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Abstract: The influence of long-term chemical fertilization in paddy soils is based on the interaction
between labile carbon and phosphorus fractions and the manner in which this influences soil organic
carbon (SOC). Four soil depths (0-30 cm) were analyzed in this study. Easily oxidized organic carbon
components, such as permanganate oxidized carbon (POXC) and dissolved organic carbon (DOC),
and other physicochemical soil factors were evaluated. The correlation and principal component
analyses were used to examine the relationship between soil depth and the parameter dataset. The
results showed that Fe-P concentrations were greater in the 0-5 cm soil layer. DOC, inorganic
phosphate fraction, and other soil physiochemical characteristics interacted more strongly with SOC
in the 0-5 cm soil layer, compared to interactions in the 10-15 cm layer, influencing soil acidity. An
increase in DOC in the 0-5 cm soil layer had a considerable effect on lowering SOC, consistent with P
being positively correlated with POXC, but negatively with SOC and water-soluble carbon (WSC).
The changes in SOC could be attributed to the relationship between DOC and inorganic phosphate
fractions (such as Fe-P) under specific soil pH conditions. An increase in soil DOC could be caused by
changes in the P fraction and pH. The DOC:Avai. P ratio could serve as a compromise for the C and
P dynamic indicators. The soil depth interval is a critical element that influences these interactions.
Agricultural policy and decision-making may be influenced by the P from chemical fertilization
practices, considering the yields and environmental effects.

Keywords: synthetic fertilizer; dissolved organic carbon; phosphorus fractions; acidity; soil depth

1. Introduction

Asia is the highest producer (89%) and the second-largest exporter of rice (approxi-
mately 57%) worldwide, with Thailand being the third-most prolific exporter. In 2022,the
average amount of nitrogen, phosphorous (P,05), and potassium (K,O) used in chemical
fertilizers was 66.3, 16.6, and 25.6 kg ha™1, respectively, for all crops, and more than 200
million tons of nutrients were used (of which 56% was nitrogen) [1]. This was reflected in
increases in both fertilizer use and agricultural productivity. Increased crop production is
critical to ensure food security, sustainable development, and environmental quality. In
Thailand, rice farmers tend to use more fertilizer during weather shocks [2]. This leads to
an increase in irrigated areas, a decrease in farmed land, and an increase in fertilizer use [1].
Anoxic conditions increase the amount of soil organic carbon (SOC) that accumulates in
paddy soils [3]; this soil sequestration of carbon is expected [4].
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Owing to the long-term addition of synthetic fertilizer, an increase in the soil pH was
observed in Thailand’s paddy soil at the national scale [5]. There were significant increases
in the SOC, total and accessible nitrogen, extractable phosphorus, and exchangeable K
in the soil analyzed from the 1960s to the 2010s [5]. In China, paddy rice production is
conducive to soil C sequestration [6]. Applying chemical fertilizer and manure to paddy
fields instead of rice straw is an effective way to increase SOC buildup, increase rice yield,
and increase crop N usage efficiency in China’s subtropical rice production [7]. In southern
Chinese paddy fields, the combined application of organic manure and chemical fertilizer
improves SOC content and stock as well as the soil carbon management index [8]. Mean-
while, others in Bangladesh and Indonesia investigated long-term changes in soil pH and
found significant decreases in soil pH [9,10]. The changes in the fertility of Thai paddy
soils could be attributed to the increase in chemical fertilization [11]. In particular, nitroge-
nous fertilizers are the most popular in Thailand, with rice being the most demanding
agricultural industry [1].

Chemical fertilization alters the biochemical properties of the soil owing to a reduction
in soil pH and respiration rates, leading to a loss in microbial diversity and changes in
the soil’s organic carbon structure [12,13]. The main cause of the increase in SOC is the
chronic addition of N, which reduces the soil pH and soil respiration rates [12]. Therefore,
soil properties and SOC variations can be explained in terms of the input of chemical
fertilizers: they impact C storage and the accessibility of plant nutrients. The loss of
microbial diversity with N addition is linked to the availability of soil nitrogen and soil
carbon [13]. The features of SOC as a component of the soil structure are altered by the use
of chemical fertilizers [14]. Long-term applications of composted manure combined with
chemical nitrogen, phosphorus, and potassium (NPK) fertilizers increased soil pH, whereas
single applications of chemical NPK fertilizers decreased it. Combined applications of
manure and chemical NPK fertilizers can increase SOC concentrations, improving the
physical environment and yield of rice grain [15]. However, chemical fertilization has had
varying effects on soil fertility, and logical soil/fertilizer management plans should be
developed for each nation and region [5], and even specific site.

The organic material present in the aqueous phase is known as dissolved organic
matter (DOM), which is a mobile pool of dissolved organic carbon (DOC) [16]. When the
proportion of SOC is low, DOM is a significant component of the soil organic matter [17].
Organic matter is depolymerized and enzyme-catalyzed in the soil to produce DOM [18].
This labile C fraction is easier to assimilate for the microbes as a source of energy, C, and
nutrients due to the presence of low-molecular-weight compounds [18,19]. N enrichment
increases the amount of soil C available for leaching; however, the application of synthetic
NPK fertilizer only marginally increases soil C availability for leaching. According to Sins-
abaugh et al. [20], following the addition of synthetic N to forests, the soil oxidative enzyme
activity decreases but the DOC concentrations increase. The application of inorganic phos-
phorus to soil encourages the degradation of humic material into lower-molecular-weight
compounds [21]. In addition, the enhanced desorption of DOC from the mineral phase of
the soil, owing to phosphate exchange to DOC, demonstrated a higher capacity for sorption
sites on mineral surfaces [22]. Permanganate oxidizable carbon (POXC) (i.e., easily oxidized
carbon (EOC)) is another labile carbon that regulates primary substrates and affects crop
nutrient availability [23], physicochemical properties, SOC decomposition, and carbon
cycling [24]. POXC is affected by the addition of synthetic fertilizer, especially phosphate
fertilization [21].

