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Abstract

:

Salinity intrusion is a significant threat to crop productivity and food security worldwide. The aims of the current study were to evaluate the effects of rice husk biochar amendment on the growth and yield of rice grown in saline soil with saltwater intrusion at the seedling stage and to investigate the mechanism by which biochar mitigates the harmful effects of salinity intrusion on rice. Phitsanulok 2 rice was grown in pots containing saline soil amended with 0%, 10%, 20%, and 30% (w/w) rice husk biochar. Pots were put in a pond and 6 dS/m of NaCl was applied for 28 days. The results showed that biochar application significantly increased the survival, shoot height, shoot dry weight, yield, and yield components of rice. Biochar addition significantly decreased shoot Na+ contents and increased the shoot K+/Na+ ratio. By using a Fourier-transform infrared spectrometer and a scanning electron microscope equipped with an energy-dispersive X-ray spectrometer, it was found that the negative surface charge of rice husk biochar was due to carboxyl and hydroxyl groups, and Na+ was detected on the surface of the biochar. We concluded that rice husk biochar amendment at a rate of 30% (w/w) could mitigate the negative effects of salt stress by absorbing Na+ in the saline soil, reducing Na+ uptake to the shoot, and increasing the shoot K+/Na+ ratio. Therefore, rice husk biochar amendment is a potential strategy for enhancing rice productivity in salt-affected soils with saltwater intrusion.
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1. Introduction


Rice (Oryza sativa L.) is a staple food for more than half of the world’s population [1,2,3,4]. It is a salt-sensitive cereal crop, as the uptake of sodium ions (Na+) from salt-affected soils to the root xylem cannot be controlled, leading to toxic Na+ accumulation in the shoot [5,6]. The seedling-stage rice is sensitive to salinity, and salt stress significantly affects growth and yield [5,7,8]. For example, 7 day old seedlings of IR 2153 rice completely died within 20 days when treated with 50 mM NaCl [9]. The 14 day old rice genotype IR 55178 could survive only 90 days after exposure to 50 mM NaCl [6]. Similarly, about 50% of 25 day old rice of the genotypes IKP, T67, and IR 31785 survived after 14 days of salt stress at 20–50 mM NaCl [10]. The shoot dry weight of the rice cultivar M-202 was significantly reduced by 30% after salt-stressed exposure to 6 dS/m for 20 days [11]. Furthermore, reductions in shoot dry weight of approximately 18–37% were found in rice cvs. KDML 105 and IR 29 after salinizing 14 day old seedlings with 12 dS/m for 7 days [12]. The shoot height of NERICA 1 and RD6 rice was reduced by 23–25% when they were grown in soil supplemented with NaCl of 5–9 dS/m [13,14].



Soil salinity already affects 20% of agricultural areas, and this figure is expected to increase to up to 50% by the year 2050 with the acceleration of climate change [15,16,17,18]. Thus, soil salinity is one of the most important environmental problems adversely affecting sustainability and food security worldwide [19,20,21]. Increases in air temperature and in concentrations of atmospheric greenhouse gases cause the melting of glaciers and ice sheets, leading to sea level rise and seawater intrusion in the paddy fields of rice-producing countries, such as Bangladesh, Indonesia, Vietnam, and Thailand [18,22,23,24,25,26]. For example, rice yield losses due to saltwater intrusion in the Vietnamese Mekong Delta were estimated at about 18–30% per hectare per year [27]. Phan and Kamoshita [26] found that the yield of rice cultivated in coastal paddy fields in the Red River Delta in Vietnam was 641 g/m2 with water salinity of 0.5%, and it decreased to 472 g/m2 with 0.85% salinity water. Similarly, Sembiring et al. [28] reported that the yield of Sidenuk rice was significantly reduced by 17.5–74.0% when cultivated in saline paddy fields affected by seawater intrusion of 7–10 dS/m in West Java, Indonesia. Therefore, it is important to mitigate the effects of salt stress and seawater intrusion on the growth and productivity of rice.



