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Abstract: Maize cultivation in Thailand faces challenges owing to climate change and soil organic carbon (SOC) 

loss. This highlights the importance of comparing maize soil with paddy soil in terms of the role of dissolved 

organic carbon (DOC) and nutrient availability, as they influence SOC content. Soil samples from Chiang Mai 

province, primarily Fluvisol, were collected for the cultivation of paddy rice and maize, analysed for carbon 

fractions and chemical properties, and categorised into layers. Comparative analysis revealed that maize soils 

had lower levels of labile carbon components and organic carbon than paddy soils (P <0.05). An examination 

of the characteristics of paddy and maize soils revealed that the paddy soil had greater levels of pH, Cation 

Exchangeable Capacity (CEC), calcium (Ca2+), magnesium (Mg2+), and ammonium (NH4+) than the maize soil. 

There was no discernible change in nitrate (NO3)levels between paddy and maize soils, despite maize soil 

having higher potassium (K+) and sodium (Na+) levels than paddy soil. In both the paddy and maize soils, 

exchangeable Na+ negatively correlated with SOC, whereas in the maize soil, Mg2+ also negatively correlated 

with SOC retention. Ca2+ and SOC in the maize soil were not substantially correlated. In maize soil, a 

noteworthy inverse relationship was observed between DOC:SOC, P (Bary II):NH4+, and SOC. Residue-derived 

SOC may be the cause of the decreased SOC in highland soils. While a lower ratio of DOC:NH4+, DOC:NO3-, 

and DOC:P in maize soil could limit SOC retention, Ca2+ influenced SOC retention in paddy soils. 

Keywords: maize; SOC; available nutrients; DOC 

 

1. Introduction  

Agricultural soils with low soil organic carbon (SOC) concentrations [1] are exacerbated by crop 

residue clearance, seedbed preparation, and excessive watering [2]. Degraded agricultural soils, 

particularly arable soils, have been linked to centuries of intensive agricultural use [3]. In northern 

Thailand, continuous maize cultivation has increased along paved roads due to infrastructure 

improvements [4]. Climate change has impacted (e.g., drought) maize production in northern 

Thailand, and mitigation strategies include additional irrigation and crop diversification [5]. The 

prediction of crop yields and production risks in northern Thailand from 2020 to 2029 shows that 

maize is at high risk and rice is at low risk [5]. The maize cultivation area is predicted to increase from 

17.5% to 23.1% by 2030 [6,7]. Maize cultivation in Northern Thailand causes a decline in soil fertility 

and long-term land degradation [4,8]; due to intensive monocropping patterns [9]. Continuous maize 

cultivation accelerates soil organic carbon loss owing to the differences in natural 13C abundance 

between C3 and C4 plants [10]. Maize growers are encouraged to employ integrated land-use 
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planning and stakeholder involvement to increase soil fertility, diversify crops, and expand their land 

use, particularly in highland areas [4]. This method was also applied to lowland maize. However, 

only a few studies have been conducted to identify the primary constraints on how fertiliser and soil 

characteristics affect the SOC content of maize-grown lands in the lowlands of northern Thailand. 

Generally, paddy soil, which is rich in microbial biomass, has restricted mineralisation of fresh 

substrates and a small priming effect, promoting the accumulation of organic C despite the presence 

of significant priming effects in upland soil [11]. In northern Thailand, paddy soils from rice rotation 

cropping systems, such as rice, fallow, and rice fallow shallots, have higher SOC and DOC levels due 

to low fertilisation, whereas rice, followed by many kinds of vegetables, such as potatoes, have higher 

SOC and carbon. Factors controlling SOC and carbon storage include clay content, available P, and 

DOC, with minor driving factors, such as Ca2+ and Mg 2+. While the SOC:clay ratio may explain carbon 

saturation and adsorption capacity [12], organic paddy soil has a higher SOC than mineral-fertilised 

paddy soil [13]. 

SOC is crucial for soil fertility, agricultural productivity, and climate control [14]. They play a 

significant role in the global carbon cycle and climate change mitigation [15,16]. SOC content can be 

influenced by labile carbon inputs, which can alter the priming effect (PE) in soils [17,18]. The 

addition of labile carbon to low-SOC soils leads to greater increases in PE, affecting not only deep, 

low-SOC soils but also soils already depleted by increased C input [18]. According to [19], straw has 

a notable priming effect on the release of autochthonous dissolved organic matter (DOM), and the 

availability of organic carbon for microbes is a prerequisite for the synthesis of CO2 in soil. The 

priming effect persists over time, depending on the microbial biomass, C and N substrate availability, 

and decomposition stage [20], and increases carbon metabolism and loss SOC [21]. Similarly, PE 

persists over time and depends on microbial biomass, C and N substrate availability, and 

decomposition stage [20].  

Fertilisation enhances crop yield and returns plant residue to the soil. The fertilisation rate affects 

the effects of minerals N, P, and K [22]. Adapted fertilisation enhances soil microb and SOC [23]. The 

C:nutrient ratio is crucial for organic fertilisation, and additional dressings are required for low-

quality substrates [22]. Balancing nutrient stoichiometry increases soil microbial carbon but does not 

increase carbon use efficiency (Sinsabaugh Fang et al., 2016). Mineral fertilisers accelerate maize stem 

and leaf degradation rates and promote soil organic matter formation; however, N does not affect 

agricultural residue breakdown [24]. Our study focused on the effect of the mineral fertiliser dose 

and the SOC content. 

DOC is a labile fraction and a sensitive indicator of soil quality, reflecting land-use effects [25,26], 

and correlates with SOC and decreases with depth [27]. DOC should be considered when evaluating 

conservation management practices (i.e., tillage) for SOC sequestration [28,29]. However, DOC is 

positively correlated with clay content [30] but negatively correlated with native C decomposition 

levels (Ge, 2012). Moreover, DOM content fluctuates seasonally [31,32], and soil type and season 

significantly affect the contribution of DOM to mineralisation [33]. DOC in the soil following maize 

residue application initially dominates the soil DOM pool; however, after that, most DOM is formed 

from soil organic matter, casting doubt on its position as the dominant bioaccessible carbon pool in 

the soil [19]. However, paddy soils have higher mineralisation rates of DOC than upland soils, and 

the biodegradation rate of DOC is controlled by the percentage of the labile DOC fraction [34]. Plant-

derived dissolved organic matter did not enhance soil organic carbon sequestration [35], with 98% of 

straw-derived DOM being hydrophilic in the initial pulse compared to 20-30% in the control samples 

[19].  

Soil microorganisms regulate C turnover via stoichiometric flexibility to maintain an elemental 

stoichiometric balance between resources and microbial life [36]. Furthermore, the DOC-to-nutrient 

ratio is affected by SOC in the soil. Soil carbon mineralisation is positively correlated with soil DOC, 

NH4+, and NO3- and the abundance of bacteria, fungi, methanotrophs, and denitrifiers [37]. 

Stoichiometric control of input substrate, glucose, and native soil organic C mineralisation in paddy 

soils is also a key factor [36]. Moreover, bacterial abundance and diversity are negatively correlated 

with the DOC:NH4+ and DOC: P (Olsem) ratios, which have direct positive effects on SOC 
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mineralisation [38]. Straw mineralisation increases exponentially with soil DOC:NH4+ and DOC: P 

(Olsen) until it reaches a maximum rate [36], which affects SOC mineralisation. 

Notably, nitrogen availability is essential for carbon cycling in terrestrial ecosystems [36]. Soil 

management in dry tropical regions can significantly conserve resources by sequestering carbon and 

utilising inorganic N pools [2,39]. Moreover, the cropping system influences fertilisation-induced 

changes in soil carbon chemistry, with paddy soil being primarily determined by NO3–N and total N 

[40]., whereas upland soil is mostly explained by SOC and alkyl-C [29]. The higher concentrations of 

NH4+ in paddy soils likely reflect lower nitrification potential, while higher denitrification rates in 

paddy soils were indicative of higher NO3− [29,41]. Moreover, soil chemistry and the availability of 

nutrients, such as calcium (Ca) and pH, affect soil SOC. Ca contributes to SOC persistence by acting 

as a mediator of linked abiotic-biotic cycling rather than only as a driver of physicochemical processes 

to stabilise SOC in soil [42]. The concentrations of calcium and pH affect the partitioning of organic 

matter in soils; the concentration of DOC increases with increasing pH and decreases with increasing 

calcium concentration [43,44]. The amount of exchanged Ca significantly stabilises DOC and SOC in 

highly different agricultural soils. SOC is responsible for more than 80% of the CEC of highly 

weathered soils, such as Oxisols and Ultisols [45]. 