The availability of P is affected by the solid phase and residence time of soil, which,
in turn, determine the soil’s ability to adsorb substances [25]. The inorganic P fractions of
intensively acidic paddy soils increased as a result of long-term chemical NPK fertilizer
treatments [26]. NPK-coupled animal manure fertilization increased inorganic phosphorus
fractions in acidic paddy soils over 35 years [27]. Intermittent addition of labile carbon
increases soil pH and the soluble Fe and P concentrations during Fe reduction [28]. This
phenomenon could be attributed to the increased labile P in paddy soils. This study focuses
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on the relationship between DOC and inorganic P fractions, as well as the impact of P
availability in intensive paddy soils.

There has been notable vertical movement of contemporary carbon within the soil
profile [29]. Soil layers with deeper layers have a higher capacity to sequester SOC due to
increased turnover time and chemical recalcitrance [30]. During revegetation, soil carbon
accumulation is a sluggish process in both shallow and deep layers, and SOC was responsi-
ble for the majority of the increase in soil carbon [31]. Therefore, large amounts of organic
carbon are stored in deep soil, suggesting that managing terrestrial ecosystems effectively
requires a deeper understanding of the stores and cycles of deep soil carbon [32]. The
relationships between C, N, and P converge, indicating that various nutrient components
play different roles in soil C cycling depending on the depth [33]

Therefore, the relationships between the factors, which would relate to the dynamics
of the labile carbon fraction as DOC is related to changes in the inorganic P fractions and
soil physiochemical property, could be used to explain C cycling in paddy soils. This
study proposes that long-term chemical fertilization of paddy soils increases the amount of
labile carbon, such as DOC and POXC, and alters soil properties. Differences in responses,
explanations, and effects of labile C fraction dynamics result from differences in soil depth.
This study aimed to gain a better understanding of the relationships between C fractions,
particularly DOC, and changes in inorganic P fractions under long-term chemical fertilizer
use in paddy soil.

2. Materials and Methods

Site study: The research area is located in Bann Donjiang, Sob-Poeng Subdistrict,
Maetang, Chiang Mai Province, Northern Thailand. Traditional rice plantations are found
here. The study areas are located at 19°05'47"” N 98°50'54" E/19°09'64" N 98°84'83" E
(Figure 1). The soil was classified as fine, mixed, semiactive, and isohyperthermic typic
endoaqualfs. The parent material was alluvial, and the topography was almost level.
The climate was tropical savannah. The soil sampling site, which was 360—400 m above
the mean sea level, contained 11 farmer plots with the same topography. The types and
amounts of synthetic fertilizer used, the extent to which the paddy soil was plowed, and
how crop leftovers were handled are all discussed.

Interview: Questionnaires on land use and management under chemical and organic
agricultural management methods served as the study tools. Data on the following five
aspects were collected throughout the interview: information on the interviewee followed
by descriptions of land usage and plantation management, water management in farmland
areas, fertilizer use, and soil management. To obtain the necessary information, in-depth
interviews were conducted with farmers in all target areas.

Observation by participants: We established connections with farmers who constituted
the target population. This comprised members of the community with whom informal
discussions and inquiries on a variety of subjects were conducted in accordance with the
research aims. Observations were documented photographically and through other data
collection methods to enhance the veracity of the information gleaned from the survey.
To gather information by interviewing villagers and identifying farmers who practiced
conventional practices, we surveyed the study site and conducted a community meeting
with farmers. This revealed that rice farming utilizes a variety of soil management tech-
niques. We interviewed 11 selected owners of the paddy plots, who provided information
on the following: fertilization, types and amounts of fertilizer, and other soil management
practices.

Soil management: In order to determine the intensity of fertilization, information
from interviews and observations linked to soil management in the cropping system for
each crop was taken into account. Following the application of chemical fertilizer at an
N:P,05:K,0 ratio of 4:1:1 (i.e., 190-380 N, 47-94 P,Os, and 47-94 K,0 kg ha—! y~1), cow
manure at a rate of 600-3000 kg ha~! y~! was used. This chemical fertilizer regimen in
rice plantations in northern Thailand was demonstrated by [17]. Synthetic fertilization was
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applied as urea (46-0-0) and 15-15-15. Farmers who grew their own livestock provided
cow dung. Seeds were scattered across the entire plot to prepare the soil for planting. For
crop residue management and the fallow period, farmers burned stubble more frequently
and intensively after rice harvesting, leaving crop remnants in the fields until they were
plowed before the start of the new crop season. Before planting, tillage was regularly and
frequently performed using small machinery around twice a week. The age of land use
started in 1974, making it 40 years old (at the sampling date).
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Figure 1. Conventional rice plantations used in this study.