One well-recognized approach for salinity mitigation is the use of biochar, a biomass residue pyrolyzed under limited oxygen conditions, as a soil amendment [29,30,31]. Application of rice husk biochar to salt-affected soils increased the biomass of the rice variety OM 6162 [32]. Similarly, addition of peanut shell biochar increased the growth and yield of the rice varieties G9 and Changbai-9 in saline-sodic soil [33,34]. Furthermore, a combination of rice husk biochar and corn stalk biochar increased the yield of Sakha 105 rice in salt-stressed soil [19]. Likewise, addition of wood biochar increased the shoot and spike dry weights of Jinyuan 85 rice under salt stress [35]. Biochar amendment has been found to effectively reduce salinity stress on plants by increasing the soil cation exchange capacity (CEC), total porosity, soluble and exchangeable K+, and fertilities [21,32]; decreasing soil electrical conductivity, soluble Na+ and Cl− contents, exchangeable Na+ and Cl−, and water evaporation [2,31,35,36]; reducing the shoot Na+ accumulation, Na+/K+ ratio, and relative electrical leakage; increasing the shoot K+ accumulation, improving leaf water status, increasing chlorophyll content, and increasing N use efficiency [2,33,34,37,38]; and regulating soil bacterial abundance and community structure [35]. Although biochar has been recommended for remediating salt stress in rice, there is a limited number of studies focusing on the beneficial effects of rice husk biochar on the growth and yield of rice in saline paddy soil with saltwater intrusion at the seedling stage. Rice husks are the major by-product of rice production and are separated from rice grains during the milling process. They account for 20% of the weight of paddy rice [39,40,41], and they are one of the main types of agricultural waste in many countries, such as China, India, Indonesia, Bangladesh, Vietnam, Myanmar, Australia, and Thailand [40,41]. The annual global production of rice husks is approximately 150 million tons [40,42]. They are partially used as bioenergy [40,41,43]. However, rice husks are usually burned in the fields, causing environmental problems [43,44,45]. Thus, turning rice husks into biochar is an effective solution for rice waste management and a potential approach for sustainable rice production [43]. Therefore, the objectives of this research were to: (1) investigate the effects of rice husk biochar amendment on the growth and yield of rice in saline paddy soil with saltwater intrusion at the seedling stage and (2) investigate the possible mechanisms by which rice husk biochar alleviates the harmful effects of saltwater intrusion on rice.




2. Materials and Methods


2.1. Experimental Site and Biochar


The experiment was conducted in a greenhouse with natural light and temperature at the Environmental Research Institute, Chulalongkorn University, Bangkok, Thailand. The average values for the temperature, relative humidity, and photosynthetically active radiation were 32.1 °C, 66%, and 588 µmol m−2 s−1, respectively.



Biochar was produced from rice husks through slow pyrolysis at 400 °C. The physicochemical properties of the biochar were determined according to the method described by Phetmak et al. [46]. Its characteristics were as follows: pH—7.55, organic matter (OM)—16.0%, CEC—26.8 cmol/kg, total N—0.68%, total P—0.62%, total K—1.03%, total Na—766 mg/kg, and EC—1.36 dS/m.




2.2. Plant Materials and Experimental Design


A total of 100 kg of soil was randomly collected from 0–15 cm depths in paddy fields invaded by seawater located in Bang Kha, Chachoengsao, Thailand (46′09.0″ N, 101°13′38.0″ E). Soil samples were air-dried, ground, passed through a 2 mm sieve, and analyzed for physicochemical properties based on the standard procedure from a soil survey laboratory methods manual [47,48]. The soil texture was clay and it contained 2.5% OM, 1.34 g/kg N, 0.21 g/kg P, and 9.2 g/kg K. The pH value was 4.14, the electrical conductivity of a saturated soil extract (ECe) was 5.09 dS/m, and the CEC was 28.4 cmol/kg.



Four plastic pots (25 cm in diameter and 21 cm in height) with five holes at the bottom of each pot covered with nylon mesh were filled with 3.5 kg of saline paddy soil per pot. Rice husk biochar was added to pots at rates of 0% (control), 10%, 20%, and 30% (w/w). Then, the saline soil and biochar in the pots were thoroughly mixed, and the pots were filled with water and left to incubate for 14 days. Our preliminary results showed that the 1–5% (w/w) biochar amendment rates were not enough to increase the survival of the rice seedlings.