The current study utilised soil samples from a continuous 20-year paddy and maize farm in 

lowland northern Thailand with different soil preparations, irrigation, and fertilisation. In order to 

elucidate (i) the effects of differences in land use patterns, i.e., paddy and maize, on the pattern of 

chemical soil properties, soil nutrients, and the size of the labile carbon fraction, especially DOC, and 

(ii) the relationships between the size of the DOC and nutrients and chemical soil properties on SOC 

content, compared between paddy soil and upland maize soil, we performed data analysis of these 

two contrasting soils and assessed the impacts on SOC content in these soils. 

2. Materials and Methods 

Study area: Soil samples were collected between December 2018 and March 2019 in the Chiang 

Mai Province. The primary soil type is Fluvisol, and came from lands producing paddy rice (Oriza 

sativa) and maize (Zea mays Linn) (Figure 1 and Table 1). 

Table 1. Comparing the soil management between paddy soil and maize soil used in this study. 

Soil management paddy soil  maize soil 

Number of sites (n) 8 3 

Geophysical of 

landscape 

(elevation) 

Lowland (200-400 ASL) Lowland (200-400 ASL) 

Age (year) 20 20 

Tillage intensity Wetting tillage and puddled Dry tillage and bedding 

Irrigation Rainfed and waterlog/paddy soil/wet 

and dry 

Rainfed/upland condition 

Planting 

intensity(time year) 

1-2 time year-1 3 time year-1 

Mineral 

fertilisation  

mean (size) #,min- max (size) # mean (size),min-max (size) 

N (Kg ha -1year-1) 61 (Low), 23-96 (Low) 104 (Intermediate),70-137, 

(Intermediate) 

P2O5 (Kg ha-1 year-1) 27 (Intermediate), 0-56 (Low to  

Intermediate) 

39 (Intermediate), 0-62, (Low- 

Intermediate) 
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K2O (Kg ha-1 year-1) 9 (Low), 0-26 (Low) 18.3 (Low), 0-50 (Low) 

N:P:K (size) # Low: Intermediate: Low Intermediate: Intermediate: Low 

Crop residues 

management 

Leave root and straw residues in the 

plot and plough them into the soil. 

Leave maize straw residue in the 

plot and plough it into the soil. 

Note:# Categorised the size of the mineral fertiliser: distinguishing between low (<100, 20, and 50 kg ha -1 year 

-1), intermediate (100–300, 20–60, and 50–150 kg ha -1 year -1), and high (>300, 60, and 150 kg ha -1 year -1) levels 

of N, P, and K, respectively, to explain the categories of mineral fertiliser intensity of the effect size with regard 

to the effects of fertilisation quantity [22]. 

 

Figure 1. The representative sampling site of maize (as upland soil) and paddy plantations and the 

topography of the study site. 

Soil sampling: The selection of the type of soil to be used for the cultivation of rice and maize in 

Chiang Mai included the digging of holes across the soil with a soil profile 1 m wide and 1 m deep to 

study the morphological characteristics based on standard procedures. Soil samples were collected 

from 0-15, 15-30, 30-40, 40-60, 60-80, and 80-100 cm soil deep layers. Subsequently, soil samples were 

collected from each layer for analysis of the carbon fractions and chemical properties. 

Paddy and maize soil: The site is a flat land, with a slope of 0–2%, 300–400 m above sea level, 

and is formed by carried water sediments and is a deep soil with moderate drainage. The topsoil is 

loamy, grey, or greyish brown. The subsoil is sandy loam, light grey, or pinkish-grey. They were 

yellowish-brown or dark-brown and had some soft red laterites. The paddy soil was deep soil; the 

topsoil was clay and silt throughout, the colour was dark brown and gray, and there were dark brown 

and brown spots. The subsoil was clay, dark grey, or dark brown. The soil was brown and yellowish-

brown and contained mica, iron lumps, and manganese accumulations along the soil cross-section 

(Figure 2). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2024                   doi:10.20944/preprints202402.1350.v1



 5 

 

 

Figure 2. The representative soil sample of maize and paddy soils used in this study. 

There were differences in the soil and water management between the paddy and maize soils. 

The intensity of tillage in the paddy soil was paddle (i.e., wet tillage), whereas that for the maize 

cultivation was dry; however, maize cultivation was more frequent (three times) than rice cultivation 

within a one-crop calendar year. We categorised the amount of mineral fertiliser used on the land 

according to [22].Owing to the size of the mineral fertiliser applied in these lands, maize cultivation 

received double the doses of N mineral fertiliser than rice (Table 1). 

The gradients of soil management between the paddy and maize plantations in this study 

showed that the tillage pattern, soil use frequency, and dose of mineral fertiliser, especially N, would 

have a significant impact on soil properties and change soil carbon (Table 1). Subsequently, soil 

samples were collected from each layer for the analysis of labile carbon fractions and physiochemical 

properties. 

Labile C fractionation: Labile Carbon (Labile carbon fractions and water-soluble carbon): Weighted 

soil samples were placed into 50 ml polypropylene centrifuge tubes to measure water-soluble carbon 

(WSC). These were extracted using 30 ml of deionised water for 30 minutes at 200 round per minute 

(rpm) at room temperature on an end-to-end shaker. After centrifugation for 20 min at 5000 rpm, the 

entire supernatant was filtered into an Erlenmeyer flask for carbon measurement by Cr2O7 

oxidationAn additional 30 ml of deionised water was added to the mixture. To measure the hot water-

soluble carbon (HWSC), the tube was then covered and placed in a hot water bath at 80 °C for 16 h. 

Each tube was manually shaken at the end of the extraction process to make sure the HWSC was 

released from the total SOC [46,47]. SOC content was determined after sieving (0.50 mm) by the wet 

combustion method, as described in [48]. DOC was calculated from WSC and HWSC. To measure 

the permanganate oxidisable carbon (POXC), a modified permanganate oxidisable C (POXC) 

method, as described by [49], was used to filter air-dried soil (< 0.5 mm) and a neutral 0.02 M KMnO4 

solution was mixed. The process involved shaking, centrifuging, and mixing of the contents. The 

absorbance at 550 nm was measured using a spectrometer, and the concentration was calculated for 

POXC [49,50]. 

Soil chemical properties: Using Air-dried soil and 10 mL of water [51],the pH of soil samples 

was determined using the water suspension (1:1) method, which was calibrated using a Metrohm pH 

meter. The soil was stirred with water (1:5) and allowed to stand for 30 min, and electrical 

conductivity was measured using an electrical conductivity meter. Using standard procedures, the 

concentrations of NH4+ and NO3- were determined at 520 and 420 nm, respectively, by using a 
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spectrophotometer [52]. An air-dried subsample and 1 N KCl solution were placed in a reciprocal 

shaker (120 cycles min−1) for a duration of 60 minutes. The supernatant was filtered using a Whatman 

42 filter paper and leached with 1 N KCl. The NH4+ content in each soil extract was colourimetrically 

measured using a spectrophotometer (Cecil, Germany) to compute NH4+ and N levels. A 

spectrophotometer was used to measure the colourimetry of the sulfanilamide colour reagent after 

the extraction of NO3-N using 1 N K2SO4. NH4 and NO3- were incorporated to form the inorganic N 

in mg kg-1 units. The soil was extracted by a pH 7 solution of ammonium acetate and filtered to 

estimate the CEC, according to [53]. Subsequently, the solution was calibrated using a standard 

solution and introduced into an atomic adsorption spectrophotometer (AAS) for magnesium and 

calcium and a flame photometer for sodium and potassium. CEC was calculated by combining all 

base cations in units of cmol(+)/kg. 