Soil sampling: A survey of the farming sites was conducted between November 2013
and May 2014 to identify 11 traditional farmers working in conventional paddy soil.
Individuals collected soil samples from four different soil depths (i.e., 0-5, 5-10, 10-15, and
20-30 cm), totaling 11 farmer plots for the data. Three soil sample replications were taken
from each farmer plot, totaling 132 data points (11 farmers x 4 depths x 3 replications),
and each replication was accompanied by three pseudo-replicate samples from individual
farmer plots that were randomly combined into a composite sample. The mean of each
depth forming a number of data points is n = 33. The P fraction data were from identical
samples but from two different soil depths (i.e., 0-5 and 10-15 cm), totaling 66 data points.

Analysis of physiochemical characteristics and carbon fractions (water-soluble carbon): In-
dividual soil samples were mixed with deionized water by shaking for 30 min; the soil
suspension was filtered through a membrane filter and placed in an Erlenmeyer flask
for carbon analysis through Cr,O; oxidation. Deionized water was added to the tube
containing soil samples from the WSC studies for determining the hot WSC (HWSC). The
tube was incubated in a hot water bath at 80°C for 16 h. The soil suspension was filtered
through a filter membrane (0.45 m), and the tube was centrifuged for at 5000 rpm (1677 g)
20 min [34]. The DOC is = WSC + HWSC.

POXC preparation: A total of 3 g of air-dried soil was passed through a sieve (0.5 mm)
and mixed with 20 mL of 0.02 M KMnOy [35]. The total organic content of the soil was
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analyzed using K,Cr,O7 combined with heat [36]. P was assessed using the method of Bray
II [37]. The cation exchange capacity (CEC) was evaluated using 1 N NH4;AOC [38], and
was then determined using the micro-Kjeldahl method. The soil particles measuring 2 mm
in size were analyzed by suspending them in Calgon solution and were then assessed using
a Bouyoucos hydrometer [39]. Soil pH was determined by measuring the suspension of
soil and water in a 1:1 ratio using a digital pH meter.

Soil P-fractions were determined sequentially. First, the reductant soluble-P (Re.So.P)
was determined. The soil sample was weighed into a 50 mL centrifuge tube, mixed with 1
M NH4CI, and shaken for 30 min. The sample was centrifuged, and the P-solutions fraction
was obtained. The Al-P fraction was extracted using 0.5 M NH4F (pH 8.2); the samples
were mixed with shaking for 1 h, centrifuged, and washed with saturated NaCl. Fe-P was
extracted using 0.1 M NaOH, with shaking for 17 h, centrifuged, and washed. The Re.So.P
was extracted using 0.30 M Na3zCgHs0O; combined with 1 M NaHCOj3 and 1.0 g NayS;0y4.
It was heated, stirred, heated, centrifuged, and washed, and the last step was the extraction
of Ca-P using 0.25 M H,SO,4 with shaking for 1 h, followed by centrifugation and washing
upon complete extraction. The pH of all supernatants was adjusted using 2 M HCl (or 2M
NaOH) until the color changed from yellow to colorless [40]. In the final step, the P content
was analyzed using the molybdenum blue method; ascorbic acid was used as a reducing
agent [37]. All solutions were analyzed using a spectrophotometer.

Data analysis: A one-way analysis of variance (ANOVA) test and a comparison of the
mean with the least significant difference (LSD) (P 0.05) were used to analyze soil data
in order to ascertain the impact of soil depth on different soil attributes. The relationship
between soil characteristics and SOC concentration was determined using SPSS version
28.24 and Pearson correlations. Principle component analysis (PCA) was conducted using
R Version 4.2.1 (http/ /www.R-project.org; accessed on 12-30 January 2023) to evaluate the
relationship between physiological soil properties, inorganic phosphorus fractions, labile
carbon fractions, and soil carbon content. The components were explained and compared
by the percentage of variability between the soil depths. The correlation coefficient heat
maps were created using Phytron version 3.8.

3. Results
3.1. The Effects of Chemical Fertilization on the Labile Carbon Fractions and SOC of Long-Term
Paddy Soil at Various Soil Depths

The amounts of WSC, HWSC, and DOC were 15.45-67.91 mg kg !, 79.70-97.88 mg kg !,
and 95.15-155.21 mg kg ! (p < 0.05), respectively (Figure 2a). The WSC at 15-30 cm was the
highest, whereas it did not significantly change (p > 0.05) in the three distinct soil depths
(0-5, 5-10, and 15-20 cm). HWSC was higher in the subsurface soils and was lower at the
soil depth of 0-5 cm. DOC concentrations were higher in the subsurface soils. The amount
of POXC was between 1607.5 and 1790 mg kg~! and followed a pattern of distribution
similar to that of WSC and DOC, peaking at the soil depth of 15-30 cm (Figure 2b). The
SOC ranged between 18.8 and 32.2 g kg ™!, with the significantly lowest SOC (p < 0.05)
of 18.8 g kg ! at the soil depth of 0-5 cm. The SOC increased with increasing soil depth
(Figure 2c).