Oryza sativa L. cv. Phitsanulok 2, a moderately salt-tolerant cultivar, was used in this experiment, as it is widely cultivated in the area of study and a famous cultivar in Thailand [49]. It is a non-photosensitive and high-amylose cultivar with an average yield of 5043 kg/ha [49]. Rice seeds were soaked in water for 24 h and incubated in wet tissue papers for 24 h. Then, 20 germinated seeds were selected and planted in each pot. After that, plastic pots were randomly put into a pond (60 cm in length, 60 cm in width, 30 cm in depth) with a polyethylene plastic liner filled with Yoshida solution [50] (EC 1.15 dS/m, pH 5.0) to prepare for salt stress at the seedling stage.




2.3. Effect of Saltwater Intrusion at Seedling Stage


Fourteen days after sowing (115 DAS), the solution in the pond was replaced with 6 dS/m of Yoshida solution mixed with NaCl and kept constant at 6 dS/m for 28 days to simulate seawater intrusion at the rice seedling stage. The EC of 6 dS/m was the same as that of the saltwater intrusion in the rice fields of farmers in Bang Kha, Chachoengsao, Thailand. The saline solution was changed every week to prevent nutrient depletion. After the saltwater-stressed period, the rice plants in each pot were counted to quantify survival and their heights were measured, then several were randomly harvested and oven-dried at 80 °C to assess shoot dry weight and for ion accumulation analysis. Finally, the solution in the pond was changed to Yoshida solution without NaCl until the yield was harvested.




2.4. Measurements of Yield and Yield Components


At the maturity stage (115 DAS), the shoot height was measured. The number of tillers per clump was counted. Then, the rice plants were harvested and oven-dried at 80 °C for 3 days. The grain yield and yield components were analyzed in terms of the active tiller percentage, panicle length, grain number per panicle, grain filling percentage, 1000 grain weight, and grain weight per pot.




2.5. Determination of Na+ and K+


The shoots or flag leaves of rice were put in a test tube filled with 100 mM HNO3, and incubated in a digital heat block at 90 °C for 2 h [9]. The Na+ and K+ in the extract solutions were determined using an atomic absorption spectrometer (ZEEnit 700 P, Analytik Jena, Jena, Germany).




2.6. SEM and FTIR Analysis of Biochar


The rice husk biochar and the samples collected from the saline soil in pots were held on a 1 cm diameter aluminum stub with adhesive tape followed by a sputter coating with gold [51] and examined for element compositions using a scanning electron microscope equipped with an energy-dispersive X-ray spectrometer (SEM-EDX, JEOL, JSM-IT500HR, Tokyo, Japan) with an accelerating voltage of 15 kV. The functional groups on the biochar surface were analyzed with a Fourier-transform infrared (FTIR) spectrometer (PERKIN ELMER Spectrum One, Branford, CT, USA) in the wavenumber range of 400–4000 cm−1.




2.7. Data Analysis


The experiment was arranged according to a completely randomized design with three replicates [36]. Data were expressed as the mean and the standard error of the mean (SE). The significant difference was assessed with one-way analysis of variance using Duncan’s multiple range test (DMRT) at the 5% level with SPSS software (v16.0).





3. Results


3.1. Survival and Growth of Rice after Saltwater Intrusion at the Seedling Stage


Approximately 63% of the Phitsanulok 2 rice seedlings grown in salt-affected paddy soil for 14 days without the addition of biochar survived (Figure 1A). The proportion of seedlings in saline soil without biochar that survived significantly decreased to 5% when the rice plants were treated with saltwater for 28 days (Figure 1A), whereas the survival of the seedlings with biochar added was not significantly affected by saltwater (Figure 1A). Among the biochar application rates, 30% (w/w) significantly increased survival up to 50% compared to no biochar addition (Figure 1A). The shoot height of the rice grown in saline soil with saltwater intrusion but without biochar was about 36 cm, and it significantly increased to an average of 48 cm when 10–30% (w/w) biochar was added to the soil (Figure 1B). The shoot dry weight of the rice grown in saline soil with saltwater intrusion was about 0.2 g, and it increased significantly to an average of 0.5 g when 20–30% (w/w) biochar was added to the saline soil (Figure 1C).