Data analysis: The difference in organic C fractions and soil properties based on the land use 

types and soil depths were determined using a one-way ANOVA. The relationship between SOC and 

DOC, the availability of soil nutrients, and the ratio of DOC to nutrients were determined by 

Pearson’s correlation coefficients, and principal component regression analysis (PCA) was performed 

to study the relationships between SOC and labile carbon fractions using the open-program R version 

4.1. 

3. Results 

Comparison of SOC and DOC between maize and paddy soil  

The soil organic carbon and labile carbon fractions were higher in paddy soils than in maize 

soils, and the SOC, POXC, and DOC (i.e., WSC and HWSC) were higher in paddy soils than in maize 

plantations by 59%, 11%, 137%, and 114%, respectively (P <0.05; Figure 3 and Table 2). This clearly 

shows that the DOC was higher in the paddy soils than in the maize soils. The top soils showed 

higher mean SOC, POXC, and DOC levels than the subsoil, and these fractions had consistent total 

organic C content. 

  
(a) (b) 

Figure 3. The SOC (a) and DOC (b) of paddy and maize soils. *P <0.05. The bars represent the standard 

error of the mean (SEM). Black bars, paddy soil; Red bar, maize soil. 

Table 2. The mean soil carbon and labile carbon fractionation of the long-term maize and paddy soils 

across soil depth. 

Soil depth POXC  WSC  HWSC  

 (g kg-1)  (mg kg-1)  (mg kg-1)  
   Paddy(n=8)    

0-15 1.05 (0.07) 66.45 (5.73) 74.25 (5.73) 

15-30 0.63 (0.07) 41.20 (3.48) 47.75 (3.88) 

30-45 0.42 (0.05) 31.20 (2.04) 36.50 (2.75) 

45-60 0.39 (0.04) 33.70 (2.84) 40.00 (3.28) 
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60-80 0.34 (0.04) 34.20 (3.82) 39.50 (4.32) 

80-100 0.30 (0.05) 25.80 (4.03) 33.60 (4.03) 

Mean 0.52A (0.06)  38.76A (3.66)  45.27A (4.00)  

  Soil depth                                                       Maize(n=3) 

0-15 0.81 (0.07) 34.87 (4.06) 42.67 (4.06) 

15-30 0.39 (0.07) 20.20 (2.45) 28.00 (2.45) 

30-50 0.25 (0.02) 12.20 (1.00) 15.33 (1.05) 

50-60 0.25 (0.02) 16.20 (2.24) 14.00 (1.00) 

60-80 0.21 (0.02) 16.87 (1.20) 12.67 (0.67) 

80-100 0.14 (0.00) 16.20 (1.55) 12.00 (0.00) 

Mean 0.34B (0.03) 19.42B (2.08)  20.78B (1.54)  

Note: The differences in upper case within a column indicate significant differences in land use type (P <0.05). 

POXC, permanganate-oxidisable carbon; WSC, water-soluble carbon; HWSC, water-soluble carbon. Numbers in 

parentheses are standard errors of the mean (SEM). 

Furthermore, the impact of labile carbon fractions on SOC content in both soil types was 

examined using PCA. DOC and POXC accounted for 90.1% of the variance in SOC content between 

the two soil types (Figure 4). 

 

Figure 4. Principal covariances analysis of DOC as the labile carbon fractions and SOC from paddy 

and maize soils. SOC, soil organic carbon; POXC, permanganate-oxidisable carbon; WSC, water-

soluble carbon; and HWSC, hot water-soluble carbon. Blue dots, maize soil; pink dots, paddy soil. 

The chemical properties of maize and paddy soils 

The pH, CEC, Ca2+, Mg2+, and NH4 + in the paddy soils were higher than those in the maize soils 

(P < 0.05; Table 3). K+ and Na+ levels in the maize soils were higher than those in the paddy soils (P < 

0.05; Table 3). However, the NO3 levels were not significantly different (P > 0.05; Table 3). 

Exchangeable Ca2+, Mg2+, and NH4+ were higher in paddy soils than in maize soils (P < 0.05; Table 3). 

K+ and Na+ levels in the maize soils were higher than those in the paddy soils (P < 0.05; Table 3).  
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Table 3. The comparison of soil chemical properties from paddy and maize soils across soil depths. 
 

pH P K Na Ca Mg CEC NH4+-N NO3
--N 

             <-------------- ---------------------------------------------- (mg kg-1)----------------------------------------------> cmol(+) kg-1 <----------  (mg kg-1)--------> 

                                                                                                                                                                                                      Paddy (n=8) 

0-15 6.82 (0.17) 7.34 (0.63) 88.41 (2.44) 145.76 (7.34) 1484.33 (157.87) 175.46 (17.38) 9.7 (0.84) 6.54 (0.69) 6.17 (0.61) 

15-30 6.77 (0.09 7.28 (1.05) 60.20 (4.26) 148.93 (9.03) 1499.63 (167.40) 205.41 (25.42) 10.0 (0.91) 6.23 (0.74) 4.76 (0.63) 

30-45 6.99 (0.08 3.92 (0.33) 60.55 (5.43) 155.53 (11.33) 1489.03 (174.52) 210.83 (27.72) 10.0 (0.96) 6.94 (0.63) 4.27 (0.38) 

45-60 7.43 (0.22 4.77 (0.50) 69.29 (4.71) 137.83 (10.09) 1423.80 (156.79) 208.29 (24.31) 9.6 (0.86) 6.33 (0.82) 5.17 (0.31) 

60-80 6.95 (0.15 5.28 (0.83) 66.14 (5.81) 129.95 (10.22) 1265.41 (159.99) 212.25 (27.06) 8.8 (0.88) 5.84 (0.77) 6.93 (1.55) 

80-100 6.72 (0.23 6.07 (1.17) 66.43 (6.76) 158.33 (10.62) 1371.58 (161.79) 194.00 (24.20) 9.3 (0.89) 7.02 (1.02) 5.66 (1.18) 

Mean 6.95A (0.16) 5.77ns (0.75) 68.50B (4.90) 146.05B (9.77) 1422.30A (163.06) 201.04A (24.35) 9.6A (0.33) 6.48A (0.78) 5.49ns (0.78) 

Maize (n=3) 

0-15 5.66 (0.38) 9.34 (2.16) 122.83 (7.45) 203.38 (8.04) 428.11 (34.30) 90.28 (9.85) 4.1 (0.23) 4.81 (0.89) 9.70 (1.61) 

15-30 6.37 (0.40) 7.25 (1.44) 100.71 (21.01) 209.75 (6.29) 456.00 (31.02) 102.25 (15.35) 4.3 (0.25) 2.81 (0.36) 9.70 (3.07) 

30-50 6.97 (0.27) 4.51 (0.33) 70.57 (12.25) 194.43 (4.66) 427.31 (13.87) 125.64 (24.12) 4.2 (0.14) 4.33 (0.92) 4.39 (0.28) 

50-60 6.12 (0.28) 5.00 (0.77) 88.25 (20.26) 203.68 (5.76) 455.08 (32.87) 95.31 (22.62) 4.2 (0.26) 3.36 (0.42) 4.01 (0.28) 

60-80 5.96 (0.28) 2.59 (0.12) 49.46 (3.52) 203.25 (3.59) 401.39 (18.17) 72.06 (15.11) 3.6 (0.13) 3.66 (0.74) 4.26 (0.57) 

80-100 5.96 (0.44) 2.41 (0.47) 43.31 (1.07) 192.33 (3.38) 377.79 (15.64) 62.96 (3.62) 3.4 (0.10) 3.98 (0.52) 9.47 (1.30) 

Mean 6.17B (0.34) 5.18ns (0.88) 79.19A (10.93) 201.14A (5.28) 424.28B (24.31) 91.41B (15.11) 4.0B (0.54) 3.83B (0.64) 6.92 (1.18) 

Upper-case letters within a column indicate significant differences between the land-use types (P < 0.05). pH= soil:water (1:1); Available P by Bray II (mg kg-1); K+, Na+, Ca2+, and Mg2+ = Exchange 