3.2. Phosphorus Fractions as an Indicator of P Adsorption in Long-Term Paddy Soil at Various
Soil Depths

Solution-P and Fe-P were significantly higher in the 0-5 cm soil layer compared to
that in the 10-15 cm soil layer (p < 0.05). The Al-P, Re-So-P, and Ca-P content did not differ
between the two soil depths (Figure 3). Therefore, the increase in the Fe-P and P-solutions
in paddy soil was achieved by adding cattle manure and long-term NPK.
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Figure 2. The WSC, HWSC, and DOC (a), POXC (b), and SOC (c) at different soil depths. Note:
differences in soil depth across the latter means are significant (p < 0.05). The lines above the bars
represent the standard error. SOC = soil organic carbon; POXC = permanganate oxidizable carbon;
HWSC = hot water-soluble carbon; DOC = dissolved organic carbon.

3.3. The Long-Term Use of Synthetic Fertilization Changes the Physiochemical Properties of
Paddy Soil

The CEC ranged from 10.68 to 13.11 cmol kg~ !; however, there was no statistically
significant difference (p > 0.05) (Figure 4a). P availability increased as soil depth decreased
(p < 0.05), peaking at the 0-5 cm soil depth (Figure 4a). At all soil depths, the acidity varied
from 3.94 to 4.15 (p < 0.05), with the lowest soil pH was observed at the soil depth of 0-5 cm
(Figure 4b). The clay percentage in the underlying soil ranged from 13.18-20.93% despite
being greater than that in the statistically different surfaces (p < 0.05) (Figure 4c). Figure 4d
shows the DOC: Avai. P ratio (3.93-19.57), which was significantly correlated with soil
depth (p < 0.05) and matched the concentrations of DOC and P.
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Figure 3. The fractionation of inorganic phosphorus in conventional paddy soil at specific soil depths
between 0—5 and 10—15 cm. Note: There were substantial differences between the selected soil
depths (0—5 and 10—15 cm) between the small case and bar (p < 0.05). The lines above the bars
represent the standard error. P— solution was extracted using 0.1 M NH4Cl; Al-P was extracted
using 0.5 M NH4F; and Fe—P was extracted using 0.1 M NaOH. Red —So—P = Reductant soluble P,
which was extracted using a mixture of NazC3HgOy, NaHCO3, and NayS,04. Ca—P was extracted
using 0.25 M H,SO;,.

3.4. The Interrelation between Soil Organic Carbon, Inorganic Phosphorus Fractions, and Soil
Physiochemical Properties

Two soil-depth datasets (such as 0-5 and 10-15 cm) were merged (Figure 5). The
correlation coefficients among soil SOC, inorganic P fractions, and soil properties were
verified. Fe-Pi and Al-Pi fractions and Avai. P had a strong positive correlation, but the
Fe-Pi, Al-Pi, and Ca-Pi relationships were favorable. The relationship between DOC and
POXC was very good, and there was a strong relationship between DOC and Fe-Pi. All
three variables (DOC, Fe-Pi, and pH) showed positional correlations. The correlation of
SOC with POXC, clay content, CEC, and clay + silt content were all highly significantly
positive. An inverse relationship was observed between the clay content, P solution, and
POXC (Figure 5).
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Figure 4. Cont.
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Figure 4. Physiochemical properties of paddy soil at various soil depths; CEC and Avai. P (a), soil pH
(b), clay and silt (c), and DOC/ Avai. P ratio (d). Note: There were substantial differences between
the selected soil depths (0-5 and 10-15 cm), as shown by the differences in the latter (p < 0.05). The
lines above the bars represent the standard error. CEC = cation exchange capacity (1 N NH4OAC
pH =7), where P is available phosphorus assessed using the Bray II method; pH = soil pH (1:1 H,O);
clay and silt are percentages of clay and silt content; and DOC/P is the ratio of DOC to P.
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Figure 5. The correlation coefficient between the physiological soil properties and inorganic phos-
phorus fractions and the labile carbon fractions and soil carbon content determined using principal
component analysis. Note: ¥ p < 0.05, ** p < 0.01, and *** p < 0.001. Solution-P was extracted us-
ing 0.1 M NH4Cl; Al-P was extracted using 0.5 M NH4F; and Fe-P was extracted using 0.1 M NaOH.
Re.So.P = Reductant soluble P, which was extracted using a mixture of NagC3HgO7, NaHCOj3, and
Nay5;04; and Ca—P was extracted using 0.25 M HySO4. SOC, soil organic carbon; WSC, water-soluble
carbon; HWSC, hot water-soluble carbon; DOC, dissolved organic carbon; POXC, permanganate
oxidizable carbon; Avai. P, available phosphorus; pH, soil pH; CEC, cation exchange capacity; clay
and silt, percentages of clay and silt.
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3.5. The Interactions Segregated by Soil Depth and Analyzed Using PCA