3.2. Ion Accumulation in Shoots of Rice after Saltwater Intrusion at the Seedling Stage


Na+ concentrations in the shoots of rice grown in salt-stressed soil with saltwater intrusion for 28 days were 25.6, 26.7, and 27.0 mg/gDW for the treatments with 0, 10, and 20% (w/w) biochar amendments, respectively (Figure 2A). The shoot Na+ concentration was significantly decreased to 13 mg/gDW when 30% (w/w) biochar was added to the soil (Figure 2A). The K+ concentration in the shoots was 18.2 mg/gDW for the controlled rice seedlings, and it significantly increased to 27.0 and 24.8 mg/gDW with 20% and 30% (w/w) biochar application rates, respectively (Figure 2B). The shoot Na+/K+ ratio for rice under salt stress without biochar was about 1.5 (Figure 2C). Biochar application at rates of 10% and 20% (w/w) did not significantly change the shoot Na+/K+ ratio, whereas 30% (w/w) biochar amendment significantly decreased the Na+/K+ ratio compared to the control to 0.5 (Figure 2C).




3.3. Growth of Rice at the Harvesting Stage


At the harvesting stage, the shoot height of the Phitsanulok 2 rice was about 66 cm, and the height significantly increased to 85 cm, 95 cm, and 99 cm when 10, 20, and 30% (w/w) biochar was added to the soil, respectively (Figure 3A). The shoot dry weight and number of tillers per clump for the rice without biochar were about 3 g and three tillers, respectively (Figure 3B,C). Biochar application rates of 10–30% (w/w) did not significantly change the shoot dry weight or number of tillers (Figure 3B,C).




3.4. Ion Accumulation in Flag Leaves of Rice at the Harvesting Stage


The Na+ concentration in the flag leaves of rice without biochar at the harvesting stage was approximately 0.3 mg/gDW (Figure 4A). The concentrations of Na+ in flag leaves decreased with increasing biochar application rates. It was found that 20–30% (w/w) biochar amendment significantly reduced flag leaf Na+ concentrations to an average of 0.1 mg/gDW (Figure 4A). Flag leaf K+ concentrations in rice supplemented with biochar were significantly lower than in rice without biochar (Figure 4B). However, the Na+/K+ ratio in flag leaves was not significantly different between biochar and non-biochar treatments (Figure 4C).




3.5. Yield and Yield Components at the Harvesting Stage


Phitsanulok 2 rice grown in saline soil with saltwater intrusion for 28 days and without biochar addition produced 48% active tillers, and the percentage increased to 69%, 68%, and 90% after adding 10%, 20%, and 30% (w/w) biochar to the soil (Table 1). It was found that 30% (w/w) biochar addition significantly increased the proportion of active tillers by 42% compared to no biochar addition (Table 1). The panicle length of the rice grown under salt stress without biochar was about 20 cm, and it increased significantly to 24.0, 26.3, and 29.2 cm after application of 10–30% (w/w) biochar to the soil (Table 1). Rice without biochar produced approximately 33 grains/panicle and had only 4% filled grains in a panicle (Table 1). Biochar application rates of 10% and 20% (w/w) did not significantly increase the number of grains in a panicle, but they significantly increased grain filling percentage to approximately 30% and 47%, respectively (Table 1). The biochar application rate of 30% (w/w) significantly increased both the number of grains in a panicle to 94 grains and the filled grain percentage to 43% compared to the control (Table 1). The 1000 grain weight of the rice grown without biochar was approximately 19 g, and it increased significantly to 20.1, 23.7, and 23.4 g for 10%, 20%, and 30% (w/w) biochar addition (Table 1). Grain weights/pot of rice with 10% and 20% (w/w) biochar application rates were not significantly different from that of the control without biochar, showing an average of about 3.3 g/pot, whereas the 30% (w/w) application of biochar increased grain weight/pot significantly to 12.23 g (Table 1).




