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Abstract 21 

Purpose: Waste fluid (digestate) from methane fermentation (MFW) is increasingly used as a fertilizer 22 

in paddy fields to reduce greenhouse gas emissions and mitigate climate change. However, the influence 23 

of soil texture on the fate of nitrogen (N) following MFW application remains unclear. This study aimed 24 

to elucidate the effects of MFW application rates on rice growth and N pathways in soils with 25 

contrasting textures to minimize environmental N loss during rice cultivation. 26 

Materials and methods: Two-year pot experiments were conducted using sandy loam (SL) and clayey 27 

loam (CL) soils. Five treatments were applied, each with four replicates: a chemical fertilizer (NH4Cl, 28 

200 mg N pot-1), three MFW rates of total N (100, 200, and 400 mg N pot-1), and a no-fertilizer control. 29 

To trace N derived from the inorganic fertilizer (Ndfif), 15NH4Cl was added to account for 20% of the 30 

inorganic N in each treatment, while maintaining total N input constant. 31 

Results: Increasing MFW application rates significantly enhanced the rice growth and yield, with a 32 

more pronounced effect in CL soil compared to SL soil. Higher MFW application rates further 33 

increased Ndfif uptake by plant, soil N retention, and NH3 volatilization in CL soil, whereas SL soil 34 

showed more significant Ndfif leaching. Chemical fertilizers showed significantly higher Ndfif recovery 35 

but were more prone to leaching in SL soil compared to MFW-derived N. Based on normalized 36 

comparisons of rice yield and N loss, optimal MFW application rates were estimated at approximately 37 

180 mg N-MFW pot-1 for both soils, beyond which further yield increases were accompanied by 38 

substantial N leaching and emissions. 39 

Conclusions: Soil texture critically affects the fate of N following MFW application, especially 40 

regarding NH₃ volatilization in CL soils and N leaching in SL soils. Optimizing MFW application rates 41 

is crucial for achieving enhanced rice yields with minimal environmental N loss, thereby facilitating 42 

sustainable rice production. These findings emphasize the importance of soil texture in determining 43 

optimal nutrient management for sustainable rice production. 44 

 45 

Keywords: biogas waste, clay content, leaching, rice growth, volatilization  46 
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1. Introduction 47 

Proper fertilization is essential for enhanced yield and crop quality (Ritter and Chirnside 1987; 48 

Chaney 1990; Flores, Castellar, and Navarro 2005). However, excessive use of fertilizers, 49 

especially nitrogen (N), can lead to nutrient loss, soil degradation, and reduced crop yield and 50 

quality, resulting in significant nutrient loss and environmental pollution (Anas et al., 2020; Gu et 51 

al. 2021). Nitrogen losses such as NH3 volatilization, NO3-N leaching, and N2O emissions are major 52 

contributors to environmental problems. NH3 volatilization and NO3-N leaching have serious 53 

adverse effects on ecosystems and human health, including the loss of plant diversity, 54 

eutrophication and acidification of aquatic ecosystems, and respiratory issues in human (Zilio et al. 55 

2021; de Vries 2021; Nieder and Benbi 2022). Additionally, N2O is well known as a potent 56 

greenhouse gas contributing to global climate change, with a warming potential 273 times greater 57 

than CO2 over a 100-year period (Hu et al. 2012; Butterbach-Bahl et al. 2013). Many studies are 58 

focusing on substituting chemical fertilizers with organic alternatives to sustain high crop yields and 59 

safeguard the environment (Geng et al. 2019).  60 

Currently, a large environmental burden arises from the incineration or landfill disposal of organic 61 

wastes, necessitating their effective utilization (Abdel-Shafy and Mansour 2018). Organic waste, 62 

originating from the agricultural, livestock, forestry, and fisheries, can be scientifically converted 63 

and utilized for agricultural purposes, offering valuable plant nutrients, enhancing crop growth, and 64 

improving soil fertility (Odlare et al. 2011). A key approach to using organic waste in agriculture is 65 

the sustainable cycle in which the biodegradable organic portion of the waste is transformed into 66 

beneficial manure or fertilizer through composting or methane fermentation (anaerobic digestion), 67 

yielding compost and slurry for agricultural applications (Sharma et al. 2019). 68 

Compared with composting, methane fermentation is a promising technique for managing organic 69 

waste, enabling both the stabilization of organic material and the recovery of energy (Ferguson, 70 

Coulon and Villa 2016). A significant byproduct of this process, methane fermentation waste fluid 71 

(MFW), also known as anaerobic digestate, can substitute for chemical fertilizers (Tambone et al. 72 
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2010; Geng et al. 2019). MFW has a high NH4-N: total N ratio and a lower C/N ratio than 73 

undigested manure because complex organic N compounds are mineralized to NH4-N during 74 

fermentation (Möller and Müller 2012). This high NH4-N content allows for greater degradability 75 

and reduced application rates to meet crop N requirement (Möller and Müller 2012; Alburquerque 76 

et al. 2012; Risberg et al. 2017; Iocoli et al. 2019; Panuccio et al. 2021). Additionally, MFW 77 

contains negligible amounts of harmful fungi, bacteria, weed seeds, or heavy metals, making it safer 78 

than untreated manures (Voća et al. 2005; Möller and Müller 2012; Seadi and Lukehurst 2012; Cb, 79 

Ho, and Go 2018; O”Brien, Neher, and Roy 2020). Previous studies have demonstrated that MFW 80 

improves N availability, enhances crop yield (de Boer, 2008), and stabilizes soil microbial diversity 81 

(Abubaker et al. 2013; Coelho et al. 2020) more effectively than undigested manure, making it a 82 

cost-effective alternative to chemical fertilizers (Oritate 2016). 83 

Many studies have explored MFW applications for sustainable N management, particularly in rice 84 

cultivation, focusing on application methods (Watanabe et al. 2012; Du et al. 2019; Hu et al. 2021), 85 

long-term effects (Nishikawa et al. 2012; Tanaka et al. 2017), application rates (Li, Inamura, and 86 

Umeda 2003; Nishikawa, Li, and Inamura 2014; Tanaka et al. 2017), and gas emissions (Wulf et al. 87 

2002; Hou et al. 2007; Win et al. 2014; Singla and Inubushi 2014; Tanaka et al. 2017; Wang et al. 88 

2019). These studies demonstrate that rice yield with MFW is comparable to that with chemical 89 

fertilizers, with outcomes strongly influenced by factors such as application timing (Watanabe et al. 90 

2012), water levels (Win et al. 2010), and the materials combined with MFW (Win et al. 2010, Hu 91 

et al. 2021).  92 

Soil texture is a critical factor in N dynamics and plant growth (Dixon 1991; Grant et al. 2012; 93 

Hamoud et al. 2019) and affects the fate of fertilizer N in soils (Allison 1966). Clay particles protect 94 

organic matter and adsorb NH4-N (Hassink et al. 1993; Nieder, Benbi, and Scherer 2011), resulting 95 

in higher available N and greater rice yields in clayey soils than in sandy soils (Ichinose et al. 2023; 96 

Dou et al. 2016). In contrast, sandy soils have higher potentials for inorganic N leaching (Hansen et 97 

al. 2000; Zhou et al. 2006) and NH3 volatilization (Duan and Xiao 2000; Fan, Li, and Alva 2011). 98 
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However, sandy soils may enhance the N harvest index and physiological N use efficiency 99 

compared to clayey soils (Ye et al. 2007). Given that MFW contains not only NH4-N but also 100 

organic N and diverse bacteria (Abubaker et al. 2013), its impact on N fate may differ from that of 101 

chemical fertilizers (Rigby and Smith 2013) or untreated manure (Nicholson et al. 2017; Risberg et 102 

al. 2017) across different soil textures.  103 

The information on N fate from fertilizers is critical for improving N use efficiency and minimizing 104 

environmental losses (Anas et al. 2020). While a few studies have investigated N fate from MFW in 105 

plants, soil, and the environment during rice cultivation (e.g., Ghoneim et al. 2008; Chen et al. 106 

2012), these studies were limited to single soil types. This leaves a gap in understanding how MFW 107 

interacts with different soil textures. Clarifying these interactions could help optimize MFW use as 108 

a fertilizer, reduce reliance on chemical fertilizers, and support sustainable agricultural practices.  109 

