soil [52] because it varies significantly
with climate conditions, soil properties, and the quality and quantity of organic addi-
tives applied [53,54]. In this study, CO2 and N2O showed considerably large effect sizes,
ω2 = 0.81 and 0.54, respectively (Table S1), indicating that GHG emissions had significant
sensitivity to different fertilization. In particular, the amounts of CO2 and N2O emissions
were significantly higher in the treatments of OAs and in combination with CF than in the
control treatment, regardless of the measurement dates (Table 4). Bhattacharyya et al. [55]
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reported the highest CO2 and N2O fluxes by the co-application of manure and NPK fer-
tilizers, and they explained that the balanced fertilization through inorganic and organic
amendment treatment promoted the formation of the labile source of C and N, leading
to higher soil heterotrophic GHG flux. Conversely, in this study, it was observed that the
amount of both gases emitted from the field soil of 2MC treatment outperformed the amount
generated in the combination treatments, including CF + MC or CF + MC + RH. This shows
that the larger amount of composted manure, which can be readily decomposed in the
short-term, applied to nutrient-limited agricultural land was vaporized more provocatively
by promoting soil microbial population and respiration. This could be elucidated by the
strongest linear regression between CO2 and MBC (Table S2), indicating that the elevated
CO2 emission was attributed to an increase in the microbial-related LSOC fraction by
fertilizer applications [16,56]. Meanwhile, nitrous oxide showed significant relationships
with LOIC and T-N (Table S2), indicating that enhanced SOM by adding soil amendments
promotes the status of mineral N, which could then affect denitrification in the soil. In
particular, adding MC with a lower C/N ratio (15.9:1) showed a larger effect on N2O
emission than that of RH (85.1:1): e.g., MC→ 2MC (160% increase) > MC→ MC + RH
(50% increase). This is consistent with a result of Dalal et al. [57], who demonstrated that
applying feedlot MC with a lower C/N ratio (11.6:1) increased N2O emission relative to
green waste compost (C/N ratio of 19:1).

Since crop productivity is highly dependent on the fertility and quality of agricultural
soil, systematic and well-managed farmland can ensure sustainable production and in-
creased yield of crops [31]. Our results showed that, similarly to the major parameters of
soil, the FW of cabbage was significantly sensitive to different amendment applications
(F = 4.93, p = 0.004, ω2 = 0.53), indicating that the crop yield could vary significantly with
the modified fertility and quality of soil by different fertilization in this study. Moreover,
significantly higher FWs were observed in treatments, including OAs, and in combination
with CF rather than in the control treatment (p < 0.05). In particular, with significant
correlations of plant FW with LOIC, BD, T-N, and Av. P2O5 along the first axis of PCA
(Figure 4B), we could assert how important the altered SOC status and key soil properties
through fertilization are in improving crop production. Moreover, the PCA component
score matrix (Figure 4A) well reflected that the close correlation between these variables
was highly associated with the application effect of soil amendments containing mainly
organic additives, suggesting the superior role of OAs in agricultural soil’s quality and
productivity regulation [58,59].

Chlorophyll and carotenoids, as chloroplast pigments, play a vital role in photosynthe-
sis and serving primary metabolites, so they are well-known as essential elements for crop
growth and production [60,61]. Currently, the quantity of both pigments in the green tissues
of vegetables is widely used as a key parameter to evaluate the quality and performance of
crops [62] as well as maturity and storability [63]. In particular, with significant correlations
with N content in plants [64–66], the analysis of chlorophyll content is widely conducted
to determine the nutrient status of crops [62], and this further helps prepare a better soil
management approach to enhance N use efficiency [67]. In this study, we found insignif-
icant differences in the photosynthetic pigments and N content in the leaves of cabbage
among the treatments (Figure 2) and significant correlations between both variables as well
(Figure 3). This phenomenon is far from the response of soil biogeochemical properties to
different fertilizer treatments, which may be due to various limitations during this experi-
ment, including cold damage in the early growth stages, emerging plant pathogens, heavy
rain, etc. Conversely, the N content in the plant was significantly correlated with POXC
and LOIC fractions, indicating that increased SOM through fertilization tended to improve
the N uptake of plants. Moreover, the highest values of chlorophyll and carotenoids were
observed in MC + RH treatment, probably suggesting that applying manure compost
together with rice husk would be an alternative to replace conventional farming methods,
including chemical fertilization with or without organic additives. This has been practiced
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in this field for the past decade in terms of improving the quality of crops and economical
farm management.

Soil organic C fractions have been widely used as an indicator of soil quality and
health [12,68]. However, because each SOC fraction is often influenced differently by
land management practices [18], it is difficult to select which fraction will be the best SQI
applicant. In this study, Table S2 shows tendencies in the overall association between the
status of SOC fractions and change in key parameters highly related to soil quality and
productivity after fertilization in short-term cultivation duration. Among the SOC fractions,
LOIC classified as a recalcitrant form appeared to have the highest linear relationship with
BD (R2 = 16.6%) and plant FW (R2 = 60.8%), suggesting that LOIC would be a good indicator
to predict the improvement of physical properties of both soil and plant. Conversely, soil
key minerals, such as N, P, and K, had the greatest linear relationships with some SOC
fractions: POXC with T-N (R2 = 60.8%) and LOIC with Av. P2O5 (R2 = 22.3%) and Ex. K
(R2 = 32.9%). With the highest linear relationship between POXC and plant N content was
observed (R2 = 19.3%), we could also infer that POXC would be the best predictor of N
uptake efficiency in agricultural soils. Furthermore, the highest linear relationship of POXC
with MBC (R2 = 25.9%) suggests that the active C will promote microbial abundance and
activity in cultivated soils. Overall, the SOC fraction with an intermediate dynamic, i.e.,
POXC, seems to be a crucial indicator to identify short-term fertilization effects than other
fractions, especially in terms of N mineralization. Therefore, the routine testing of selected
SOC fractions is expected to be a cost-effective method to fertilize the soil and improve
crop performance, at least in upland areas.

5. Conclusions

Our findings obtained from this short-term field experiment revealed that the status
of SOC and its fractions can significantly vary with the type of soil amendment, especially
OAs, including MC + RH and 2MC. Rather than CF alone, OAs represented a larger
effect size on major soil parameters (e.g., BD, MBC, T-N, Av. P2O5, etc.), highly associated
with improving soil quality and productivity. Moreover, strong correlations between SOC
fractions and these soil parameters suggest that enhanced SOC dynamics through OA
application could promote biogeochemical processes of the arable soil, closely linked with
soil fertility and subsequent crop performance. In particular, the strongest relationship of
LOIC with plant FW, BD, and soluble P and K suggests that this recalcitrant C form could
reflect an improvement in physical properties of either soil or plant and the bioavailability
of the two minerals. Meanwhile, with the strong relationship of POXC with T-N, N
content in plants, and MBC, we could infer that the moderate liable C fraction would
be a good indicator to identify the short-term fertilization effects, especially in terms
of N mineralization associated with soil microorganisms. Therefore, the routine testing
of selected SOC fractions will be a cost-effective method to manage agricultural land’s
quality and productivity effectively. Based on our findings, applying MC together with
RH would be an alternative to replace conventional farming practices in this upland for
improving overall soil quality and health as well as crop performance, both eco-effectively
and economically.
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based on omega squared (ω2) from ANOVA model; Table S2: Relationship of linear regression
between soil organic C fractions and variables of soil, plant, GHGs (R-sq: %; * p < 0.05, ** p < 0.01.
*** p < 0.001, ns p > 0.05). The largest R2 value in each row is indicated in bold.
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