K+, Na+, Ca2+, and Mg2+, respectively; CEC by pH 7 NH4AOc, NH4+-N = NH4+; N (mg kg-1) by K2SO4 solution measured at 660 nm; NO3 = NO3-N (mg kg-1) by 2.0 N KCl solution, and measured at 

520 nm; The numbers in parenthesis are the standard errors of the mean (SEM). 
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The correlation results showed a negative correlation between pH and NH4+ (P< 0.001) and NO3 

(P < 0.001) in maize soil and NH4+ (P < 0.001) in paddy soils (Figure 5a). There was a negative 

correlation between pH and NH4+ (P < 0.001) and NO3- (P < 0.001) in maize soils (Figure 5b) and NH4+ 

(P < 0.001) in paddy soils (Figure 5a). This study found that the availability of Ca2+ for SOC retention 

in paddy soil (r = 0.42; P < 0.001) was lower than that in maize soil and was not statistically significant 

(Figure 5b). While Mg2+ showed a positive correlation with SOC content (r = 0.07; P < 0.01) in paddy 

soil, in maize it showed a negative correlation (r = -0.07; P < 0.01)(Figure 5b). K+ showed a highly 

positive correlation with SOC in both the paddy soil (r = 0.28; P < 0.001; Figure 5a) and maize soil (r 

= 0.47; P < 0.001; Figure 5b). Moreover, SOC increased proportionally with P availability in maize 

soils (r = 0.35; P < 0.001), whereas SOC seemed to decline in paddy soils (r = -0.02; P < 0.05; Figure 

5a&b). Notably, this study showed a correlation between pH and SOC in maize soils (r = 0.08; P < 

0.01; Figure 5b); however, pH was not related to SOC in paddy soils (Figure 5a). CEC was correlated 

with SOC in both paddy (r = 0.36; P < 0.001) and maize soils (r = 0.44; P < 0.001; Figure 5a,b). We also 

found a negative relationship between exchangeable Na+ and SOC in both paddy (r = -0.07; P < 0.01; 

Figure 5a) and maize soil (r = -0.09; P < 0.01; Figure 5b). There was a negative correlation between pH 

and NH4+ (P < 0.001) and NO3- (P < 0.001) in maize soils (Figure 5b) and NH4+ (P < 0.001)I n paddy 

soils (Figure 5a). Soil pH showed a correlation with SOC in maize soils (r = 0.08; P < 0.01); however, 

pH was not related to SOC in paddy soil (Figure 5a). Overall, we show that K+, Ca2+, CEC, and NH4+ 

in paddy soils increases SOC retention, whereas pH, K+, CEC, NH4+, and NO3- are positively 

correlated with SOC retention in maize soils. However, Mg2+ and Ca2+ showed a negative correlation 

with SOC retention in maize soil, whereas SOC and Mg2+ showed a positive correlation in paddy soils 

(Figure 5a,b). 
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(a)  ( b) 

Figure 5. The heat map of the correlation coefficient between the availability of nutrients and SOC level. Paddy soil (a) and maize soil (b). Note: pH= soil:water (1:1); Available P by Bray 

II (mg kg-1); K+, Na+, Ca2+, and Mg2+ = Exchange K+, Na+, Ca2+, and Mg2+, respectively; CEC by pH 7 NH4AOc, NH4+-N = NH4+; N (mg kg-1) by K2SO4 solution measured at 660 nm; NO3 

= NO3-N (mg kg-1) by 2.0 N KCl solution, and measured at 520 nm; * P < 0.05; ** P < 0.01; *** P < 0.001. 
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DOC and availability of nutrients 

Paddy soil had higher ratios of DOC:NO3-, DOC: P (Bray II), and DOC:SOC than maize soil. 

However, DOC:NH4
+ and DOC:Mg2+ were not significantly different between the land-use types. The 

ratio of P:NH4+, DOC:SOC, and DOC:NO3- was higher in paddy soils than in maize plantations (P < 

0.05; Figure 6a–c; Table 4). Additionally, we found that P:NH4, DOC:SOC, DOC:NH4+ and DOC:NO3- 

in paddy soils were higher than those in maize plantations; however, DOC:Ca2+ was lower in paddy 

soils than in maize (P < 0.05; Figure 6a–c; Table 4). However, DOC:NH4+ and DOC:Mg2+ (P > 0.05; 

Figure 6d,h; Table 4) were not significantly different between the paddy and maize fields. Overall, 

our analysis of the land-use effect revealed that DOC:Ca2+ was lower in paddy soils than in maize 

soils (P < 0.05; Figure 6e; Table 4).  

The effect of DOC and nutrients on SOC 

In the paddy soils, there were positive correlations between SOC and DOC:NO3- (r=0.81; P < 

0.001), DOC:P (Bary II) (r=0.55; P < 0.001), P(Bary II):NH4+ (r=0.20; P < 0.001), and DOC:NH4+ (r=0.27; 

P < 0.001). Conversely, the ratio of DOC:Ca2+ (r=-0.32; P <0.001) and DOC:SOC (r=- 0.49; P < 0.001) 

negatively correlated with SOC in the paddy soils (Figure 7a). Our findings showed that 

DOC:P(BrayII) (r=0.23; P < 0.001), DOC:NH4+ (r=0.58; P < 0.001) DOC:NO3 -(r=0.17; P < 0.001), DOC:Ca 

(r=0.8; P < 0.001), and DOC:Mg (r=0.65; P < 0.001) correlated positively with SOC in maize soil; 

however, there was a significant negative association between DOC:SOC (r=-0.48; P < 0.001), P(Bary 

II):NH4+ (r= -0.29; P < 0.001) and SOC (Figure 7b). Overall, paddy soils showed negative correlations 

with SOC indicators, with decreased indicators indicating SOC loss in paddy soils and DOC:SOC 

loss in maize soils. 
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 (g)  (h) 

Figure 6. The distribution of DOC:nutrient availability ratio of paddy and maize soils across soil depths. Note: *P < 0.05. DOC:P = DOC (mg kg-1)/available P by Bray II (mg kg-1; 

DOC:NO3- = DOC (mg kg-1)/NO3-N (mg kg-1); DOC:NH4+ = DOC (mg kg-1)/NH4+ N (mg kg-1); P/NH4 =  P by Bray II (mg kg-1)/NH4  (mg kg-1);  DOC:Ca2+ = DOC (mg kg-1)/exchange 

Ca 2+ (mg kg-1); DOC:Mg2+ = DOC (mg kg-1)/exchange Mg2+ (mg kg-1); DOC:SOC = DOC (mg kg-1)/SOC (mg kg-1). DOC, dissolved organic carbon; SOC, soil organic carbon. 
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(b) 

Figure 7. The heat map of correlation coefficient (r) between DOC: nutrients ratio and SOC level. Paddy soil (a) and maize soil (b). DOC:P = DOC (mg kg-1)/available P by Bray II (mg 

kg-1; DOC:NO3- = DOC (mg kg-1)/NO3-N (mg kg-1); DOC:NH4+ = DOC (mg kg-1)/NH4+ N (mg kg-1); P/NH4 =  P by Bray II (mg kg-1)/NH4  (mg kg-1);  DOC:Ca2+ = DOC (mg kg-
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1)/exchange Ca 2+ (mg kg-1); DOC:Mg2+ = DOC (mg kg-1)/exchange Mg2+ (mg kg-1); DOC:SOC = DOC (mg kg-1)/SOC (mg kg-1). DOC, dissolved organic carbon; SOC, soil organic 

carbon; *P < 0.05; **P < 0.01; ***P < 0.001. 

Table 4. The ratio between DOC and the amount of nutrients in paddy and maize soils. 