Therefore, this study aimed to elucidate how MFW application rates influence key N dynamics, 110 

including NH₄⁺-N retention, NO₃⁻-N leaching, and NH₃ volatilization, in soils with contrasting 111 

textures. Specifically, this research investigates the short-term N fate of inorganic N in MFW, given 112 

that NH₄⁺-N constitutes 70–80% of total N in MFW. By quantifying N uptake by plants, retention in 113 

soil, and loss through leaching and volatilization, we aim to provide actionable insights for 114 

optimizing MFW application rates in paddy fields with different soil textures. Our ultimate goal is 115 

to enhance rice yield while minimizing adverse environmental impacts.  116 

To achieve these goals, we focused on three specific objectives: (1) compare the effects of different 117 

application rates of MFW and the effects of MFW versus chemical fertilizer on rice growth in 118 

contrasting soil textures, (2) quantify the fate of inorganic N from MFW and chemical fertilizers in 119 

rice cultivation using the 15N isotope tracer method, and (3) recommend appropriate MFW 120 

application rates for rice cultivation in contrasting soil textures. 121 

 122 

2. Materials and Methods 123 

2.1. Soil and MFW 124 
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Two soils with different textures were collected from the Shugakuin paddy field (sandy loam [SL] 125 

soil) and the Ishiwari paddy field (clayey loam [CL] soil) in Kyoto, Japan. The soils were freshly 126 

sampled in February 2021 and April 2022, respectively, from the same field lots to ensure 127 

consistency. After collection, the soil was sieved through a 4-mm sieve for planting and 2-mm sieve 128 

to examine its physical and chemical characteristics. All soil properties are presented in Table 1. 129 

MFW was collected annually from Yagi’s Bio-Ecology Center (Kyoto, Japan) and stored in a 130 

refrigerator at –10 °C until use. The raw materials include dairy cattle manure (75–80%), discarded 131 

soy milk, and soybean refuse (okara), which were co-digested at 55ºC for approximately 33 days 132 

(Nishikawa et al., 2014; Japan Organics Recycling Association, 2023). Fundamental characteristics 133 

of the MFW were analyzed using the standard method for wastewater analysis (APHA, 1989) and 134 

are listed in Table 2. 135 

 136 

2.2. Experimental design 137 

A pot (1/5,000a) experiment was carried out over two years, from 13th June to 13th October 2021 138 

and from 2nd June to 2nd October 2022, under greenhouse conditions at Kyoto University. In 2021, 139 

2.5 kg of dry soil was added to each pot. In 2022, the amount of SL soil was adjusted to match the 140 

volume of 2.5 kg of CL soil, in order to standardize the soil layer depth between the two soil types. 141 

Five fertilizer treatments, each with four replicates, were designed: 200 mg N of NH4Cl pot-1 (100 kg 142 

N ha-1 equivalent; 1N-Chem), three doses of MFW based on total N (equivalent to 100, 200, and 143 

400 mg N pot-1; 0.5N-MFW, 1N-MFW, and 2N-MFW, respectively) and a control treatment 144 

without N application (0N). To trace the fate of inorganic N,15NH4Cl (99.1% atom) was applied at a 145 

rate of 20% of inorganic N in 1N-Chem or MFW treatments, as described by Ghoneim et al. (2008), 146 

while keeping the total N amount consistent across treatments. We selected ¹⁵NH₄Cl as a tracer 147 

because NH₄⁺–N accounted for more than 99% of the inorganic N fraction in the MFW used in this 148 

study (Table 2). Thus, NH₄⁺ was the dominant form of mineral N in the digestate, and ¹⁵NH₄Cl 149 

appropriately represents the inorganic N component for tracking its fate in the plant–soil system. 150 
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Equal amounts of P (100 kg P ha-1) and K (135 kg K ha-1) were applied in all the treatments based 151 

on the content of P and K in MFW treatments and supplements using Ca(H2PO4)2. H2O and KCl, 152 

respectively. All fertilizers were applied as a basal layer by thoroughly mixing the top layer of the 153 

soil in the pots, followed by the immediate establishment of waterlogged conditions. Three young 154 

Nikomaru rice plants (28 days old in 2021 and 21 days old in 2022) were transplanted into each pot 155 

one day after fertilizer application. The continued flood condition was maintained with a 2 cm water 156 

layer until five days before harvesting. 157 

 158 

2.3. Leachate sampling  159 

Water was allowed to percolate through the soil layer and a geotextile layer before accumulating at 160 

a 2 cm height in the space at the bottom of each pot (Figure 1). Leachate solution was collected 161 

daily using a valve connected to the bottom of each pot. To simulate the actual percolation rate 162 

observed in the Shugakuin field (SL soil), the daily leachate collection was limited to a maximum 163 

of 400 mL/day for both soil types, corresponding to an approximate infiltration rate of 2 cm/day. To 164 

maintain the waterlogged conditions required for paddy rice cultivation, additional water was 165 

carefully added during the collection process up to four times daily. After collection, the pH of the 166 

leachate was measured (Horiba portable pH meter). The collected leachate was treated with CuBr2 167 

(1 mg L-1 Cu) for inhibiting microbial contamination, filtered using a 0.45-µm membrane filter 168 

(Sartorious, Minisart RC 0.45), and stored at 4°C until further analysis (Shibata et al., 2017). Total 169 

dissolved N (TDN) concentrations were measured using a total organic carbon-total nitrogen (TOC-170 

TN) analyzer (TOC_TNM- Shimadzu, Kyoto, Japan). Inorganic N (NH4-N and NO3-N) 171 

concentrations were examined using a flow injection analysis (FIA) method (AQLA-700, Aqualab, 172 

Tokyo, Japan). 173 

 174 

2.4. Gas sampling 175 

2.4.1 NH3 volatilization 176 
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NH3 volatilization was measured using the vented chamber method (Wang et al. 2004; Chen et al. 177 

2012) after fertilizer application and later at intervals of two–14 d. A column (15 cm height and 5 178 

cm diameter) was placed at a depth of 5 cm in the soil. A sponge containing 3 mL of phosphate 179 

glycerol (50 mL of phosphoric acid: 40 mL of glycerol in 1 L of solution) was inserted into the 180 

middle of the column to collect the volatile NH3. A second sponge was used to cover the top of the 181 

column for 24 hours to prevent air contamination. Subsequently, the sponge was shaken with 100 182 

mL 1 M KCl for 1 h and filtered using a 0.45 µm membrane filter for analyzing NH4
-N content via 183 

the FIA method (AQLA-700, Aqualab, Tokyo, Japan). The NH3 volatilization flux was calculated 184 

using the following equation (Xu et al. 2012):  185 

NH3 flux (mg N m-2 h-1) = M
(A x D)

 186 

where M is the amount of NH3-N collected by the vented chamber (mg), A is the cross-sectional 187 

area of the round chamber (m2), and D is the sampling duration (hour). 188 

 189 

2.4.2 N2O emission 190 

N2O gas was collected using the closed chamber method (Cai et al. 1997) between 8:00–12:00 and 191 

17:00–20:00 at intervals of 2–14 d until harvest and then monthly during the fallow stage. The 192 

chamber (50–120 cm in height and 25 cm in diameter) was equipped with a fan (12 V), 1 L airbag, 193 

and auto thermometer (RH-KN Lab., Inc, Japan). Gas (40 mL) was collected at 0, 15, 30, and 45 194 

min after closing the chamber and stored in glass vials (Nichiden-Rika Glass Co., Ltd., Japan). The 195 

presence of N2O gas was determined using gas chromatography (GC-2014; Shimadzu, Japan) 196 

equipped with an Electron Capture Detector (ECD-14) using 63Ni. The N2O flux rate was calculated 197 

according to Murphy et al. (2022): 198 

N2O-N flux (mg N m-2 h-1) = ∆C
∆t

 x V
A
 x Px Mgas

R x T
 x 10-5 199 

where ∆𝐶𝐶/∆𝑡𝑡 is the rate of change in N2O concentration (ppb h-1), 𝑉𝑉 is chamber volume (cm3), 𝐴𝐴 is 200 

chamber base area (cm2), 𝑃𝑃 is atmospheric pressure (101.325 kPa), 𝑅𝑅 is gas constant (8.3145 J mol-1 201 

K-1), 𝑀𝑀g𝑎𝑎𝑎𝑎 is the molar mass of the gas (28 g N2O-N mol-1), and 𝑇𝑇 is air temperature (K). 202 
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 203 

2.5. Plant performance and N of plant and soil 204 

Plant height, tiller number, and soil plant analysis development chlorophyll (SPAD) values were 205 

measured every two weeks after transplanting. Total biomass and rice yield were measured after 206 

drying at 70°C until a constant weight was achieved. Root and soil samples were separated using a 207 