3.6. FTIR and SEM-EDX of Biochar


The functional groups on the surface of the rice husk biochar were identified with FTIR (Figure 5). The transmittance peak at 3339.38 cm−1 typically represents hydroxyl groups (–OH). The peak at 2661.36 cm−1 is attributed to carboxyl groups. The peak at 1574.73 cm−1 is associated with C=C stretching vibrations. The peak at 1094.76 cm−1 can be attributed to the stretching vibrations of Si-related functional groups. The peaks below 600 cm–1 can be attributed to metal–halogen stretching vibrations.



The SEM–EDX result showed that C and O were the major components of the rice husk biochar (Figure 6). Na+ was detected only in the biochar collected from the saline soil, whereas K+ was found in both the biochar and the biochar collected from the saline soil (Figure 6).





4. Discussion


Biochar has been considered as a soil amendment for rice under salinity stress as it has been found that it effectively increased soil fertilities and soil CEC [21,32]; decreased the soil EC and soluble Na+ and Cl− contents [2,35]; reduced the shoot Na+ accumulation, Na+/K+ ratio, and relative electrical leakage; increased the shoot K+ accumulation, improved the leaf water status, and increased the chlorophyll content [2,33,34]; and regulated the soil bacterial community structure [35]. Although many studies on biochar addition to saline soil have been undertaken, there are few reports on the effects of biochar on the growth and yield of rice in saline soil with saltwater intrusion, and the potential mechanism underlying the effects of biochar still needs to be investigated [30,31,52].



Our results showed that approximately 63% of Phitsanulok 2 rice grown in saline paddy soil with an ECe of 5.09 dS/m caused by seawater intrusion survived at 14 days old, and the survival severely decreased to 5% when seedlings were subjected to invasion by saltwater with an EC of 6 dS/m for 28 days (Figure 1). The results strongly indicated that saltwater intrusion was harmful to crop growth. Rice is the most salt-sensitive cereal crop [1,17,53]. Growth and yield can be affected by field water salinity as low as 1.9 dS/m, and salinity effects are dependent on salt concentration, time of exposure, and the growth stages of rice [54]. The finding that only 5% of 14 day old rice seedlings survived after being treated with saltwater is in line with previous reports that the seedling stage of rice is very sensitive to salinity [5,7,8,54]. Reductions in survival and growth due to salinity have also been reported in other rice genotypes, such as IR29, IR 2153, IR 31785, IR 55178, IKP, T67, M-202, KDML105, NERICA 1, RD6 [6,9,10,11,12,13,14]. The present study showed that the biochar application rate of 30% (w/w) significantly increased the survival percentage for rice compared to no biochar application after saltwater intrusion for 28 days (Figure 1A), and the shoot height and dry weight significantly increased with the 20% and 30% (w/w) biochar application rates (Figure 1B,C). The results are consistent with previous reports that biochar addition improved the growth of rice under salt stress [32,33,34,35]. However, at the time of harvest, the shoot dry weight of the rice did not significantly differ between the control and 10–30% (w/w) biochar treatments, whereas the shoot height increased significantly after adding biochar (Figure 3A,B). The results are in agreement with those of Ran et al. [34], who reported that addition of biochar increased the shoot height of rice under salt stress, and Phuong et al. [21], who found that biochar addition did not improve the straw dry weight of the rice variety Tep Hanh under salinity conditions. A possible explanation is that the increase in height stimulated by the biochar was a result of competition for light for better photosynthesis during the growth cycle of the rice, while the shoot dry weight was not affected due to the transport of assimilates and nutrients to the panicles of the reproductive stage [55].