  DOC:P   DOC:NO3   P:NH4   DOC:NH4   DOC:Ca   DOC:Mg   DOC:SOC   

Paddy (n=8) 

0-15 25.36 (4.31) 29.65 (4.40) 1.16 (0.20) 25.86 (2.87) 0.11 (0.01) 0.98 (0.14) 0.02 (0.00) 

15-30 17.72 (2.63) 26.06 (3.62) 1.30 (0.21) 18.90 (2.32) 0.08 (0.01) 0.55 (0.05) 0.02 (0.00) 

30-45 22.09 (2.70) 17.60 (1.50) 1.98 (0.19) 11.34 (1.10) 0.06 (0.01) 0.46 (0.05) 0.02 (0.00) 

45-60 18.62 (1.84) 16.33 (2.25) 1.57 (0.21) 16.57 (2.52) 0.06 (0.01) 0.46 (0.05) 0.03 (0.00) 

60-80 20.35 (2.70) 19.45 (3.41) 1.77 (0.35) 15.08 (1.46) 0.07 (0.01) 0.46 (0.05) 0.04 (0.00) 

80-100 14.46 (2.40) 14.67 (1.74) 1.67 (0.24) 11.27 (1.56) 0.06 (0.01) 0.35 (0.04) 0.05 (0.01) 

Mean 19.77A (2.76) 20.63A (2.82) 1.58A (0.23) 16.50ns (1.97) 0.07B (0.01) 0.54ns (0.07) 0.03A (0.00) 

Maize (n=3)   

0-15 12.38 (2.32) 10.25 (2.03) 0.56 (0.04) 21.58 (4.07) 0.19 (0.03) 0.99 (0.19) 0.02 (0.00) 

15-30 11.03 (3.01) 9.36 (2.06) 0.69 (0.23) 18.17 (1.93) 0.11 (0.02) 0.61 (0.12) 0.01 (0.00) 

30-50 6.44 (0.60) 6.53 (0.52) 1.15 (0.33) 8.70 (1.51) 0.07 (0.00) 0.41 (0.13) 0.01 (0.00) 

50-60 7.42 (1.31) 7.76 (0.63) 0.72 (0.07) 10.02 (1.16) 0.07 (0.01) 0.52 (0.12) 0.02 (0.00) 

60-80 11.65 (0.78) 8.05 (1.20) 1.36 (0.22) 10.66 (1.67) 0.07 (0.00) 0.56 (0.09) 0.02 (0.00) 

80-100 14.44 (2.86) 3.31 (0.49) 1.79 (0.15) 7.77 (1.09) 0.08 (0.00) 0.46 (0.04) 0.02 (0.00) 

Mean 10.56B (1.81) 7.54B (1.15) 1.04B (0.17) 12.82ns (1.91) 0.10A (0.01) 0.59ns (0.12) 0.02B (0.00) 

Note: Upper case within a column indicate significant differences between land-use type (P < 0.05). DOC:P = DOC (mg kg-1)/available P by Bray II (mg kg-1; DOC:NO3- = DOC (mg kg-1)/NO3-N 

(mg kg-1); DOC:NH4+ = DOC (mg kg-1)/NH4+ N (mg kg-1); P/NH4 = P by Bray II (mg kg-1)/NH4 (mg kg-1); DOC:Ca2+ = DOC (mg kg-1)/exchange Ca 2+ (mg kg-1); DOC:Mg2+ = DOC (mg kg-

1)/exchange Mg2+ (mg kg-1); DOC:SOC = DOC (mg kg-1)/SOC (mg kg-1). DOC, dissolved organic carbon; SOC, soil organic carbon. Numbers in parentheses are standard errors of the mean (SEM). 
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4. Discussion 

The size of mineral fertiliser on SOC 

The availability of nutrients and carbon dynamics, including substrate-derived C decomposition 

and priming of SOC mineralisation, affects soil carbon storage [54]. Organic matter decomposition 

and nutrient cycling rates are influenced by an imbalance between substrate and microbial biomass 

stoichiometry [55]. The application of N, P, and K plays a crucial role in enhancing crop yield and 

returning plant residues to the soil [22]. 

At low N fertilisation rates (<100 kg ha -1 year -1), roots exudate fewer organic substances into the 

soil to gain nutrients for crop growth through SOM decomposition, thus causing a reduction in SOC 

content [22]. Contrastingly, intermediate K fertilisation (50–150 kg ha -1 year -1) alleviates soil K 

depletion. Our study showed that maize soil that received intermediate N and low P and K had 

dramatically less SOC. Intermediate levels (100-300 kg -1 ha-1 year 1) and high levels (50-150 kg ha -1 

year -1) of N and K, respectively, had the most significant effects on effect size, while high fertiliser 

amounts (> 60 kg P ha-1 year -1) had the most notable effect size (Liu et al., 2023). This indicates that 

maize uplands would be limited by P and K. This induced an increase in native SOC decomposition 

for C and other elements for utilisation by soil microbes. Reduced SOC content results from roots 

exuding less organic matter into the soil to get nutrients through SOM breakdown for crop 

development at low N fertiliser rates (<100 ha -1 year -1; Zhao et al., 2019). In maize soil, low dosages 

of N and K are considered extreme for soil degradation, ineffective for C sequestration, and cause 

low maize yield. Overall, the application of N, P, and K plays a significant role in enhancing the crop 

yield and returning plant residues to the soil. 

The correlation studies (Figure 5) showed that the increased availability of nutrients such as P, 

K, NH4, and NO3 in the upland soil was coupled with increased SOC retention and SOC 

sequestration. Increases in available N, P, and K are beneficial for SOC sequestration [22]. Therefore, 

these nutrients should constitute a larger fraction in organic fertilisers, consequently increasing C 

sequestration. At intermediate levels of fertilisation, N and K have the most decisive impact on the 

effect size, whereas P fertilisation has the most remarkable effect size in upland soil (Liu et al., 2023). 

Our findings were also consistent with this report. Multinutrient fertilisation with intermediate N 

and K levels decreases organism dependency (Liu et al., 2023). To mitigate soil K depletion, both sites 

received low K (less than 50 kg ha year) and intermediate fertilisation with N (50–150 kg ha-1 year -1). 

According to Li et al. (2017), such fertilisation raised the fertility of the soil for K. However, excess K 

fertiliser (>150 kg ha -1 year -1) was unable to accelerate the pace at which organic carbon transferred 

from crop residues and roots, causing appreciable alterations in the SOC pool [56]. Overall, we show 

that the size of the effect of fertilisation on SOC stocks is significantly influenced by the type of 

fertilisation, with intermediate N and K applications and high P fertilisation having the most 

significant effect. 

Notably, in paddy soils, soil moisture is crucial for plants to utilise nutrients and for the 

development and activity of the soil microbiota. Oxygen limitations through water conditions 

regulate SOM mineralisation rates and may arise in otherwise well-aerated soils [13]. Regarding the 

low mineral N and K in paddy soil identified in this study, the correlation coefficients of the 

availability of NH4+, K, Ca, and Mg showed positive relationships with SOC (Figure 5), which would 

increase N and K for C sequestration and rice yield production. However, our results showed a 

negative relationship between the availability of NO3-, P, and SOC in paddy soils. Increasing the soil 

C stock in temperate mono-rice paddy soils is beneficial at the optimum level of N fertilisation (113-

127 kg N ha-1) rather than at an excessive level [57]. Greater C stocks in paddy soils are the result of 

1) rice contributing more organic C to the soil than the majority of upland cereals, 2) plant residues 

and SOM decomposing more slowly under anoxic conditions, and 3) sesquioxides playing a larger 

role in the biochemical stabilisation of SOM [58]. Moreover, the application of manure and minerals 

N, P, and K increased C stocks, such as the content of particulate organic matter and chemically 

protected fractions, showing the highest increase per unit of total SOC [59]. Crop productivity is 

eventually increased by the effective application of P fertiliser to increase SOC levels and, 
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simultaneously, soil C sequestration. This is contingent on the initial P fertility (rich or low) of the 

soil [60,61]. Moreover, SOC increased in proportion to the amount of P available in upland maize soil 

(r=0.35; P < 0.001), whereas SOC seemed to decline in paddy soil (r= -0.02; P < 0.05). In our study, an 

additional intermediate level of P (20–60 kg-1 P2O5 year-1 [60]; was identified in both land-use types. 