2 mm sieve at the end of the experiment. After washing, root samples were dried at 70°C until a 208 

constant weight was reached in the oven. The total N, inorganic N, and 15N contents of the plant and 209 

soil samples were analyzed for comparison with the different treatments. 210 

  211 

2.6. 15N analysis and calculation 212 

Next, 15N-NH4 and 15N-NO3
 isotopes in the samples were converted to N2O using chemical 213 

conversion (Liu et al., 2014) and denitrification methods (Sigman et al., 2001), respectively. The 214 

ratio of 15N excess in N2O gas of these samples was determined via gas chromatography-mass 215 

spectrometry (QP2020; Shimadzu, Japan). Excess of 15N in soil and plant samples were analyzed 216 

via EA IsoLink CN-Isotope Ratio MS (Thermo Fisher Scientific, Massachusetts, USA) after ball 217 

milling and drying at 105 and 70 °C, respectively. The following formulas were used to calculate 218 

the N derived from inorganic fertilizer (Ndfif) in the samples based on the percentage of 15N:  219 

Δ15N = 15N/ (14 N + 15 N) = 
� N0
15

1000+1�∗ Natm
15

[�
N0

15

1000+1�∗ N]atm
15 +1

      (1) 220 

 𝑁𝑁𝑎𝑎𝑎𝑎𝑎𝑎
15 : represents N from the air; 𝑁𝑁015 : represents N from 15N NH4Cl.  221 

% N excess in a sample from inorganic fertilizer: 222 

15Ndfifexcess % = (Δ15N sample – Δ15N control) x 100     (2) 223 

Amount of N derived from inorganic fertilizer in samples: 224 

Ndfif sample (mg) = Total g N in sample * (% 15Nexcess in samples / % 15Nexcess in fertilizer) *10-1 (3) 225 

Amount of N derived from unlabeled source (Ndfun): 226 

Ndfun sample (mg) = Total N sample – Ndfif sample      (4) 227 
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N recovery from inorganic N upon fertilizer application: 228 

%Nrecovery = Ndfif sample

inorg.Nrate
∗ 100       (5) 229 

Total% Nrecovery = %Np + %Ns      (6) 230 

The fate of inorganic N upon fertilizer application was evaluated using the following equation: 231 

N fate (%) = % NP + %NL + % NE + % NS + %Nuno.    (7) 232 

P: Plant uptake; L: leaching; E: Emission; S: remain in the soil; uno: unobserved 233 

 234 

2.7. Statistical analysis 235 

Statistical Package for the Social Sciences software (IBM SPSS Statistics version 22) was used for 236 

all statistical analyses. One-way analysis of variance (ANOVA) was used to test the differences in 237 

fertilizer applications in each soil texture at 95%. The differences among different fertilizers or soil 238 

texture groups and interactions between the two factors were assessed using two-way ANOVA. 239 

Tukey’s test was used to evaluate the significant differences among the different treatments or 240 

groups. Statistical significance was set at P < 0.05. 241 

 242 

3. Results 243 

3.1. Rice growth under different MFW treatments 244 

Soil texture and MFW significantly influenced rice performance indicators, and their interactions 245 

substantially affected rice biomass in the 2022 growing year (Table 3). In 2021, rice was 246 

transplanted late, with older seedlings and lower initial soil N levels (Table 1), potentially 247 

contributing to reduced rice performance compared to 2022 (Table 3). Soil texture significantly 248 

affected rice height, panicle number, total biomass, and yield in both years, except for panicle 249 

number in 2022, with rice plants growing better in the CL soil than in the SL soil. Rice height 250 

increased moderately with elevated MFW application rates in both soil types, and this effect was 251 

significant only in 2022. Increasing MFW application rates significantly enhanced the panicle 252 

number, total dry biomass, and yield in both seasons. Specifically, 2N-MFW treatments 253 
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consistently showed higher biomass and yield than the other treatments across all soil textures and 254 

seasons. 255 

 256 

3.2. Changes in the N pathway in plants, soil, leachate, and gas emission in different MFW 257 

treatments and contrasting soil textures 258 

To evaluate Ndfif with varying MFW application rates in contrasting soil textures, we measured the 259 

total N (TN) and Ndfif contents in whole plants, soil, leachate solution (Table 4), and gas emissions 260 

(Figure 2). The TN content and Ndfif of plants were substantially affected by the soil texture and 261 

MFW application rate. With increasing MFW application rates, the TN and Ndfif in rice increased 262 

significantly for both soil texture types. However, the interaction effect of soil texture and MFW 263 

application rates on TN and Ndfif in plants was statistically significant in 2022, indicating that 264 

increasing MFW application rates will improve plant N uptake in CL soils more than in SL soils. 265 

Increasing MFW application rates significantly enhanced Ndfif in the soil; 2N-MFW demonstrated 266 

the greatest effect, followed by 1N-MFW and 0.5N-MFW, for both soil textures and growth years. 267 

Ndfif in the CL soil was significantly higher than that in the SL soil in both years. Ndfif increased 268 

with increasing MFW application rates, and the effect was more rapid in CL soil than in SL soil. 269 

Increasing the MFW application rates significantly increased the leached TDN and Ndfif for both 270 

soil textures, with the SL soil being more susceptible than the CL soil in both years (Figure 4). The 271 

results revealed that when MFW increased, Ndfif increased dramatically for both soil textures.  272 

NH3 volatilization increased linearly with  MFW application rates in both soil textures (Figure 2a). 273 

A significant difference was observed only in the 2N-MFW treatments compared with the other 274 

treatments for each soil type. In addition, NH3 volatilization in the CL soil was significantly higher 275 

than that in the SL soil (Figure 2a). Increasing the MFW application rate significantly enhanced 276 

NH3-Ndfif emissions in both soil textures, which were significantly higher in CL soil than in SL 277 

soil (Figure 2b). N2O emissions were negligible in all treatments, accounting for less than 1% of 278 

Ndfif, and were not influenced by MFW application rates in either soil texture (Figure 2c and d). 279 
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 280 

3.3. Comparison of chemical fertilizer and MFW in contrasting soil textures 281 

The effects of chemical fertilizer (1N-Chem) and MFW application (1N-MFW) on rice performance 282 

were comparable for both soil textures (Table 5). Except for panicle numbers in 2022, all agronomy 283 

indicators for both fertilizer types were significantly higher in the CL soil than in the SL soil.  284 

In both years, the Ndfif from chemical fertilizer and MFW application was strongly affected by soil 285 

texture (Figure 3). Plant N uptake, including both Ndfif and Ndfun, was significantly higher in 1N-286 

Chem than in 1N-MFW in 2021 (Figure 3a); however, this was not the case in 2022 (Figure 3e). 287 

Conversely, the Ndfif from 1N-Chem was significantly higher than that from 1N-MFW for both 288 

types of soil textures in both years. Plant N uptake was significantly lower in the SL soils than in 289 

the CL soils in both years (Figure 3a and e). In addition, the remaining soil Ndfif from 1N-Chem 290 

was significantly higher than that from 1N-MFW for both soil textures across the two years (Figure 291 

3b and f) and was significantly lower in SL soils than in CL soils. Thus, Ndfif recovered by plants 292 

and soil from chemical fertilizers was higher than that recovered from MFW, with a more 293 

pronounced effect in CL soil than in SL soil. 294 

TDN and inorganic Ndfif leached from 1N-Chem were significantly higher than those leached from 295 

1N-MFW in both soil textures (Figure 3c and g), except for the CL soil in 2022. These losses were 296 

more pronounced in the SL soils than in the CL soils. The higher dissolved organic N (DON) in 297 

2022, particularly in the SL soil, could be attributed to the higher initial TN in the SL soil than in 298 

the CL soil (Table 1). However, there was no significant difference between the DON leached from 299 

the two fertilizer types over the two years. Consequently, MFW application significantly reduced 300 

TDN and Ndfif compared to chemical fertilizers, especially in the SL soil compared to the CL soil. 301 

Gas emissions from 1N-MFW were comparable to those from 1N-Chem in both years. N2O 302 

emissions in 1N-MFW and 1N-Chem were not significantly different in both years and soil textures 303 

(Figure 3d and h). 304 

 305 
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3.4. Distribution of inorganic N from both chemical fertilizer and MFW in contrasting soil 306 

textures 307 

Chemical fertilizers provided the highest inorganic N recovery (in both plants and soil) compared 308 

with MFW applications for both soil textures (Table 6). Although 1N-Chem significantly increased 309 

the proportion of N in the leachate, it markedly decreased the unobserved N compared to the 1N-310 

MFW application. Moreover, the soil texture and MFW application rate independently affected the 311 

proportion of N in all observed samples. Except for unobserved N in 2021, N recovery by plants 312 

and soil was significantly greater in CL soil than in SL soil, whereas N loss (the sum up of leaching 313 

and gaseous emissions) and unobserved N were significantly higher in SL soil than in CL soil. 314 