Significant yield losses about 17.5–74.0% have been found for rice cultivated in paddy fields subjected to seawater intrusion in Vietnam and Indonesia [26,27,28]. Consistently, in the present study, Phitsanulok 2 rice grown in saline soil with saltwater intrusion produced 48% active tillers with 20 cm panicle lengths, with approximately 33 grains/panicle and only 4% filled grains in each panicle (Table 1). The rice yielded 0.80 g/pot in total or approximately 16 g/m2 (Table 1). However, the yield of rice increased significantly to 12.23 g/pot or about 250 g/m2 when 30% (w/w) biochar was added to the saline soil (Table 1). Addition of 30% (w/w) biochar significantly increased the proportion of active tillers, panicle length, number of grains/panicle, grain filling percentage, 1000 grain weight, and grain weight/pot (Table 1). Our results correlate with previous findings that addition of biochar increased the yield and yield components of rice under salinity conditions [2,33,34,35].



The sensitivity of rice to salinity in general is correlated with Na+ accumulation because rice cannot control the uptake of Na+ from saline soil to the root xylem, leading to high Na+ transport from roots to the shoot [5,6,9,56]. It is evident that the low survival percentage for Phitsanulok 2 rice in the control group was compatible with high Na+ concentrations in the shoot during the seedling stage after saltwater intrusion for 28 days (Figure 1A and Figure 2A). Furthermore, the highest Na+ concentration in flag leaves was observed in the control group consisting of rice without biochar; however, during the reproductive stage, the rice plants were grown in Yoshida solution without NaCl (Figure 4A), indicating that high amounts of Na+ were continuously transported from the saline soil to the aerial parts of the rice. Therefore, if the Na+ uptake is restricted, the growth and survival of rice improve. Our results showed that addition of 30% (w/w) biochar to saline soil significantly decreased Na+ concentrations in the shoots and flag leaves of rice after salt stress (Figure 2A and Figure 4A). The results are consistent with those of Jin et al. [33] and Ran et al. [34], who reported that biochar applications decreased Na+ accumulation in the shoots of G9 and Changbai-9 rice growing in salt-affected soil. It has been reported that biochar alleviates salt stress in plants via its sorption ability [57,58]. The Na+ sorption capacity of biochar depends on the surface area, pore volume, and functional groups [59,60]. The main functional groups present on biochar surfaces are hydroxyl and carboxyl, which contribute to biochar’s negative surface charges [51,61,62]. The results from the FTIR spectra also showed hydroxyl and carboxyl functional groups on the surface of the rice husk biochar (Figure 5). Our results showed that addition of 30% (w/w) rice husk biochar significantly decreased Na+ accumulation in shoots and flag leaves of Phitsanulok 2 rice under salinity conditions (Figure 2A and Figure 4A). A possible explanation is that the rice husk biochar reduced the amount of Na+ available in the rhizosphere by adsorbing Na+ through its negative surface charges, thus reducing Na+ uptake and transport to the aerial parts of the rice. The results from the SEM–EDX analysis showed that Na+ was detected only on rice husk biochar collected from salt-affected soil (Figure 5). Consequently, our results reinforce earlier reports that biochar ameliorates salinity stress in plants due to its strong Na+ sorption ability [57,58,59]. Furthermore, the Na+ sorption capacity increased when the surface area and pore volume of biochar were increased [59]. Hence, rice husk biochar application rates higher than 30% (w/w) are needed in further studies to shed more light on how biochar mitigates the combined effects of soil salinity and saltwater intrusion on rice.



The 30% (w/w) application of rice husk biochar significantly increased the shoot K+ concentration and decreased the shoot Na+/K+ ratio compared to no biochar application (Figure 2B,C). Our results agree with those of Morales et al. [63], Assaha et al. [64], and Zhang et al. [65], who reported that maintaining a low tissue Na+/K+ ratio or high K+/Na+ ratio is one mechanism of salt tolerance in rice. The results also correlate with those of Ran et al. [34], who found that application of peanut shell biochar at rates of 3.375–10.125 kg/m2 enhanced shoot K+ accumulation and reduced the Na+/K+ ratio for rice in salt-affected paddy fields. Furthermore, Hafez et al. [2] showed that biochar co-applied with plant growth-promoting rhizobacteria decreased the Na+/K+ ratio; increased N, P, and K+ uptake; and improved the productivity of rice in salt-affected soil. Nguyen et al. [32] reported that biochar application increased the biomass of OM 6162 rice in salt-affected soil by increasing P availability in the soil. In the present study, the rice husk biochar contained 16.0% OM, 0.68% total N, 0.62% total P, and 1.03% total K+. The SEM–EDX spectra also showed high K+ in the biochar (Figure 6A). Thus, rice husk biochar added to saline soil could provide N, P, and K+ and increase soil nutrient availabilities for rice growth under salt stress.