The amount of P fertilisation, such as monocalcium phosphate, is the main source of P availability in 

both intensive cultivations and is related to the optimal rates of crop productivity and soil C 

sequestration. The parallelly added P and Ca showed a positive correlation between P and Ca in 

upland (r = 0.68; P< 0.001) and paddy soils (r = -0.10; P < 0.001; Figure 5a,b). Furthermore, the increased 

calcium and magnesium cations in paddy soils result in liming [62,63]. The role of Ca and Mg on SOC 

sequestration in paddy soil is presented in the next section. 

Effect of DOC on the changed availability of C in maize and paddy soils 

Changes in the total SOC content due to land use may be difficult to detect owing to soil 

variability [25]. Consistent with our findings, previous studies have concluded that DOC is a more 

sensitive indicator of soil quality [25], reflecting land-use effects and highlighting the need for future 

research on DOC and nutrient dynamics. Our results showed that the SOC and labile carbon fractions 

were higher in paddy soils, with higher levels of SOC and DOC than in upland soils (Figure 3). The 

topsoils had higher SOC and DOC levels than the subsoil. Consistently, deeper soil depths have lower 

DOC content than the upper 0–20 cm soil (Qiu et al., 2017 [64]. Paddy soils had lower mineralisation, 

leading to higher DOC and SOC accumulation [65]. Additionally, weak microbial activity in paddy 

soils results in low priming effects [66]. Overall, initially, maize cultivation intensified mineralisation 

and increased DOC concentrations, but as cultivation progressed, DOC concentrations decreased 

[67]. 

DOC mainly consists of small molecules, less humified organic material and fulvic acids [67,68], 

and soil fertility increases the DOC content [69]. The biodegradation of DOC in soils is influenced by 

its properties, with less humified organic materials showing higher biodegradation rates and more 

stable dissolved organic matter (DOM) [68], resulting in longer half-lives [68]. DOC significantly 

influences soil C mineralisation in subtropical China, with variations based on soil type and season 

[69].  

Season and soil type significantly influence DOM contribution [32,70]. Soil CO2 production 

relies on organic carbon availability for microorganisms. Recent, younger C is easier to access than 

older C, which affects soil mineralisation [71].  

Therefore, the decreased SOC in the upland maize soil might be due to maize residue-derived 

SOC, which contributes significantly to DOC production in the upland soil (Flessa et al., 2003). 

Correlation analysis showed that DOC was significantly positively correlated with clay content [72]; 

[73] but negatively correlated with native C [72–73]. The conversion of paddy fields into uplands 

significantly decreased SOC content, whereas abandoning farmland did not improve carbon storage 

[75,76]. Maize cultivation in cleared forest soils increases DOC, which is mainly composed of medium 

and large molecules but decreases it over time, mainly because of maize-derived carbon [67]. 

Moreover, temperature affects soil organic carbon, labile organic carbon fractions (microbial biomass 

carbon, DOC), and enzyme activity under long-term fertilisation regimes [77]. DOC may increase 

because of declining acid deposition and rising temperatures [78]. DOC concentrations in Central 

European deciduous forests are highly variable, with temperature being a key factor [79]. Organic 

manure treatments improve these properties and enzyme activity at various temperatures [77]. 

Increased substrate availability and microbial abundance, along with temperature, contribute to high 

rates of organic carbon pool decomposition [80]. These results are consistent with those of other 

studies on how maize cultivation in Thailand accelerates soil organic carbon loss owing to differences 

in natural 13C abundance between C3 and C4 plants [10]. This leads to higher decomposition rate 

constants and a decline in soil fertility, which ultimately leads to land degradation [4].  

For the role of DOC in paddy soil, the percentage of labile DOC fraction determines the 

cumulative mineralisation of DOC within 100 days, accounting for 80.5%–91% in paddy soils and 

66.3%–72.4% in upland soils [34], where the biodegradation rate is controlled by the percentage of 
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labile DOC fraction [34].Paddy soils store more organic carbon and N than upland soils because of 

the higher inputs from rice, slower decomposition, and increased sesquioxide stabilisation [58]. 

Paddy soils are 39%–127% more efficient in soil organic carbon sequestration than upland soils, with 

greater differences in warmer climates [81]. Paddy soil has a greater carbon sequestration efficiency 

than upland soil, possibly because of its lower microbial activity [82] and greater chemical) stability 

[58]. Moreover, carbon accumulation in paddy soils is due to a microbial community that is well 

adapted to anoxic conditions but less efficient in mineralising carbon during transient oxic periods 

[83]. 

In paddy soils, soil organic matter mineralisation is influenced by low redox potential, microbial 

community composition, temperature, and biotic factors, whereas upland soil mineralisation is 

mainly regulated by bacteria [84]. Furthermore, converting uplands to paddy fields in mollisols 

increases soil organic carbon, decreases urease, glucosidase, and cellulose activities, and alters 

microbial diversity and community activity [85]. Anaerobic conditions and high moisture levels limit 

the fungal abundance and activity, resulting in weak priming effects. The priming effect is positively 

correlated with fungal abundance, which is lower in paddy soils than in upland soils [66]. 

The increased DOC concentrations in the paddy soil found in this study were due to carbon 

mineralisation under anoxic conditions, which is independent of redox conditions [12,13], with 

increased DOC concentrations due to desorption induced by increasing pH [86]. However, increasing 

DOC concentrations did not result in an equivalent increase in carbon mineralisation, possibly due 

to the lack of reducible iron oxide [83]. Our study demonstrated the role of DOC in SOC in 

conventional concentrated arable soils from northern Thailand. It is important to note that maize 

plantations are particularly affected by soil quality. 

Effects of chemical properties of the soil and availability of basic cation on SOC retention  

This study found that Ca and CEC in paddy soils enhanced soil organic carbon retention, 

whereas pH and CEC were positively correlated with SOC retention in upland maize soil. Na showed 

a negative correlation with SOC retention in both land types. Moreover, in paddy soil, higher 

exchangeable CEC, Ca, Mg, and Na consistently increased soil pH, but not in maize upland soil 

(Figure 5).  

Cation exchangeable capacity (CEC): CEC is an edaphic property that can improve predictions of 

the response of soil C reservoirs to environmental change [87]. It is closely linked to soil organic 

carbon (SOC) and clay content in Brazilian soils [45]. The influence of SOC on the soil net charge 

emphasises the importance of agricultural management systems that preserve high levels of SOC for 

sustainability [45]. CEC is a more suitable predictor of soil organic carbon content than clay-size 

particles and is strongly linked to SOC content in top mineral soils [87]. Rice cultivation in southeast 

China boosts soil fertility by reducing acidity and increasing cation exchange capacity, thereby 

increasing organic carbon and nutrient accumulation in subsurface soils [88]. This study showed that 

CEC, which correlates with SOC, pH, and crucial plant nutrient content in both land types, could be 

considered an important indicator for assessing quality [89] and C sequestration, especially in tropical 

soils with intensive agriculture. SOC can be responsible for more than 80% of the CEC of highly 

weathered soils, such as Oxisols and Ultisols [45]. This study showed that the CEC was 

approximately two times lower in maize soil than in paddy soil and would further affect SOC content. 

Exchangeable Na+ and Ca2+: Our study showed a negative relationship between exchangeable Na 

and SOC in both paddy (r = -0.07; P < 0.01) and upland maize soil (r = -0.09; P < 0.01). Consistent with 

other results, organic carbon and exchangeable sodium significantly influence the water-dispersible 

clay content in semiarid soils, which can lead to wind erosion [90]. High levels of exchangeable Na 

in soils can lead to lower soil SOC and affect soil chemistry, carbon and nutrient cycling, and organic 

matter decomposition [91]. SOC mineralisation in saline-alkaline soils is influenced by the 

exchangeable sodium percentage, enzyme activities, and soil organic carbon content, with 

salinisation inhibiting carbon sequestration more than carbon source processes [92]. 