PCA was used to determine the relationships between labile carbon fractions, inorganic
phosphorus fractions, and soil properties in conventional paddy soils. The 0-5 cm soil
layer had a 60.5% variability explanation (Figure 6a), with the former explaining the
relationships between clay;, silt, CEC, POXC, and Re.So.P, which was positively correlated
with SOC, and the latter explaining the relationships between Avai. P and P components
(such as Fe-P, Al-P, Ca-P, and solution-P) and DOC, which was negatively correlated with
SOC; in particular, pH was positively correlated with DOC but negatively correlated with
SOC (Figure 6a). However, at a soil depth of 10-15 cm, 48.9% of the two groups could
be explained (Figure 6b). DOC, Fe-Pi, Al-Pi, P-solution, and available P had a negative
relationship with SOC, Re.So.P, clay, and silt, while CEC had a favorable relationship with
SOC. The results revealed that pH was positively correlated with Ca-Pi in both 0-5 cm
and 10-15 cm layers, while SOC was positively correlated with pH in the 10-15 cm layer
(Figure 6b). The soil depths within the topsoil layer need to be separated because of
variations in soil characteristics, especially in terms of pH (Figure 6a,b). Consistent with
the PCA and Pearson correlation analyses, Avai. P had positive relationships with POXC
but negative relationships with SOC and WSC. These findings suggest that changes in SOC
are related to the interaction between DOC and inorganic phosphate fractions (for example,
Avai. P) in paddy (Figures 7 and 8). Moreover, the findings indicated that changes in SOC
could result from the relationship between DOC and inorganic phosphate fractions (such
as Fe-P) in paddies, and that an increase in DOC in soil could be the result of changes in
the P fraction and soil pH. The soil depth interval is the fundamental factor affecting the
parameters that would be affected by these interactions.
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Figure 6. The principal correlation analysis of soil properties and inorganic phosphorus fractions
at differing soil depths: 0-5 cm (a) and 10-15 cm (b). Note: Solution-P was extracted using 0.1 M
NH4Cl; Al-P was extracted using 0.5 M NH4F; and Fe-P was extracted using 0.1 M NaOH. Re.So.P =
Reductant soluble P, which was extracted using a mixture of NagC3HgO7, NaHCO3, and Na;S,0y;
and Ca-P was extracted using 0.25 M H»SO4. SOC, soil organic carbon; WSC, water-soluble carbon;
HWSC, hot water-soluble carbon; DOC, dissolved organic carbon; POXC, permanganate oxidizable
carbon; Avai. P, available phosphorus; pH, soil pH; CEC, cation exchange capacity; clay and silt,
percentages of clay and silt.
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Figure 7. The correlation coefficient between soil properties, SOC, and the labile organic carbon
fraction at various soil depths. Note: ¥ p < 0.05, ** p < 0.01, and *¥** p < 0.001. SOC, soil organic
carbon; WSC, water-soluble carbon; HWSC, hot water-soluble carbon; DOC, dissolved organic carbon;
POXC, permanganate oxidizable carbon; P, available phosphorus; pH, soil pH; CEC, cation exchange
capacity; clay and silt, percentages of clay and silt.
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Figure 8. The effect of long-term synthetic fertilization on the changes in SOC and C dynamics in
the paddy soil. Note: The numbers in the boxes indicate the relationships between the correlation
coefficients of the indicators. Solution-P was extracted using 0.1 M NH4Cl; Al-P was extracted using
0.5 M NH4F; and Fe-P was extracted using 0.1 M NaOH. Re.So.P = Reductant soluble P, which was
extracted using a mixture of NazC3HgO7, NaHCOj3, and NayS,04; and Ca-P was extracted using
0.25 M H,S04. SOC, soil organic carbon; WSC, water-soluble carbon; HWSC, hot water-soluble
carbon; DOC, dissolved organic carbon; POXC, permanganate oxidizable carbon; Avai. P, available
phosphorus; pH, soil pH; CEC, cation exchange capacity; clay and silt, percentages of clay and silt.
The numbers in the green boxes varied between the datasets 0-5 and 10-15 cm, while the numbers
in the orange boxes came from a 0-30 cm soil depth dataset. Note: ¥ p < 0.05, ** p < 0.01, and
**k ) < 0.001.

4. Discussion
4.1. Intensive Synthetic Chemical Fertilization Increases Soil Acidity in Paddy Soil

This study showed that the soil acidity at all soil depths between 0-30 cm, especially
in the 0-5 cm layer, was significantly lower than that at greater soil depths. The residual
effects of long-term chemical fertilization observed in this study indicate that increased
soil acidity is a result of N fertilization (in the form of urea) for over 40 years. Comparing
synthetic soil data at the national scale for paddy soils in Thailand with that of tropical
soils and highly weathered acidic soils with a low buffering capacity [41] showed that
the acidification of Thai paddy soil increased as a result of the application of nitrogen
fertilizer [5]. In addition, the accelerated decrease in soil pH could have resulted from
massive anthropogenic influences; intensive agricultural practices with N addition strongly
accelerate soil acidification [41,42]. A comparison with the control soil and that mixed with
inorganic and pig manure fertilizers [43] showed that inorganic fertilizers considerably
decreased soil pH. Soil pH decreased under long-term fertilization (i.e., inorganic nitrogen,
phosphorus, and potassium fertilization) and NPKM (combined inorganic NPK fertilizer
and manure application) compared to soils that were not treated with fertilizer [44]. The
addition of chemical N fertilizer accelerated the pH decline in the soil, particularly at the
surface (0-5 cm) [45]. Long-term N fertilization increased soil acidity at the depths of
0-7.5 cm and 0-30 cm, consistent with previous findings [45]. Ramirez et al. [12]. analyzed
three soil types and showed that none were consistent with the pH of the deceased soil.
However, the decrease in respiration rates, rather than the decrease in soil pH, is caused by
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the addition of N [12]. There was a decrease in microbial turnover rates; microbial growth
and breakdown rates contribute to SOC accumulation in acidic soils [46]. A significant
reduction in Ca?* and Mg?* could be associated with a decrease in soil pH, and this could
have an indirect effect on other soil parameters [45]. Using nitrogen fertilizer to boost crop
output removes basic cations from the soil [45]. Bacterial communities are predominantly
affected by soil pH; however, soil organic carbon did not significantly influence bacterial
communities. Soil pH was significantly and positively correlated with bacterial organi-
zational unit abundance and soil bacterial diversity; these were not correlated with soil
nutrients [47]. pH is the primary factor regulating DOC generation, accounting for 60% of
total DOC release, irrespective of reductive dissolution [48,49]. Prolonged N addition with
low pH contributes to reduced microbial activity [47]. It increases soil acidity, suppresses
bacterial activity [50], and, consequently, may enhance P adsorption [51] and DOC accumu-
lation. However, correlation and PCA analyses in our study showed a strong relationship
between pH and the amount of DOC. This indicates that an increase in pH resulted in a
greater concentration of DOC, particularly in the surface soil. In addition, it influences the
transformation of the added P into Fe-P.