Increased MFW application rates significantly enhanced the N-use efficiency (plant uptake) in CL 315 

soil in 2022, while it decreased in SL soil in both seasons. In contrast, increasing the MFW 316 

application rate significantly decreased the percentage of N retained in the soil and significantly 317 

increased the proportion of N lost through leachate, especially in SL soil. 318 

 319 

4. Discussion 320 

4.1. Effects of soil textures on rice growth and inorganic N fate in MFW 321 

Our results demonstrated that rice growth was significantly better in CL soils compared to SL soils 322 

(Table 3), consistent with previous findings by Dou et al. (2016). Rice growth improved with 323 

increasing MFW application rates in both soil textures, but the contribution of NH4-N from MFW 324 

to rice N uptake and soil retention was higher in CL soil due to reduced N leaching compared to SL 325 

soil (Tables 4 and 6) (Zhou et al. 2006; Ji et al. 2011; Nguyen et al. 2020). This difference can be 326 

attributed to clay particles to preserve organic matter and retain NH4-N (Hassink et al. 1993; 327 

Nieder, Benbi, and Scherer 2011; Partey et al. 2015), which enhances rice performance and yield in 328 

CL soils (Alhaj et al. 2019).  329 

Increased MFW application rates led to higher total biomass and N uptake in CL soil compared to 330 

SL soil, as rice grown in CL soil developed more branches and stored more N (Tables 3 and 4). In 331 
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the 2022 experiment, better rice growth improved N retention in both soils, reducing N losses from 332 

MFW application. This result was associated with a higher shoot-to-root ratio (Figure S2), as 333 

reported by Kanbar, Toorchi, and Shashidhar (2009), and an uptake of 44–52% from MFW 334 

applications (Table 6), consistent with findings by Ghoneim et al. (2008), who reported 51% NH4-N 335 

uptake (Table S1).  336 

In contrast, the 2021 experiment exhibited lower panicle numbers, reduced N uptake, and lower 337 

plant Ndfif uptake, primarily due to late-season transplantation with older seedlings (Baloch, Awan, 338 

and Hasan 2006). This likely contributed to the absence of significant differences in Ndfif uptake 339 

between the two soil types in 2021 (Table 4 and Table 6). Despite these limitations, the Ndfif 340 

uptake in 2021 remained within the typical range reported for inorganic fertilizers (Craswell and 341 

Vlek 1983) and exceeded the values commonly observed for manure composts (Nishida, Tsuchiya, 342 

and Yamamuro 2004; Nishida, Sumida, and Kato 2008) (Table S1), which generally contain low 343 

nutrient concentrations [1–2% N, <1% P)] (Sikora and Enkiri 1999). Interestingly, although the 344 

inorganic N content of MFW increased by 10% in 2022 (Table 2), the Ndfif in the leachate was 345 

lower than that in 2021 (Table 4), leading to a reduced proportion of MFW-derived N in the 346 

leachate (Table 6). Additionally, unobserved N in 2022 was significantly lower than that in 2021, 347 

correlating with improved N uptake and yield, especially in CL soil. These results indicate the 348 

improved plant performance in 2022 - combined with the higher nutrient retention capacity of CL 349 

soil - enhanced N recovery. Overall, our findings suggest that under greenhouse conditions with 350 

basal MFW application and a high leaching rate (2 cm/day), rice yield and N recovery benefit more 351 

from MFW application in finer-textured (CL) soils than in coarser-textured (SL) soils. 352 

 353 

4.2. Effects of soil textures on N emissions from MFW 354 

Our results revealed lower Ndfif in NH3 across all treatments compared to previous studies using 355 

urea or manure mixed with urea (Chen et al. 2012; Zhao et al. 2009; Yu et al. 2019; Chen et al. 356 

2012) (Figs. 1a, b; Table S1). This reduction can be attributed to the combination of basal 357 
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application with deep-placement mixing method used in this study, which is known to mitigate NH3 358 

volatilization (Hayashi, Nishimura, and Yagi 2006). However, contrary to previous studies 359 

suggesting higher clay content reduces NH3 volatilization (Duan and Xiao 2000; Fan et al. 2011), 360 

our results indicated higher volatilization in CL soil, particularly at higher MFW application rates. 361 

This could be attributed to increased floodwater pH and NH₄⁺-N concentrations in CL soil (pH 6.4-362 

9.4) compared to SL soil (pH 6.4–7.4) during the midday period (Figure S1a, b), consistent with 363 

previous studies (Battye et al. 1994; He et al. 1999; Rochette et al. 2013; Möller and Müller 2012; 364 

Maris et al. 2021). 365 

Flooding conditions reduced N2O emissions in all treatments, consistent with previous studies 366 

(Sasada et al. 2011; Singla and Inubushi 2014; Win et al. 2014). Anaerobic conditions also favored 367 

anaerobic ammonium oxidation (anammox), converting NH4-N to N2 (Hu et al. 2011; Shen, Zheng, 368 

and Ma 2016). Given the optimal pH and high NH4
+ concentrations, anammox may have 369 

contributed to higher unobserved N in MFW treatments compared to chemical fertilizer treatments 370 

(Yang et al. 2015; Table 6). However, the presence of organic matter in MFW (Table 2) might have 371 

suppressed anammox activity to some extent, as suggested by Shan et al. (2018). Therefore, the 372 

exact role of anammox under these conditions remains uncertain and warrants further investigation. 373 

The lack of 15NO3 in leachate (data not shown) suggests oxygen-depleted conditions in the pots, 374 

likely enhancing denitrification processes (Stepanauskas, Davidsson, and Leonardson, 1996). 375 

Therefore, the elevated unobserved N levels in MFW treatments is most likely attributed to N₂ 376 

emissions via complete denitrification. , with a possible contribution from anammox under 377 

anaerobic conditions (Yang et al. 2015) 378 

 379 

4.3. Comparison of MFW and chemical fertilizers in contrasting soil textures 380 

Our findings align with previous studies by Ghoneim et al. (2008), Nishikawa et al. (2012), Chen et 381 

al. (2012), and Tanaka et al. (2017), demonstrating that MFW can achieve rice yields comparable to 382 

chemical fertilizers. Unlike studies that base MFW application rates solely on NH₄-N (Nishikawa et 383 
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al., 2014; Möller et al., 2015), we used total N as the basis for application, with the digestate in our 384 

study containing 70–80% NH₄⁺-N in MFW (Table 2). This approach resulted in reduced inorganic 385 

N leaching in SL soil in both years and in CL soil in 2021 (Figs. 2c and g), while maintaining rice 386 

yield.  387 

We acknowledge that the NH₄⁺-N content of digestates can vary considerably depending on 388 

feedstock composition and processing conditions (Tampio, Salo, and Rintala 2016; Jimenez et al. 389 

2020), sometimes being as low as 50–60% (Japan Organics Recycling Association, 2023). 390 

However, recent studies (e.g., Ran et al. 2022) have shown that even digestates with lower NH₄⁺-N 391 

proportions, when applied based on total N, can achieve comparable agronomic performance to 392 

urea. Therefore, while our findings may not apply universally to all digestates, they support the 393 

potential of co-digested MFW—particularly those with a relatively high inorganic N content—to 394 

mitigate N leaching without compromising rice productivity.  395 

Higher unobserved N in MFW treatments than in chemical fertilizers suggests greater N emissions 396 

via unmeasured gaseous pathways (Ghoneim et al. 2008), particularly in SL soils. Meanwhile, the 397 

amount of Ndfif detected in gaseous forms from both MFW and chemical fertilizers was negligible 398 

(Fig. 3d, h). This evidence suggests that MFW application may have induced more N2 emission 399 

than chemical fertilizers, with SL soil showing a greater susceptibility to such losses than CL soil. 400 

 401 

4.4. Optimal MFW application rates for different soil textures 402 

Rice yield significantly increased with MFW application rates from 0.5N-MFW to 2N-MFW in 403 

both soil textures (Table 3). However, yields plateaued beyond the 1N-MFW, except for SL soil in 404 

2021. This suggests that exceeding 1N-MFW could lead to unnecessary N losses and environmental 405 

risks, especially in SL soils with higher leaching potential (Table 4). 406 

In CL soil, as a fine-textured soil, MFW application quickly achieved optimal yields with lower 407 

application rates, whereas SL soil required higher rates to achieve comparable yields (Table 3). 408 

However, higher MFW application rates in SL soil significantly increased both N leaching—which 409 
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may contribute to eutrophication (Smith et al., 1999; Malone and Newton, 2020)—and NH3 410 

volatilization (Figure 1a). While digestates generally enhance N availability and crop yields better 411 

than untreated animal manure (de Boer 2008), sustainably improving rice yield in SL soil or coarse-412 

textured soils may require long-term enhancement of soil organic matter to increase N retention and 413 

reduce leaching (Shan et al. 2018). 414 

Our findings revealed that Ndfif leaching increased linearly with MFW application rates in 2021 415 

and quadratically in 2022, with steeper increases observed in SL soils (Figure 4). NH3_Ndfif 416 

emissions also increased exponentially with higher MFW rates (Figure 2b), although the absolute 417 

values were not critical. These trends emphasize the need for careful management of MFW 418 

application rates, particularly in sandy soils with high leaching susceptibility. 419 