Meanwhile, our research offers evidence for the advantageous effect of soil Ca2+ on the buildup 

of organic carbon in paddy soils but not in maize upland soils. High Ca2+ in paddy soils could affect 
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SOC by altering soil Ca2+, which stabilises organic matter via cation bridging; however, this process 

is often overlooked [93,94]. The higher pH in paddy soil results in aggregates, and the carbon 

associated with them is more stable as soil aggregates than maize; however, the monovalent cations 

(i.e., K and Na) from both land types did not show significant stabilisation of carbon in the soil. Our 

results confirm that pH, Ca2+, and Mg2+ are involved in the chemical stability of organic carbon in 

arable soils. The higher pH in paddy soil resulted in aggregates, and the carbon associated with them 

was more stable than that in maize soil [94]. Another reason could be that besides chemical protection, 

physical protection from aggregates results in Ca2+ and Mg2+ acting as gathering agents to form soil 

aggregates [95]. 

Soil pH: Our study showed a correlation between pH and SOC in upland soils (r = 0.08; P < 0.01); 

however, pH was not related to SOC in paddy soils. Nonetheless, soil pH can influence 4.3–63.8% of 

SOC fluctuations, aiding in predicting future changes in SOC storage for specific land uses [96]. This 

suggests that the stabilisation of SOC by polyvalent cations is least effective at these pH levels [94]. 

The availability of N as NH4 and NO3: This study showed a positive correlation for NH4+ and SOC 

and NO3- and SOC only in upland soil but not in paddy soil. However, soil pH and N content 

significantly impacted SOC in these croplands. According to soil management approaches, mineral 

fertilisation can conserve resources by sequestering carbon and using inorganic N pools [39]. 

However, adding N can alter soil function [39], increasing organic carbon but reducing nutrient 

density and resilience to disturbances [14]. Such a conversion of arable cropland to grassland is a 

poor candidate for carbon sequestration because of reduced available soil N and low productivity 

[97]. However, soil carbon mineralisation is positively correlated with NH4+, NO3-, and the abundance 

of bacteria, fungi, methanotrophs, and nirK denitrifiers [80]. The higher concentrations of NH4+ in 

paddy soils likely reflect lower nitrification potential, while higher denitrification rates in paddy soils 

[98]. The cropping system influences fertilisation-induced changes in soil carbon chemistry, with 

paddy soil primarily determined by NO3- and total N, whereas upland soil is mostly explained by 

SOC and alkyl-C [29]. Our study showed the different effects of inorganic N availability, such as NH4+ 

and NO3-, on SOC in contrasting soil agroecosystems. 

The relations between pH and NH4+ and NO3-: Soil pH is a key factor controlling NH4+ and 

organic N oxidation [99]. Our results showed a negative correlation between pH and NH4+ 

(P < 0.001) and NO3-(P < 0.001) in upland soils and NH4+(P < 0.001) in paddy soils (Figure 5). 

In maize soils, there is a negative relationship between NH4+ and pH, which is crucial for 

regulating autotrophic nitrification (Zhu et al., 2019) and controlling NH4+ and organic N 

oxidation in ecosystems, with a decrease in pH causing increased oxidation (Zhang et al., 

2011). According to [99], NO3- production occurs through NH4+ and organic N oxidation in 

the soil. Moreover, increasing the pH of the upland soil reduces N availability. An increase 

in decomposed plant residue due to alkalinity, decarboxylation of organic anions, or 

immobilisation of nitrate by microbial biomass results in the release of hydroxyl ions [100]. 

In this study, paddy soils showed that positively correlated SOC and pH would result in 

high levels of NH4+ but not NO3-, which could be due to restricted nitrification and might 

be a result of excessive NH4+ [101]. In both soils, mineral fertilisers such as urea, (NH4)2SO4, 

and KNO3 marginally boosted the mineralisation of soil organic N, but NO3- is less 

immobilised in either soil [102]. Soil pH plays a crucial role in regulating N transformation, 

and studies have shown that nitrification does not occur at pH levels below 5. However, 

[103] found that pH did not influence nitrification, possibly because of microbial processes 

in the soil. Our study showed that soil pH was slightly acidic, and long-term N fertiliser 

addition increased N mineralisation, soil microbial biomass, and extracellular enzyme 

activities [104], especially in upland soils, which promoted NH4+ and NO3- (Figure 5). 

Meanwhile, in waterlogged paddy soils where nitrification was restricted, a high rate of 

microbial immobilisation-mineralisation turnover might lead to a lower δ15N of soil N than 

upland soil [105]. Therefore, in croplands, long-term soil carbon sequestration is dependent 
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on edaphic variables such as soil pH and available N content, which are major determinants 

of carbon sequestration efficacy. 

Effect of availability of Ca on DOC and SOC retention 

Organic matter partitioning in soils is influenced by pH and calcium concentration; dissolved 

organic carbon concentrations increase with increasing pH and decrease with increasing calcium 

concentration [44]. The levels of exchangeable cations mainly control the sorption of dissolved 

organic carbon in salt-affected soils, and the sorption and desorption of added DOC are inversely 

related [106]. 

The role of Ca in SOC persistence has expanded from a driver of physicochemical reactions to a 

mediator of coupled abiotic-biotic cycling [42]. Both lands in this study received Ca from the 

phosphorus fertiliser, monocalcium phosphate. In paddy soils, higher Ca, increased soil C stocks, 

and the accumulation of SOC are due to calcium binding with organic matter [107,108]. Calcium-

binding processes are also expected to be relatively unresponsive in very low-base soils and become 

important only with substantial increases in Ca2+ availability [108]. Soil SOC persistence is influenced 

by calcium (Ca) through physicochemical interactions between organic compounds and minerals 

[42]. This may also increase their availability to soil microorganisms, stimulating microbial activity 

in response to calcium addition [108]. Reduced C bioavailability owing to Ca-driven sorption or 

precipitation of DOC does not directly cause lower mineralisation rates in Ca-treated soils (Minick et 

al., 2017). However, lower DOC bioavailability is not a limiting factor [42]. Ca stabilises SOC through 

cation bridging, focusing on carboxyls and phenols [94]. Higher pH and Ca2+ availability can enhance 

the binding of DOC to metal ions, potentially leading to increased DOC loss in ecosystems during 

acidification recovery [108]. 

However, in the maize soil in this study, the lack of response to SOC level due to low Ca2+ in this 

soil (Figure 5b), which is a previous loss, was insufficient to significantly alter cation-SOM binding 

processes [108]. Therefore, Ca availability influences the mineralisation of organic matter primarily 

through stabilisation processes and pH effects [108]. 

DOC plays a key role in metal displacement in soils, with higher flow rates promoting faster 

metal mobilisation and lower concentrations of other ions [109]. DOC in the alkaline soils of southern 

Australia is higher than SOC, with farm management practices influencing DOC levels, grain yield, 

and DOC concentrations being inversely correlated [110,111]. In other ecosystems, decreasing Ca2+ 

levels contributed to increasing DOC trends [112]. Moreover, increasing the DOC in soil solutions 

increases Ca2+ uptake and decreases Mg2+ uptake by plants, whereas groundwater has no significant 

effect on these uptakes [113]. 

Ca-induced changes in litter microbial processing led to a cascading effect on the C and N 

occurring as mineral associated organic matter (MAOM). In Ca-treated soils, more litter was cycled 

through microbial biomass, but less MAOM was measured. At Tend, surface-adhering bacteria also 

consumed litter-derived MAOM. After Ca addition, the proportion of MBC derived from litter-C was 

significantly higher, and MAOM consisted of more microbially processed compounds [42]. 

Effect of availability of nutrients and DOC on SOC retention 

Soil priming affects carbon metabolism and loss in soil [21] in three stages: substrate switching, 

positive decomposition, and negative effects [20]. DOC, Olsen P, and N availability regulate 

degradation [114,115]. Sufficient and optimal C:nutrient ratios would meet microbial stoichiometric 

requirements and stimulate the microbial co-metabolism of soil exogenous and native OC [36,38], 

which would affect SOC in the soil. Soil carbon is crucial for ecosystem health, and stoichiometry 

plays a key role in agroecosystem functions [116]. Soil microorganisms regulate carbon turnover 

through stoichiometric flexibility, thereby ensuring a balance between resources and microbial 

activity [36]. Therefore, the balance of labile carbons and nutrients in tropical agricultural soils, such 

as paddy and maize soils, can be explained by the ratio of nutrient availability and carbon cycling. 
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Soil carbon and N balance in paddy soil was determined through a manipulation experiment 

involving N or P fertilisation [38]. 