4.2. The Long-Term Application of a Combination of Synthetic Fertilizer and Cattle Manure
Increased DOC in Paddy Soil

4.2.1. Phosphorus

Avai. P had a negative correlation with SOC and WSC according to the Pearson correla-
tion and PCA analysis. However, Avai. P had a positive correlation with POXC. Changes in
SOC were associated with the interaction between DOC and inorganic phosphate fractions
(such as Avai. P) in this study.

Due to the Green Revolution, Thailand’s paddy soil has typically been more fertile
during the past 50 years. The most notable shift over this time has been a more than
10-fold increase in the accessible P content [5]. High Avai. P addition reduces SOC se-
questration [22], which is consistent with the results of the present study. Phosphorus
fertilization of the labile carbon fractions alters the complications of SOC; P input enhances
the structural simplicity of DOM), makes it more biodegradable, and increases the number
of bacteria and fungi that can sequester carbon in rice fields [21]. The results from this study
are in accordance with the results of studies by Shen et al. [52]; the availability of P from syn-
thetic fertilizer can be crucial to altering the pattern of physical and chemical stabilization
of SOC, highlighting the roles of P management in the C cycle. Phosphate addition to soils
can cause SOC instability and limit sorption sites [22]. By desorbing organic carbon, the
rising phosphate content of synthetic fertilizers may increase the DOC concentration in the
soil solution [53,54]. Following P fertilization, an increase in DOC promotes soil microbial
activity [55,56]. Therefore, the DOC has more opportunities to be respired. The present
study demonstrated that Avai. P showed a significant positive relation with DOC. Using
PCA, we showed that within the same group, DOC, Fe-P, and P solutions had positive
relationships. In addition, the DOM concentrations in cattle dung are extremely high [57]. P
addjition increased soil DOC concentration owing to its ability to compete for sorption sites
on mineral surfaces [55]. Phosphate fertilization can increase the DOC concentration in the
soil solution [53,54], stimulating the activity of soil microorganisms [55,56]. CEC showed a
positive correlation with inorganic P fractions, suggesting fewer sites bound with P or P
adsorption in the 0-5 cm soil layer, and consequences such as the increase in solution-P
and Fe-P should be considered for crop nutrition. The loss/removal of SOC decreased the
adsorption capacity for P in topsoils [58], but phosphate addition increased microbial activ-
ity and stimulated soil respiration [59]. Consistent with our previous discussion regarding
high Avai. P (by Bray-2), annual fertilizer additions of P were consistently higher than crop
P removal. With long-term production, soil total P and Avai. P (by Bray-P1) increased, but
P sorption capacity declined [60].

The phosphate adsorbed to mineral surfaces could subsequently contribute to the
sorbed organic carbon substance; the dissolved organic carbon would be released, as
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indicated by the low SOC in the 0-5 cm layer and the subsequent high P-solution fraction
and Avai. P. Consistently, it was demonstrated that this layer’s DOC:Avai. P ratio was
lower than that of a deeper soil layer. The DOC:Avai. P ratios of the soil were the key factors
impacting the growth of the total bacterial and pho D-harboring bacterial communities
(i.e., bacteria regulate P cycling and are sensitive to fertilizer inputs [61]. Moreover, we
suggested the DOC:Avai. P ratio could be associated with the P adsorption capacity and
could serve as a compromise for the C and P dynamic indicators. The DOC/Avai. P ratio
reflects the desorption and adsorption of DOC and Avai. P and, consequently, the deceased
SOC. Labile P and Avai. P in paddy soil are the primary drivers of soil P transformation [44].

According to Zhang et al. [62], DOC is the main factor regulating fungal communities,
whereas POXC is the main factor regulating bacterial communities. The increase in POXC
could be attributed to the addition of synthetic fertilizer, especially phosphate fertilization,
which might accelerate the formation of labile C and contribute to higher inputs of microbial
residue-derived DOC. Therefore, the decreasing trend in SOC was associated with a high
amount of Avai. P; this could be attributed to the alteration in the levels of structurally
labile organic carbon such as DOC.