To determine the optimal MFW application rates, we applied a min–max normalization method, 420 

where the normalized value x’ was calculated as: x’ = (xi - min[x])/(max[x] - min [x]) (Zhou and 421 

Butterbach-Bahl 2014; Zheng et al. 2019). Here, xi represents each observed value (e.g., yield or N 422 

loss), and min[x] and max[x] are the minimum and maximum values in the data group, respectively. 423 

This approach allowed us to evaluate the trade-off between rice productivity and environmental N 424 

losses on a comparable scale. Based on the 2022 data, the optimal MFW application rates were 425 

estimated to be 183 mg N pot-1 for SL soil and 175 mg N pot-1 for CL soil, both closely aligning 426 

with the 1N-MFW application rate (Figure 5). These rates optimize yield while minimizing 427 

environmental impacts. 428 

 429 

4.5. The limitations of this study 430 

This study focused on the short-term fate of inorganic N in MFW. While organic N in MFW likely 431 

contributes to long-term N availability through mineralization (Sharifi et al. 2019), its role could not 432 

be evaluated within the scope of this study. Comparison between 1N-Chem and 1N-MFW showed 433 

no significant differences in plant Ndfun or DON in leachate (Figure 2), suggesting minimal short-434 

term impact of organic N under experimental conditions. However, in actual field conditions, 435 
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organic N may persist in the soil, gradually influencing the long-term fate of N through 436 

mineralization (Ueno and Yamamuro 2001; Takakai et al. 2018). Therefore, future studies should 437 

explore the long-term effects of both organic and inorganic N components in MFW. 438 

Pot experiments, while offering the advantage of controlled conditions, inherently limit the extent to 439 

which field environments—such as variable water regimes and percolation rates—can be replicated 440 

(de Vries 1980). In this study, percolation was fixed across all treatments, which may have obscured 441 

natural differences in infiltration between sandy and clayey soils. Consequently, key N 442 

transformation processes such as nitrification, denitrification, and anammox could not be fully 443 

assessed under soil-specific hydrological conditions (Zhou et al. 2011; Zhou et al. 2012). In 444 

addition, leaching in clayey soils may have been overestimated, as clayey soils generally have lower 445 

infiltration rates than sandy soils under field conditions (Gärdenäs et al., 2005). Although this study 446 

represents an early attempt to evaluate the fate of inorganic N from basal MFW application across 447 

all pathways (plants, soil, leachate, and gas emissions) in soils of contrasting textures, further 448 

validation under field conditions is required to confirm these findings. In particular, for 449 

understanding how a more realistic assessment of how soil-specific infiltration and water 450 

management practices affect inorganic N distribution is necessary. This aspect warrants further 451 

investigation to resolve the uncertainties in the behavior of unaccounted-for N. 452 

Additionally, because fertilizers were mixed into the soil immediately after application, NH₃ 453 

volatilization was likely suppressed in the experiment of this study. In practical field situations 454 

where digestate may remain on the soil surface before incorporation, NH₃ emissions could be 455 

higher. Therefore, our measured NH₃ losses may underestimate volatilization under typical field 456 

conditions. 457 

 458 

5. Conclusions 459 

This study demonstrated the significant influence of soil texture on rice growth and N dynamics 460 

following the MFW application and chemical fertilizers. Rice growth and N uptake were 461 
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consistently higher in CL soil than in SL soil, highlighting the role of soil texture in determining the 462 

fate of applied N. While MFW enhanced rice yields across both soil types, its environmental impact 463 

varied. In SL soil, higher MFW application rates led to significantly increased N leaching, whereas 464 

in CL soil, NH₃ volatilization increased at elevated MFW rates, likely due to higher floodwater pH 465 

and NH₄⁺ concentrations. Using the min–max normalization approach, we identified the optimal 466 

MFW application rate as approximately 90 kg N ha⁻¹ equivalent. This rate maximized the difference 467 

between normalized rice productivity and total N loss, thereby achieving a balance between 468 

agronomic performance and environmental sustainability. Notably, MFW achieved comparable or 469 

even better rice yields than chemical fertilizers under short-term, controlled conditions. However, 470 

distinct management strategies are necessary: mitigating NH₃ volatilization in CL soils and N 471 

leaching in SL soils. These findings emphasize the need for soil texture-specific nutrient 472 

management when applying MFW. Future research should evaluate the long-term effects of organic 473 

N in MFW, including its mineralization dynamics and contribution to sustainable agricultural 474 

systems. Field-based studies are also essential to validate these results under diverse environmental 475 

conditions and to refine MFW application strategies for broader agricultural adoption. 476 
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Figure legends 861 

Figure 1. The design of the experimental pot for collecting daily leachate solution 862 

Figure 2. Comparison of different methane fermentation waste fluid (MFW) treatments in 863 

contrasting soil textures (sandy loam, SL; clayey loam, CL) for (a) NH3 volatilization in 2022, (b) 864 

NH3-N derived from inorganic N of MFW (NH3-Ndfif) in 2022, (c) N2O emission in 2021, and (d) 865 

N2O emission in 2022. 0N: no fertilizer; 0.5N-MFW: 100 mg N as MFW; 1N-MFW: 200 mg N as 866 

MFW; 2N-MFW: 400 mg N as MFW. Error bars indicate standard error (n = 4), except for SL-0N 867 

and CL-2N-MFW treatments in 2022 (n = 3). Small and capital letters indicate the significant 868 

differences among treatments in SL and CL soils, respectively, as determined by one-way ANOVA 869 

(P < 0.05). Asterisks indicate the significant difference between two soil textures within the same 870 

treatment by Tukey’s test (*P < 0.05, **P < 0.01, and ***P < 0.001). Significant differences 871 

between regression lines for soil textures were computed using the F-test (P < 0.05). 872 

Figure 3. Comparison of nitrogen (N) content in plant N uptake (a, e), soil N derived from 873 

inorganic fertilizer (b, f), total dissolved N (TDN) in leachate (c, g), and gas emissions (d, h) 874 

between 1N-Chem and 1N-MFW under contrasting soil textures (SL and CL) in 2021 (a–d) and 875 

2022 (e–h). Ndfif: Nitrogen derived from inorganic fertilizer. Ndfun: Nitrogen derived from 876 

unlabeled sources. Error bars represent standard error (n = 4). Double dots represent significant 877 

differences between two soil textures within the same treatment for each observed indicator (P < 878 

0.05). Asterisks indicate significant differences among treatments within each soil texture (P < 879 

0.05). ns: not significant. 880 

Figure 4. Ndfif in leachate under different MFW treatments in 2021 (a) and 2022 (b) for SL and CL 881 

soils. 0N: no fertilizer; 0.5N-MFW: 100 mg N as MFW; 1N-MFW: 200 mg N as MFW; 2N-MFW: 882 

400 mg N as MFW.  Error bars represent standard error (n = 4), except for SL-0N and CL-2N-883 

MFW treatments in 2022 (n = 3). Small and capital letters indicate the significant differences 884 

among treatments in SL and CL soils, respectively, as determined by one-way ANOVA (P < 0.05). 885 
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Asterisks indicate the confidence of trendlines: *P < 0.05 and **P < 0.01. P-values indicate the 886 

significant differences between regression lines for SL and CL soils. 887 

Figure 5. Relationship between normalized rice biomass (a, b), yield (c, d), and total N loss under 888 

different MFW application rates in SL (a, c) and CL (b, d) soils in 2022. 0N: no fertilizer; 0.5N-889 

MFW: 100 mg N as MFW; 1N-MFW: 200 mg N as MFW; 2N-MFW: 400 mg N as MFW. Dotted 890 

lines indicate linear fits for rice biomass and yield; solid lines indicate exponential fits for total N 891 

loss. Normalized values were calculated using the min–max normalization formula: x’ = (xi – min 892 

[x])/ (max [x] – min [x]), where xi represents each observed value (n = 4, unless otherwise noted), 893 

min [x] and max [x] are the minimum and the maximum values within the group, respectively. 894 

Since values shown are treatment means, normalized values may not exactly be 0 or 1 even at 0N or 895 

2N-MFW treatments. Xop-values indicate the MFW application rates at which the difference 896 

between the normalized rice productivity (biomass or yield) and total N loss is maximized. These 897 

values indicate the optimal balance between agronomic performance and environmental impact for 898 

each soil texture. Error bars represent the standard error (n = 4), except for SL-0N and CL-2N-899 