5. Conclusions


This study showed that soil salinity and saltwater intrusion at the seedling stage significantly decreased the survival, shoot height, shoot dry weight, yield, and yield components of Phitsanulok 2 rice. Rice husk biochar application at a rate of 30% (w/w) mitigated the negative effects of salt stress by absorbing Na+ in the saline soil, reducing Na+ accumulation, and increasing the shoot K+/Na+ ratio in the rice plant. Therefore, addition of rice husk biochar is a potential strategy for enhancing rice productivity in salt-affected soils with saltwater intrusion.
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Figure 1. Survival percentages (A), shoot heights (B), and shoot dry weights (C) of Phitsanulok 2 rice grown in saline soil with saltwater intrusion and different rates of biochar application. Data are means ± SE (n = 3). Bars with different letters are significantly different at p < 0.05 according to DMRT. 
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Figure 2. Shoot Na+ concentrations (A), shoot K+ concentrations (B), and shoot Na+/K+ ratios (C) for Phitsanulok 2 rice grown in saline soil with saltwater intrusion and different rates of biochar application. Data are means ± SE (n = 3). Bars with different letters are significantly different at p < 0.05 according to DMRT. 
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Figure 3. Shoot height (A), shoot dry weight (B), and number of tillers per clump (C) for Phitsanulok 2 rice grown in saline soil with different rates of biochar application in Yoshida solution. Data are means ± SE (n = 3). Bars with different letters are significantly different at p < 0.05 according to DMRT. 
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Figure 4. Na+ concentrations (A), K+ concentrations (B), and Na+/K+ ratios (C) for flag leaves of Phitsanulok 2 rice grown in saline soil with different rates of biochar application in Yoshida solution. Data are means ± SE (n = 3). Bars with different letters are significantly different at p < 0.05 according to DMRT. 
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Figure 5. Transmittance spectrum of rice husk biochar obtained with Fourier-transform infrared (FTIR) spectroscopy. 
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Figure 6. Scanning electron microscopy (SEM) images and X-ray spectroscopy (EDX) spectra of rice husk biochar before (A) and after being added to saline soil (B). 
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Table 1. Yield and yield components of Phitsanulok 2 rice.






Table 1. Yield and yield components of Phitsanulok 2 rice.





	Treatment
	Active Tillers (%)
	Panicle Length (cm)
	Grain Number/Panicle





	0% biochar
	48.0 ± 1.6 b
	20.4 ± 1.0 c
	32.5 ± 0.8 b



	10% biochar
	69.0 ± 1.9 ab
	24.0 ± 0.0 b
	46.7 ± 6.8 ab



	20% biochar
	67.8 ± 10.4 ab
	26.3 ± 0.2 b
	70.0 ± 7.0 ab



	30% biochar
	89.6 ± 8.5 a
	29.2 ± 0.2 a
	94.2 ± 18.7 a



	Treatment
	Filled Grain (%)
	1000 Grain Weight (g)
	Grain Weight/Pot (g)



	0% biochar
	3.6 ± 0.6 c
	18.5 ± 0.4 c
	0.80 ± 0.4 b



	10% biochar
	29.9 ± 0.2 b
	20.1 ± 0.1 b
	1.24 ± 0.7 b



	20% biochar
	46.5 ± 4.0 a
	23.7 ± 0.3 a
	7.73 + 2.9 ab



	30% biochar
	42.8 ± 0.1 a
	23.4 ± 0.7 a
	12.23 ± 2.9 a







The data values are means ± SE (n = 3). Means in the same column followed by the same letter are not significantly different using DMRT at 0.05%.
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