4.2.2. Nitrogen

Another explanation for the amount of DOC was the long-term use of synthetic fertil-
izers in the paddy soil. Increasing N addition (deposition) boosts soil DOC concentrations
or storage; however, in some studies, the DOC concentrations or storage declined or barely
changed [19]. Nitrogen pollution deposition in the atmosphere and soil acidification re-
covery is associated with the potential causes of increased DOC in upland waterways [63].
However, synthetic NPK fertilization only slightly increases the amount of DOC in the
soil [18]. According to Sinsabaugh et al. [20] and Tain et al. [18], adding N to forests de-
creases the soil’s oxidative enzyme activity, while increasing the dissolved organic carbon
concentration. According to Yue et al. [64], the type of N has an impact on the concentration
of DOC; NOs increases it, while NH4 addition decreases it. DOC is accumulated deeper
(15-30 c¢m) than in the surface soil. Mobile exudates of roots [65], microorganisms [66], and
their decay products are examples of the first type. Organic compounds leach from the top
soil strata into deeper soil [67,68]. Our results showed an increased DOC accumulation in
the deeper layers of soil.

4.3. The Use of Chemical Fertilizer with Cattle Manure Alters the Composition of DOC

Synthetic N, P, and K decrease the levels of amino acids and reduced sugars and
increase the soluble phenol content. WSC comprises these organic materials; they are
lower in the upper soil layer because they are employed by soil microbes as substrates.
These easily decomposable components are used as a measure for SOC mineralization [18].
The stability of SOC in cropland soils under long-term fertilization showed that NPK+
manure significantly improved SOC storage and increased the total SOC in the paddy
soil. The highest proportion of labile pool was associated with unfertilized paddy soil,
while the highest recalcitrance index was highest under NPK + manure [69]. The combined
application of organic manure and inorganic fertilizer increases soil fertility by enhancing
labile carbon fractions and enzymatic activity [70], and the accumulation of microbial
residues in soil increases [71]. Meanwhile, the organic paddy soils (i.e., those that received
only organic fertilization for 10 years) were less labile and had higher average DOC and
SOC than the fields investigated in this study. Additional organic fertilizers increased the
adsorption capacity of the soil mineral surfaces, resulting in the Fe-P fraction responding
to the increased adsorption capacity and showing, along with the DOC and P, that they
were lower in organic paddy soil [72].

However, owing to the addition of N, the WSC and DOC fractions in the deeper soil
layers may include condensed aromatic dissolved carbon. During a 22-year investigation
of the wheat-maize cropping system in China, researchers discovered that clay, pH, and the
soil C:N ratio contributed to the transformation of SOC into a more complex structure [73].



Agronomy 2023, 13, 1588

14 of 19

A survey of rice fields revealed that fungal residues have a more notable impact on the
physical components of SOC than chemical fertilizers. In addition, the bacterial diversity
and the makeup of the fungal community mediated the chemical composition of the SOC.
These results imply that the microbial community, biomass, and soil characteristics are
crucial for the buildup of mineral-associated organic carbon (MAOC) [74]. The addition
of synthetic nitrogen alters the molecular size and aromaticity of the DOM [14]. Synthetic
fertilizers alter the molecular structure of DOC. Nuclear magnetic resonance analysis was
utilized by [18] to demonstrate that the addition of nitrogen increased the amount of carbo-
hydrates and aromatics in DOM while decreasing the amount of aliphatic compounds [18];
the alteration of DOC composition increased the molecular weight of DOC [14], the content
of aromatic compounds in DOC molecules, and the accumulation of DOM.

4.4. Long-Term Chemical Fertilizer Applications Affect the Transformation of Inorganic Phosphorus
and Are Related to DOC Desorption in Paddy Soil

The levels of P-solution and Fe-P were higher in the top 5 cm of the soil, leading to
higher availability of phosphorus and DOC (Figure 4). The soil pH, CEC, Avai. P, and
labile organic C fractions (such as DOC and POXC) were significantly related to the Fe-P
level; this could explain the 60.5% of the total variance observed in the 0-5 cm soil layer.
The 0-5 cm soil layer responded to pH and inorganic phosphorus more strongly than
the 10-15 cm layer. Therefore, an acidic soil pH is a crucial indicator for controlling P
transformation.

Long-term fertilization increased Fe-P and Al-P in NPK and NPKM (NPK and manure),
leading to a decrease in occlusion-P and a change in P solid-phase partitioning. Manure
application may have caused a change in P solid-phase partitioning [27]. N fertilization
increased Fe-P in paddy soils, and the acidity of the soil was influenced by the chemical
fertilizer residue. In contrast, AIPO4 was found in the presence of additional N without P
fertilization [75]. Organic amendments can increase P sorption in the Fe-P fraction, with a
higher Fe-P formation when chemical fertilizers and animal dung are combined [76]. The
yearly average rate of increase in Fe-P was 10.4 mg kg ! y~! during the initial period of
long-term (18 years) application of mixed chemical fertilizer (NPK) and animal manure.
It decreased to 4.1 mg kg ! in the second period of the subsequent 10 years [27]. Elrys
et al. [77] reported that P adsorption capacity was higher in soils treated with NPK and
animal manure, but lower in soils without fertilization. High inorganic P addition can
enhance the Fe-P (NaOH-Pi) and NaOH-Po fractions in organic fertilization [78]. CEC
and clay content have positive relationships with Fe-P and Al-P (Figures 5-7), whereas
the adsorbed phosphate is linked to Fe(Ill) (hydr)oxide coatings [79]. Moreover, our study
showed that in the 0-5 cm soil layer, SOC negatively affects phosphate adsorption under
acidic soil pH conditions [80]. The decrease in SOC leads to a larger reduction in binding
sites than amorphous metal oxides; this could be explained by the increased sorption
of P as soil pH decreases [27]. PCA analysis indicated that the availability of P and the
pH influence P transformation; in our study, we found significant positive relationships
between the availability of P and the pH and the Fe-P fraction. Therefore, the residual P in
the soil following crop harvest could be explained by the increased accumulation of P in
the less accessible areas of the soil following the addition of phosphate fertilizer. Eventually,
this phosphorus migrates to more labile components and becomes available to crops [81].