MFW treatments in 2022 (n = 3). Asterisks indicate the confidence of the trendline: *P < 0.05 and 900 

**P < 0.01. 901 

 902 

Table legends 903 

Table 1 Soil properties of SL and CL soils used in the experiment. 904 

Table 2 Characteristics of methane fermentation waste fluid applied during two growing seasons. 905 

Table 3 Key agronomic characteristics of rice at harvest under MFW treatments in SL and CL soils 906 

across two growing seasons. 907 

Table 4 Total nitrogen content (TN), total dissolved nitrogen (TDN), and nitrogen derived from 908 

inorganic fertilizer (Ndfif) in plant, soil at harvest, and leachate under MFW treatments in SL and CL 909 

soils across two growing seasons. 910 



Table 1 Soil properties of SL and CL soils used in the experiment. 1 

Properties Shugakuin soil – SL Ishiwari soil - CL  
2021 2022 2021 2022 

Soil texture Sandy loam  
(10% clay, 71% sand) 

Clayey loam 
 (30% clay, 13% sand) 

pH (H2O)  5.8 5.8 6.8 6.4 
pH (KCl)  4.3 4.5 5.5 5.6 
CEC (cmolc kg-1) 9.0 9.5 22.8 22.0 
SOM (%) 5.7 6.8 7.5 7.2 
NH4-N (mg N kg-1) 7.2 14.6 5.6 6.3 
NO3-N (mg N kg-1) 4.7 7.9 0.7 25.8 
Total C (g C kg-1) 17 27 17 19 
Total N (g N kg-1) 1.6 2.3 2.0 2.0 
C: N ratio 10.4 11.9 8.3 9.6 
Bulk density (g cm-3)  1.1  1.0 

2 



Table 2 Characteristics of methane fermentation waste fluid applied during two growing 3 

seasons 4 

Parameters 2021 2022 

Dry mass % (w/w) 4.6 3.0 
pH 8.8 7.9 
Volatile solids (g kg-1 FW) 11 15 
NH4-N (mg kg-1 FW) 2083 2519 
NO3-N (mg kg-1 FW) 0.43 1.3 
Total N (mg kg-1 FW) 3029 3153 
Organic N (mg kg-1 FW) 941 632 
Total C (g kg-1 FW) 19 12 
Total P (g kg-1 FW) 0.2 0.4 
Total K (g kg-1 FW) 2.5 n.a 
C/N 6.0 3.8 

(n.a: not analyzed) 5 



Table 3 Key agronomic characteristics of rice at harvest under MFW treatments in SL and CL 6 

soils across two growing seasons 7 

Soil Fertilizer 
Height  
(cm) 

Panicle number 
Total biomass  

(mg pot-1) 
Yield  

(mg pot-1) 

2021 2022 2021 2022 2021 2022 2021 2022 

SL 

0N 
97.0 
(2.3) 

102.0 
(3.0) 

9.8c 

(0.5) 
16.0 

(0.6) 
43.7c 

(0.9) 
75.6c 

(2.5) 
4.7b 

(0.5) 
19.1b 

(0.8) 

0.5N-MFW 
95.4 
(2.1) 

104.0 
(1.0) 

11.0bc 

(0.4) 
16.8 

(1.3) 
50.5b 

(1.0) 
78.0c 

(2.1) 
5.1b 

(0.8) 
20.0b 

(0.3) 

1N-MFW 
95.4 
(1.2) 

106.0 
(1.0) 

11.3bc 
(0.3) 

17.0 

(1.1) 
53.8b 

(1.6) 
87.2b 

(1.1) 
5.3b 

(0.6) 
21.9ab 

(0.9) 

2N-MFW 
97.5 
(0.7) 

109.0 
(2.0) 

12.8a 

(0.8) 
19.5 

(0.3) 
67.8a 

(1.7) 
96.5a 

(0.9) 
10.0a 

(1.4) 
24.4a 

(0.6) 

Mean 
96.3 
(3.4) 

105.3 
(3.9) 

11.2 
(0.4) 

17.4 
(0.6) 

54.0 
(2.4) 

84.9 
(2.3) 

6.3 
(0.7) 

21.5 
(0.6) 

CL 

0N 
103.0 
(1.0) 

111.0 
(3.0) 

11.3c 

(0.5) 
15.5c 

(0.5) 
64.9c 

(1.3) 
82.6d 

(2.6) 
7.7b 

(0.6) 
20.2c 

(1.1) 

0.5N-MFW 
103.0 
(2.0)  

108.0 
(2.0) 

13.3bc 

(0.5) 
16.3bc 

(0.5) 
74.2b 

(0.7) 
91.1c 

(0.7) 
7.3b 

(0.5) 
23.0bc 

(1.1) 

1N-MFW 
105.0 
(1.0) 

111.0 
(1.0) 

15.0ab 

(0.4) 
18.8b 

(0.6) 
80.2b 

(1.1) 
98.8b 

(0.7) 
10.5a 
(0.5) 

25.2ab 

(0.5) 

2N-MFW 
103.0 
(2.0) 

116.0 
(2.0) 

16.0a 

(0.6) 
22.7a 

(0.7) 
90.6a 

(2.3) 
114.6a 

(1.0) 
10.6a 

(0.7) 
28.9a 

(1.1) 

Mean 
103.5 
(3.2) 

111.5 
(4.2) 

13.9 
(0.5) 

18.0 
(0.7) 

77.5 
(2.5) 

95.6 
(3.1) 

9.0 
(0.5) 

24.0 
(0.9) 

Two-way ANOVA 

Soil *** *** *** ns *** *** *** *** 
MFW levels ns * *** *** *** *** *** *** 

Soil x MFW levels ns ns ns ns ns * ns ns 

The mean and standard error (SE) have been computed using four replicates. The letters 8 

describe the significant difference between treatments in SL or CL computed via one-way 9 

analysis of variance (ANOVA). The asterisk represents significant differences: *: P < 0.05; **: 10 

P < 0.01; ***: P< 0.001; ns: not significant. 11 



Table 4 Total nitrogen content (TN), total dissolved nitrogen (TDN), and nitrogen derived from inorganic fertilizer (Ndfif) in plant, soil at harvest, and leachate under 12 

MFW treatments in SL and CL soils across two growing seasons 13 

Soil Fertilizer 

Plant Soil  Leachate 
2021 2022 2021 2022 2021 2022 

TN 
(mg pot-1) 

Ndfif 
(mg pot-1)  

TN 
(mg pot-1) 

Ndfif 
(mg pot-1) 

TN 
(g kg-1) 

Ndfif 
(mg pot-1) 

TN 
(g kg-1) 

Ndfif 
(mg pot-1) 

TDN 
(mg pot-1) 

Ndfif 
(mg pot-1) 

TDN 
(mg pot-1) 

Ndfif 
(mg pot-1) 

SL 

0N 
292c 
(5) 

- 
(-) 

529c 
(31) 

- 
(-) 

1.35 
(0.03) 

- 
(-) 

1.92b 
(0.02) 

- 
(-) 

93d 
(5) 

- 
(-) 

199d 
(11) 

- 
(-) 

0.5N-MFW 
340b 
(5) 

23.9c 
(0.4) 

585bc 
(15) 

40.0c 
(1.3) 

1.28 
(0.03) 

8.1c 
(0.6) 

2.09a 

(0.05) 
11.8c 
(0.4) 

122c 
(1) 

11.6c 
(0.4) 

241c 
(16) 

12.7c 
(0.6) 

1N-MFW 
358b 
(4) 

42.9b 
(2.6) 

612b 
(8) 

76.7b 
(2.2) 

1.35 
(0.05) 

14.1b 
(0.6) 

2.01ab 
(0.03) 

20.7b 
(0.8) 

177b 
(4) 

40.0b 
(3.0) 

271b 
(8) 

26.1b 
(1.8) 

2N-MFW 455a 
(12) 

90.2 a 
(2.1) 

686 a 
(11) 

143.9a 
(3.8) 

1.30 
(0.04) 

24.9a 
(1.2) 

2.05ab 

(0.03) 
39.2a 
(1.2) 

239a 
(2) 

78.0a 
(2.8) 

413a 
(16) 

73.6a 
(1.7) 

Mean 361 
(16) 

52.3 
(8.5) 

603 
(37) 

87.1 
(13.1) 

1.32 
(0.02) 

15.7 
(2.1) 

2.02 
(0.02) 

23.5 
(3.4) 

158 
(15) 

43.2 
(4.1) 

281 
(26) 

37.7 
(8.0) 

CL 

0N 
419b 
(9) 

- 
(-) 

580b 
(15) 

- 
(-) 

1.65b 

(0.03) 
- 

(-) 
2.02b 
(0.02) 