Our study showed that the DOC:P (Bray II), DOC:NH4, and DOC:NO3 ratios in paddy and 

upland soils were positively correlated with SOC, indicating that an increase in these ratios would 

decrease SOC mineralisation in both land uses (Figure 7a&b). Lower ratios of DOC:NH4+, DOC:NO3-

, and DOC:P (Bray II) were found in the maize soil and positively correlated with SOC retention. In 

paddy, the ratios of DOC:NH4+, DOC:NO3-, and DOC:P (Bray II) and P:NH4+ had a direct positive 

effect on SOC retention and/or increased SOC (Figure 7a). Compared with SOC, mineralisation 

increases exponentially with increasing DOC:NH4+ and DOC:P (Olsen) ratios [38]. Bacterial 

abundance and diversity are negatively related to DOC:NH4+ and DOC:P (Olsen), which have direct 

positive effects on SOC mineralisation [38]. Straw mineralisation increases exponentially with soil 

DOC:NH4+ and DOC:P(Olsen P) until reaching a maximum rate [36], and a maximum 13CO2 efflux 

is reached with an increase in the ratios of DOC:NH4+, DOC:P (Olsen), and microbial biomass C:N 

[36]. The application of mineral N and P fertilisers to maize could promote DOC and SOC 

mineralisation and be inversely correlated with NH4+ because of NH4 oxidation to NO3 in the upland 

soil. Mineral fertilisers satisfy microbial stoichiometric requirements and reduce competition [38]. 

Stoichiometric control of increased DOC affects native soil organic C mineralisation in paddy soils. 

[38] found that bacterial abundance and diversity were negatively related to DOC:NH4+-N and 

DOC:P (Olsen) but positively influenced SOC mineralisation, causing bacteria to maintain microbial 

biomass balance. Bacteria shift their community composition and interactions to acquire the 

necessary elements by increasing SOC mineralisation to maintain the microbial biomass balance [38]. 

This is because the priming effect persists over time and depends on microbial biomass, substrate C 

and N availability, and the decomposition stage [38]. 

In addition, in maize soil supplemented with mineral fertilisers, NH4+ and P enhance soil 

microbes and enzyme activities and would improve soil C mineralisation (Ref), meeting microbial 

demand for optimal C, N, and P ratios [38]. Our study showed a negative relationship between SOC 

and the P:NH4+ ratio, which indicates an increased P:NH4+ ratio and a decrease in SOC in maize soil. 

This indicates that an imbalance occurred between P and NH4+ in this soil. Maize soil showed that 

the relationship between P:NH4+ and retained SOC was negative (Figure 7b; r = -0.29; P < 0.001), which 

may not be sufficient for NH4+. A lack of NH4+-N still occurred in the upland maize soil (higher 

P:NH4+-N), which could then stimulate SOC mineralisation. A positive correlation was observed 

between the P:NH4+ and DOC:SOC ratios (r = 0.27; P < 0.001; Figure 7b and 6c; Table 4). However, 

this relationship (i.e., P:NH4+ ratio and DOC:SOC ratio) was inverted (a negative correlation; r = - 0.18; 

P < 0.001; Figure 7b) in paddy soils, where higher values of this ratio were observed. These results 

are consistent with the decreasing SOC in maize owing to the imbalanced availability of nutrients, as 

determined by PE. 

High availability of C: Soil enzymes increase, suggesting that microbes utilised energy from 

available C for nutrient acquisition [38]. Thus, increased DOC and DOC:NH4+ ratios would decrease 

nutrient intake for soil microbes. Our results showed that paddy soil had increased DOC from redox 

and anaerobic metabolism, and catabolism was limited by the addition of mineral fertiliser (Table 1). 

In addition, there was a clearly higher DOC:NH4+ in paddy soils than in upland soils and also a higher 

DOC:P Bray (II) in paddy soils. Interestingly, paddy soil showed a compromised lower NO3-N due 

to anoxic conditions. This indicates that higher DOC:NH4+, DOC:NO3-, and DOC:P Bray (II) were 

found in paddy soils where SOC accumulation was compromised.  

According to our findings, the NO3 level was negatively correlated with SOC, whereas the NH4+ 

level was beneficial (Figure 5a). In paddy soil, however, the excessive NH4+ availability negatively 

impacted plant-microbe interactions, reducing the regulation of soil microorganisms by plant-

derived carbon sources [116].  

Furthermore, the combination of N and P with straw application in paddy soil increased 

microbial growth and enzyme activity, leading to increased straw mineralisation and PE [36,38], 

which could explain our data on paddy soil. Because of the higher DOC in paddy soils, negative 

priming occurs when labile C is used instead of recalcitrant SOC, resulting in different lag phases; 
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that is, glucose amendment allows for preferential substrate utilisation earlier, whereas lignocellulose 

requires depolymerisation for labile C utilisation [115]. This may have been due to the lower SOC 

loss in the paddy soil in this study.  

The SOC content can be influenced by labile carbon inputs, which can change the PE in soils 

[18]. The addition of labile carbon to low-SOC soils leads to greater increases in PE, especially in low-

SOC soils, but also in soils already depleted by increased C input [18]  For example, subsoil organic 

carbon mineralisation is more sensitive to labile carbon and N addition [117], and microbial activity 

plays a key role in promoting mineralisation [118]. This might be due to the increased SOC loss which 

occurred in the maize soil in this study.  

Moreover, paddy soil has a restricted mineralisation of fresh substrates and a small priming 

effect, promoting the accumulation of organic C, despite the presence of significant priming effects 

in upland soil [11]. Paddy soil ecosystems are frequently influenced by artificial factors like straw 

return and inorganic fertiliser application. Soil microorganisms, while typically conserved, can also 

be flexible and shift their elemental balance [36]. Furthermore, the size of the received residue 

increases and these residues release a pulse of hydrophilic DOM, dominating the soil DOM pool and 

degrading C [19]. The addition of straw to paddy soils regulates microbial activity [36]. Consequently, 

there might be no significant priming effect of fresh substrate addition on the mineralisation of native 

organic C in paddy soils. In contrast, the priming effect is significantly higher in upland soils [11]. 

Maize residue amendment can improve PE efficiency by affecting microbial biomass and community 

composition [20]. However, the stoichiometric control of plant residue microbial mineralisation in 

paddy soils remains unclear, as does their impact on soil priming [36].  

This approach maintains a balance in response to resource changes, thereby ensuring a balanced 

microbial community [38]. The cycling of C in contrasting agroecosystems that is, paddy and maize 

soils, could be explained by the ratio of the availability of nutrients and C. Therefore, the availability 

of labile carbons such as DOC and nutrients (i.e., NH4, NO3, and P) and their stoichiometry enhanced 

the explanatory SOC dynamics of tropical agricultural soils. Precise techniques should involve 

isotopes, biomarkers, etc., and other labile carbon fractions would be sources of available C. 

Furthermore, soil management, such as tillage and wetting tillage, should be expanded. 

5. Conclusions 

The results showed that paddy soils had higher organic carbon and labile carbon fractions than 

maize soils. Analysis of paddy and maize soil properties showed that paddy soils had higher pH, 

CEC, Ca2+, Mg2+, and NH4+ levels than maize soil. Although maize soil had higher K+ and Na+ levels 

than paddy soil, there was no significant difference in NO3 levels between paddy and maize soils. 

Exchangeable Na+ showed a negative relationship with SOC in both paddy and maize soils, whereas 

Na+ and Mg2+ showed a negative relationship with SOC retention in maize soil. Ca2+ was not 

significantly related to SOC in the maize soil. A significant negative association was found between 

DOC:SOC, P(Bary II):NH4+, and SOC in maize soil, which may reduce the SOC content and affect soil 

degradation and maize yield. The decreased SOC in the upland soils may be due to residue-derived 

SOC. Furthermore, Ca affects SOC retention in paddy soils, whereas lower levels of DOC:NH4+-N, 

DOC:NO3-N, and DOC:P in maize soil compromise SOC retention.  
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