We suggested that this soil was rich in Fe-P and possibly in Al-P after four decades of
heavy fertilization, which may have lowered its P sorption capability. Based on this finding,
fertilizer usage recommendations for the sustainability of agricultural intensification and
C-dynamic impacts in tropical paddy soil should be developed. Chemical P fertilization
should be considered for tropical soils with limited P adsorption capacity.

5. The Influence of Anaerobic Conditions on DOC and Changes in SOC

Anaerobic soil bacteria use Fe oxides as electron acceptors under anoxic conditions [82,83]
to alter the mineral surfaces of paddy soils. The reductive dissolution of Fe oxide can mobi-
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lize colloidal C and nanoparticulate OM into the liquid phase [84,85]. Anaerobic microbes
control the release of OM from MAOC [64]; decreasing proton concentrations have a
greater impact [86]. DOC is derived under saturated conditions [87] because soil microbes
transfer electrons to extracellular electron acceptors [88]. This indicates that in the sub-
merged/saturated soil, DOC is released with Fe (II), causing mineralization of C3-derived
C and leading to a decline in the previously protected C [87].

The coupling of DOC with Fe fluxes suggests that increased DOC export could be
caused by increased Fe reduction activities, possibly due to the increased wetness of
the riparian wetlands or a shift from sulfate to Fe reduction [89]. The persistence of Fe
oxides under anoxic conditions suggests that DOC co-precipitated with Fe oxide and was
released into the solution via the oxide’s reductive breakdown [90]. Anaerobic microbes
are responsible for the Fe mobilization of SOC [82].

The relationship between the DOC and Pi fractions and P availability in intensive
paddy soils was the main focus of this study. The enhanced P availability in the paddy
soil was caused not only by direct P supply from organic manure absorption, but also
by a reduction in P sorption in the solid phase of the paddy soil by DOC (such as that
formed from organic fertilizer) [91]. DOC may stimulate redox reactions [92]. During Fe
reduction, intermittent labile carbon inputs to the soil increase soil pH and soluble Fe and P
concentrations [28]. Although DOC was released during the reduction of Fe (III), this may
have aided in the desorption of P into the P solution (at the 0-5 cm layer), which would
have improved the availability of P as an energy source and electron donor [93].

In addition, the inorganic P fractions involved in the Fe mobilization of OC depend on
anaerobic microbes [82]. Positive correlations between DOC and the inorganic P fraction
were observed, suggesting that some of the P liberated during Fe-P reduction was re-
adsorbed to freshly precipitated Fe(OH), [28]. Some SOC could be lost owing to this
process, particularly at the surface (0—5 cm). DOC flocculation with oxidizing Fe can lead
to a decrease in pH and Fe concentrations during the transition from anoxic wetland pore
water to toxic stream water [89]. The DOC released in the saturated or wet soil as a result
of Fe reduction is bioavailable to soil microbes and is respired as CO; and CHj. This would
result in a noticeable fall in SOC [87].

Increased DOC and inorganic P fractions resulted from the application of synthetic
fertilizers in paddy soils. Both were positively correlated with soil acidity and were
consistent with P availability, particularly at the soil surface. These are important for
organic matter degradation and plant nutrient cycling in paddy soils. Their interactions are
crucial for understanding C dynamics in paddy soils. These interactions provide valuable
insights into C, P, and Fe cycling under periodically fluctuating anoxic conditions. These
findings would improve our understanding of fertilization techniques and potentially
influence policy-making and decision-making processes, taking into consideration the
impacts on crop yields and the environment. However, this study lacks information on the
characteristics of P adsorption, organic P fraction, and the correlation between DOC and
Avai. P with regard to the mobilization of C during microbial reactions at an appropriate
soil depth. Therefore, further investigation is warranted. Moreover, this study examined
the effects of prolonged chemical fertilization (i.e., 40 years old), evaluated those effects,
and made comparisons within soil depth results. The farmers in Ban Donjiang still practice
it today, despite it having been passed down for ten years since the soil sampling date. For
the purposes of comparing legacy soil properties to present data and tracking the evolution
of soil properties, it would be more wide-ranging and meaningful to take interval soil
depth into account.

6. Conclusions

Synthetic NPK and cattle manure are added to the paddy soil to increase Fe-P, DOC,
and other soil properties. The concentrations of DOC and POXC increased with increasing
soil depth, whereas the Fe-P concentrations were higher in the 0-5 cm soil layer. P from syn-
thetic fertilization may decrease SOC content by changing DOC and POXC in conventional
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paddy soils, particularly in surface soils. Moreover, the changes in SOC could be attributed
to the relationship between DOC and inorganic phosphate fractions (as Fe-P) in paddy. An
increase in DOC in the soil would be the result of changes in the P fraction and soil pH.
The DOC:Avai. P ratio could serve as a compromise for the C and P dynamic indicators.
The soil depth interval is the fundamental factor affecting the interactions. Fertilizer usage
recommendations should be developed for sustainable agricultural intensification and
C-dynamic impacts.
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