- 
(-) 

85d 
(3) 

- 
(-) 

137d 
(3) 

- 
(-) 

0.5N-MFW 
443b 
(6) 

25.0c 
(0.9) 

620b 
(4) 

41.0c 
(0.7) 

1.80a 

(0.04) 
13.1c 
(0.5) 

1.89c 
(0.01) 

21.5c 
(1.0) 

114c 
(5) 

9.7c 
(0.7) 

156c 
(5) 

5.4c 
(0.2) 

1N-MFW 454b 
(5) 

44.7b 
(1.1) 

699ab 
(10) 

85.4b 
(0.6) 

1.73ab 
(0.03) 

20.8b 
(0.4) 

1.98b 
(0.01) 

37.5b 
(0.5) 

139b 
(6) 

26.9b 
(2.6) 

170b 
(7) 

12.0b 
(0.9) 

2N-MFW 556a 
(24) 

94.1a 
(6.9) 

840a 
(27) 

168.5a 
(3.3) 

1.70ab 
(0.04) 

35.2a 
(1.7) 

2.12a 

(0.01) 
66.9a 
(1.4) 

181a 
(7) 

49.6a 
(2.2) 

243a 
(9) 

37.9a 
(3.4) 

Mean 
438 
(22) 

54.6 
(9.0) 

685 
(32) 

92.1 
(16.1) 

1.72 
(0.02) 

23.0 
(2.8) 

1.99 
(0.02) 

39.0 
(5.6) 

130 
(11) 

28.8 
(5.0) 

177 
(13) 

16.7 
(4.3) 

Two-way ANOVA 
Soil *** ns *** *** *** *** ns *** *** *** *** *** 

MFW levels *** *** ** *** ns *** ** *** *** *** *** *** 
Soil x MFW levels ns ns ** *** * * *** *** *** *** *** *** 



The mean and standard error (SE) have been computed using four replicates (n=4) except for SL-0N and CL-2N-MFW treatments in the 2022 year (n=3). The letters 14 

describe the significant difference between treatments in SL or CL computed via one-way analysis of variance (ANOVA). The asterisk represents the significant 15 

differences: *: P < 0.05; **: P < 0.01; ***: P < 0.001; ns: not significant.16 



Table 5 Key agronomic characteristics of rice at harvest under chemical fertilizer and MFW 17 

treatments in SL and CL soils across two growing seasons 18 

Soil Fertilizer 
Height 
(cm) 

Panicle number 
Total biomass 

(g pot-1) 
Yield 

(g pot-1) 

2021  2022 2021 2022 2021 2022 2021 2022 

SL 
1N-Chem 

96 
(1) 

107 
(2) 

11.8 
(0.5) 

19.0 
(0.5) 

59.7 
(1.2) 

90.6 
(1.9) 

6.5 
(1.3) 

22.9 
(1.4) 

1N-MFW 
95 
(1) 

106 
(2) 

11.3 
(0.3) 

17.0 
(1.1) 

53.8 
(1.6) 

87.2 
(1.1) 

5.3 
(1.1) 

21.9 
(1.7) 

Mean 
96 
(2) 

106 
(1) 

11.5 
(0.3) 

18.0 
(0.5) 

56.8 
(1.0) 

88.9 
(1.3) 

5.9 
(0.5) 

22.4 
(0.5) 

CL 
1N-Chem 

109 
(2) 

112 
(2) 

15.5 
(0.5) 

19.8 
(0.6) 

85.5 
(1.8) 

103.1 
(2.9) 

9.9 
(1.6) 

27.1 
(1.1) 

1N-MFW 
105 
(1) 

111 
(1) 

15.0 
(0.4) 

18.8 
(0.6) 

80.2 
(1.1) 

98.8 
(0.7) 

10.5 
(1.0) 

25.2 
(0.9) 

Mean 
107 
(4) 

111 
(1) 

15.3 
(0.3) 

19.3 
(0.5) 

82.8 
(1.0) 

100.9 
(1.3) 

10.2 
(0.5) 

26.2 
(0.5) 

Two-way ANOVA 

Soil *** * *** ns *** *** *** *** 
Fer. types ns ns ns ns ns ns ns * 
Soil x Fer. types ns ns ns ns ns ns ns ns 

The mean and standard error (SE) have been computed using four replicates. The asterisk 19 

represents the significant differences: *: P < 0.05; **: P < 0.01; ***: P < 0.001; ns: not 20 

significant. 21 

22 



Table 6 Distribution of Ndfif in plant, soil, and leachate under MFW treatments in SL and CL 23 

soils across two growing seasons. 24 

Soil Fertilizer 

Plant Soil Leachate NH3 gas Unobserved 

% 

2021 2022 2021 2022 2021 2022 2022 2021 2022 

SL 

1N-Chem 
37.0a 

(1.6)  

50.5a 

(2.1) 

9.3b 

(0.5) 

12.4ab 

(0.7) 

32.7a 

(1.4) 

20.3a 

(1.5) 

0.44 

(0.05) 

21.0c 

(2.93) 

16.3b 

(1.6) 

0.5N-MFW 
34.3ab 

(0.6) 

48.6ab 

(1.6) 

11.6a 

(0.8) 

14.4a 

(0.5) 

16.6b 

(0.6) 

15.4b 

(0.8) 

0.51 

(0.06) 

37.5a 

(0.9) 

21.2a 

(0.9) 

1N-MFW 
30.6b 

(1.8) 

46.5ab 

(1.4) 

10.0b 

(0.4) 

12.5ab 

(0.5) 

28.3a 

(2.1) 

15.8b 

(1.1) 

0.63 

(0.13) 

31.1b 

(1.7) 

24.6a 

(0.9) 

2N-MFW 
32.2ab 

(0.3) 

43.6c 

(1.2) 

8.8b 

(0.4) 

11.9b 

(0.4) 

27.7a 

(1.0) 

22.3a 

(0.5) 

0.79 

(0.04) 

31.3b 

(0.8) 

21.4a 

(1.0) 

CL 

1N-Chem 
45.0a 

(1.8) 

56.1a 

(2.0) 

16.8a 

(0.2) 

24.0ab 

(0.5) 

18.7a 

(1.0) 

8.0b 

(0.9) 

1.26 

(0.12) 

19.6b 

(1.1) 

10.6b 

(1.1) 

0.5N-MFW 
36.0b 

(1.3) 

49.7b 

(0.8) 

18.7a 

(0.7) 

26.1a 

(1.2) 

13.9b 

(0.9) 

6.5b 

(0.2) 

0.53 

(0.12) 

31.4a 

(1.3) 

17.2a 

(1.2) 

1N-MFW 
31.9b 

(0.8) 

51.8ab 

(0.3) 

14.7b 

(0.3) 

22.7bc 

(0.3) 

19.1a 

(1.9) 

7.3b 

(0.6) 

1.02 

(0.10) 

34.3a 

(1.6) 

17.3a 

(0.8) 

2N-MFW 
33.6b 

(2.5) 

51.1ab 

(1.0) 

12.5c 

(0.6) 

20.3c 

(0.4) 

17.6ab 

(0.8) 

11.5a 

(1.0) 

1.61 

(0.51) 

36.3a 

(1.8) 

15.6a 

(0.7) 

Two-way ANOVA 

Soil * ** *** *** *** *** *** ns ** 

Fer. Types 

(1N-Chem vs 1N-MFW) 
*** * ns ns ns * ns *** *** 

Soil x Fer. types ns ns ns ns ns ns ns ns ns 

Soil ns *** *** *** *** *** ** ns *** 

MFW levels * ns *** *** *** *** * ns ns 

Soil x MFW levels ns * ns ns ns ns ns ** ** 



The mean and standard error (SE) have been computed using four replicates (n=4) except for 25 

SL-0N and CL-2N-MFW treatments in 2022 (n=3). The letters describe the significant 26 

difference between treatments in SL or CL computed via one-way analysis of variance 27 

(ANOVA). The asterisk represents significant differences: *: P < 0.05; **: P < 0.01; ***: P < 28 

0.001; ns: not significant.  29 



Table S1 Fate of nitrogen from fertilizers on paddy rice from the previous studies 30 

N source Soil type Scale 
Application 

method 
Plant 

uptake 
Remained 

in soil 

N loss 
Calculation 

method 
Author 

N 
leaching 

NH3 NxO Unknown   

Inorganic 
fertilizers 

Unknown Field/pot - 7.0-68.0 - 5.0-96.0 

Based on 
Inorganic 
15N (#): % 

of N 
applied 

Crasel and 
Vlek. 
1983 

Urea Albic soil 1 m2 Split 30.3-43.5 13.6-15.7 6.5-10.1 
32.7-
49.6 

- - 
Yu et al. 

2019 

Urea Anthrosol Lysimeter Split 27.4-29.6 
22.0 
(#) 

6.14-11.7 
(#) 

6.7-11.8 
(#) 

0.11-
0.12 

- 
Zhao et 
al., 2009 

NH4Cl Eutric 
Fluvisol 

Pot Split 
70.3 60.2 - - - 23.5 Ghoneim 

et al. 2008 MFW 50.5 13.2 - - - 36.3 

Urea 
Clay loam 1 m2 Split 

36.6 - 2.3 7.5 0.2 53.0 
N balance 

Chen et al. 
2012 MFW 41.4 - 1.9 16.4 0.3 39.4 

Cattle manure 
compost 

Unknown Field Basal 
5.6 - 7.1 59.4-61.9 32.5-33.5 Based on 

organic 15N 
 

Nishida et 
al. 2004 Poultry manure 

compost 
29.2 52.3 18.5 



31 

Rice straw 
compost 

8.9-11.8 68.4-69.4 19.8-21.7 

Cattle manure 
compost 

Typic 
Fluvaquents 

Pot Basal 2.8 - 3.0 73.0 - 78.0 20.0 - 25.0 
Nishida et 
al. 2008 

Swine manure 
amended with 

Urea (15+85%) 
Clay loam 

Field 
Basal with 
manure and 

split top 
dressing for 

Urea 

34.2-39.4 10.9-13.5 8.2-8.5 
34.6-
40.1 

- - 

% of N 
input 

Xinqiang 
et al. 2014 

swine manure 
amended with 

Urea (30+70%) 
Clay loam 37.4-43.2 9.1-11.1 8.9-9.2 

32.3-
37.5 

- - 

swine manure 
amended with 

Urea (45+65%) 
Clay loam - 38.5-44.5 6.2-9.0 9.0-9.5 

32.3-
39.2 

- - 

NH4Cl 
Sandy loam  

Pot 

Basal 37.0-50.5 9.3-12.4 20.3-32.7 0.44 - 16.3-21.0 
Based on 
Inorganic 

15N 

This 
study 

Clay loam Basal 45.0-56.1 16.8-24.0 8.0-18.7 1.3 - 10.6-19.6 

MFW 
Sandy loam Basal 30.6-48.6 8.8-14.4 15.4-28.3 0.5-0.8 - 25-35 

Clay loam Basal 31.9-51.8 12.5-26.1 6.5-19.1 0.5-1.6 - 20-29 
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Table 5 Key agronomic characteristics of rice at harvest under chemical fertilizer and MFW 911 

treatments in SL and CL soils across two growing seasons. 912 

Table 6 Distribution of Ndfif in plant, soil, and leachate under MFW treatments in SL and CL soils 913 

across two growing seasons. 914 

 915 

Supplementary legends 916 

Figure S1. Floodwater pH (a, b) and temperature (c, d) under different treatments in 2022 for SL (a, 917 

c) and CL (b, d) soils. Error bars represent standard error (n = 4), except for SL-0N and CL-2N-918 

MFW treatments in 2022 (n = 3). All measurements were conducted between 10:00 and 16:00 on 919 

gas collection days. DAT: Days after transplanting. 920 

Figure S2. Shoot-to-root ratio of rice at harvest in SL and CL soils during 2021 and 2022. Error 921 

bars represent standard error (n = 4), except for SL-0N and CL-2N-MFW treatments in 2022 (n = 922 

3). P-values indicate significant differences between year (2021 vs. 2022) and soil textures (SL vs. 923 

CL). 924 

Figure S3. Inorganic N (NO3-N and NH4-N) content in daily leachate for SL and CL soils in 2021 925 

(a–d) and 2022 (e–h). Error bars represent standard error (n = 4), except for SL-0N and CL-2N-926 

MFW treatments in 2022 (n = 3). DAT: Days after transplanting. 927 

Table S1. Summary of N fate from fertilizers in previous studies on paddy rice. 928 

 929 



Figure 1. The design of the experimental pot for collecting daily leachate solution



Figure 2. Comparison of different methane fermentation 

waste fluid (MFW) treatments in contrasting soil textures 

(sandy loam, SL; clayey loam, CL) for (a) NH3 

volatilization in 2022, (b) NH3-N derived from inorganic N 

of MFW (NH3-Ndfif) in 2022, (c) N2O emission in 2021, 

and (d) N2O emission in 2022. 0N: no fertilizer; 0.5N-

MFW: 100 mg N as MFW; 1N-MFW: 200 mg N as MFW; 

2N-MFW: 400 mg N as MFW. Error bars indicate standard 

error (n = 4), except for SL-0N and CL-2N-MFW treatments 

in 2022 (n = 3). Small and capital letters indicate the 

significant differences among treatments in SL and CL soils, 

respectively, as determined by one-way ANOVA (P < 0.05). 

Asterisks indicate the significant difference between two 

soil textures within the same treatment by Tukey’s test (*P < 

0.05, **P < 0.01, and ***P < 0.001). Significant differences 

between regression lines for soil textures were computed 

using the F-test (P < 0.05).



Figure 3. Comparison of nitrogen (N) content in plant N uptake (a, e), soil N derived from inorganic fertilizer (b, f), total dissolved N (TDN) in leachate (c, 

g), and gas emissions (d, h) between 1N-Chem and 1N-MFW under contrasting soil textures (SL and CL) in 2021 (a–d) and 2022 (e–h). Ndfif: Nitrogen 

derived from inorganic fertilizer. Ndfun: Nitrogen derived from unlabeled sources. Error bars represent standard error (n = 4). Double dots represent 

significant differences between two soil textures within the same treatment for each observed indicator (P < 0.05). Asterisks indicate significant differences 

among treatments within each soil texture (P < 0.05). ns: not significant.
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Figure 4. Ndfif in leachate under different MFW treatments in 2021 (a) and 2022 (b) for SL and CL soils. 0N: no fertilizer; 0.5N-MFW: 100 mg N as MFW; 

1N-MFW: 200 mg N as MFW; 2N-MFW: 400 mg N as MFW.  Error bars represent standard error (n = 4), except for SL-0N and CL-2N-MFW treatments in 

2022 (n = 3). Small and capital letters indicate the significant differences among treatments in SL and CL soils, respectively, as determined by one-way 

ANOVA (P < 0.05). Asterisks indicate the confidence of trendlines: *P < 0.05 and **P < 0.01. P-values indicate the significant differences between regression 

lines for SL and CL soils.



Figure 5. Relationship between normalized rice biomass (a, 

b), yield (c, d), and total N loss under different MFW 

application rates in SL (a, c) and CL (b, d) soils in 2022. 

0N: no fertilizer; 0.5N-MFW: 100 mg N as MFW; 1N-

MFW: 200 mg N as MFW; 2N-MFW: 400 mg N as MFW. 

Dotted lines indicate linear fits for rice biomass and yield; 

solid lines indicate exponential fits for total N loss. 

Normalized values were calculated using the min–max 

normalization formula: x’ = (xi – min [x])/ (max [x] – min 

[x]), where xi represents each observed value (n = 4, unless 

otherwise noted), min [x] and max [x] are the minimum and 

the maximum values within the group, respectively. Since 

values shown are treatment means, normalized values may 

not exactly be 0 or 1 even at 0N or 2N-MFW treatments. 

Xop-values indicate the MFW application rates at which the 

difference between the normalized rice productivity 

(biomass or yield) and total N loss is maximized. These 

values indicate the optimal balance between agronomic 

performance and environmental impact for each soil 

texture. Error bars represent the standard error (n = 4), 

except for SL-0N and CL-2N-MFW treatments in 2022 (n = 

3). Asterisks indicate the confidence of the trendline: *P < 

0.05 and **P < 0.01.



Figure S1. Floodwater pH (a, b) and temperature (c, d) under different treatments in 2022 for SL (a, c) and CL (b, d) soils. Error bars represent standard error 

(n = 4), except for SL-0N and CL-2N-MFW treatments in 2022 (n = 3). All measurements were conducted between 10:00 and 16:00 on gas collection days. 

DAT: Days after transplanting.



Figure S2. Shoot-to-root ratio of rice at harvest in SL and CL soils during 2021 and 2022. Error bars represent standard error (n = 4), except for SL-0N 

and CL-2N-MFW treatments in 2022 (n = 3). P-values indicate significant differences between year (2021 vs. 2022) and soil textures (SL vs. CL).



Figure S3. Inorganic N (NO3-N and NH4-N) content in 

daily leachate for SL and CL soils in 2021 (a–d) and 

2022 (e–h). Error bars represent standard error (n = 4), 

except for SL-0N and CL-2N-MFW treatments in 2022 

(n = 3). DAT: Days after transplanting.
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