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Abstract

Soil salinity is one of the major problems threatening rice productivity and food security globally. The
objectives of this research were to examine the effects of rice husk biochar as a soil amendment on the growth
and yield of Khao Dawk Mali 105 (KDML105) rice grown in a saline-sodic soil, and to investigate the
mechanism by which rice husk biochar mitigates harmful effects of a saline-sodic soil on rice. KDML105 at 45
days was grown in cement rings containing a saline-sodic soil supplemented with 0%, 0.3%, 0.6%, 1.8%, and
3.0% (w/w) rice husk biochar. The rice plants were harvested at the maturity stage. Yield and yield components
were recorded. Flag leaf was determined for Na* and K* accumulations. Soil and biochar were analyzed for their
important properties. The results showed that biochar additions to a saline-sodic soil increased survival
percentage, shoot and root dry weights, panicle length, number of grains per panicle, grain filling percentage,
and grain weight of KDML1035 rice, whereas Na* concentration in flag leaf was reduced. Using the Scanning
Electron Microscopy (SEM) with Energy Dispersive X-Ray Analysis (EDX), it was shown that Na* was
detected on the surface of biochar. Biochar applications decreased electrical conductivity (ECe), total Na,
extractable Na, and an exchangeable sodium percentage (ESP), but increased OM, total N, and exchangeable K.
It can be concluded that rice husk biochar amendment at 3.0% (w/w) alleviated the negative effects of saline-
sodic stress and increased KDML105 rice productivity by decreasing Na* availability, increasing K*/Na™ ratio,
and improving soil qualities.
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1. Introduction

Soil salinity is a major problem threatening crop productivity and food security globally [1,2]. It has been
estimated that soil salinity already covers 20% of arable lands, and approximately 50% of them would be
affected by salts by 2050 [3,4]. Salt-affected areas are increased as a result of anthropogenic activities by using
poor quality irrigation water and deforestation, leading to a high level of water tables with salts' concentrations
in the root zone of plants, with the natural weathering of saline parental rocks releasing soluble salts, mainly Cl-,
and SO4* of Na* and Mg?", to the soil, as well as saltwater intrusion due to the sea-level rise accelerated by
climate change effect [3-5]. Generally, salt-affected soils are classified into saline, sodic, and saline-sodic soils
depending on the electrical conductivity (ECe) of a saturated paste extract of soil, an exchangeable sodium
percentage (ESP), and pH [6,7]. A saline soil is defined when the ECe is more than 4 deciSiemen/metre
(dS/m™), ESP is less than 15%, and pH is less than 8.5. A sodic soil is characterized when the ECe is less than 4
dS/m™!, ESP is higher than 15%, and pH varies between 8.5 and 10. A saline-sodic soil is measured when the
ECe is more than 4 dS/m’!, ESP is more than 15%, and pH may be less or more than 8.5 [7]. Salt-affected lands



globally, are mainly covered by saline soil (60%), followed by sodic soil (26%), and saline-sodic soil (14%),
respectively [8]. Although a saline-sodic soil covers a small proportion of salt-affected soils, this type of soil
severely inhibits the growth and yield of economic crops in several countries, including China [9,10], Vietnam
[11], and Thailand [12-14].

Based on the ability to survive and complete their life cycle in 200 mM NacCl, plants have been classified
into two groups: the salt-sensitive glycophytes and the salt-tolerant halophytes [15]. Rice (Oryza sativa L.), a
staple food crop for more than 50% of the world's population [16], is classified generally as a salt-sensitive
glycophyte because it cannot control Na* influx from salt-affected soils to the root xylem, leading to high Na*
transport from roots to shoots, and rapid Na* accumulation in cells to the toxic level [7,17]. The osmotic effect,
ionic effect, and nutrient deficiency caused by salinity, are the main causes of the reduction in survival, growth,
and productivity in rice. Generally, rice is more sensitive to salinity during its seedling stage (1-3 weeks) and
early reproductive stages (panicle initiation, anthesis, and fertilization) [7]. Theerakulpisut et al. [1] reported that
shoot dry weight of 14-day-old rice cvs. Dang Dawk Kok, Supanburi 2, Luang Ta Moh, KDML105, and IR29
was decreased by approximately 15-37% compared with the controlled plants after salinization with 12 dS/m"!
for seven days. Similarly, Pattanagul and Thitisaksakul [18] found that salinity stress induced a reduction in
shoot height and shoot dry weight of 14-day-old rice seedlings cvs. KDML105 and Luang Anan after exposure
to 150 mM NaCl for nine days. The rice genotype IR55178 ultimately died within 90 days after exposure to 50
mM NaCl at 14 days [17]. Cha-um and Kirdmanee [19] demonstrated that the growth and yield of rice cv. RD6
was severely affected by a saline paddy field of 8.5 dS/m™. Also, Thitisaksakul et al. [20] reported that 100-
grain and total grain weight of Nipponbare rice were significantly decreased after being treated with 4 dS/m™!
NaCl at the anthesis stage. Therefore, salinity is a worldwide threat to rice production, and it is important to
enhance salt-tolerant abilities of rice growing in salt-stressed regions to mitigate the effects of salt stress on rice
productivity and supply global food demand [4,21]. Consequently, different approaches alleviate salt stress in
rice, such as selection for salt-tolerant varieties [17,22], seed priming [23], transplanting of older seedling [24],
and organic amendments including compost, farmyard manure, green manure, and biochar [9-14,19,24].

Biochar, a biomass residue pyrolyzed under low/no oxygen conditions, has been broadly discussed as an
effective strategy to sequester carbon, improve soil properties, and mitigate environmental risks, including
salinity [25,26]. For instance, Akhtar et al. [27] showed that adding 5% (w/w) biochar, produced from a mixture
of hardwood and softwood to pots containing sandy loam soil irrigated with 25 and 50 mM NacCl solutions
decreased the negative effects of salinity on growth and yield of potato (Solanum tuberosum). Jin et al. [9] found
that 3% (w/w) of peanut shell biochar decreased Na' accumulation and increased the yield of rice cv. G9
growing in a saline-sodic soil (ECe =26 dS/m™). Nguyen et al. [11] reported that rice husk biochar at 2.5%
(w/w) increased biomass of shoot and root of rice variety OM6162 grown in a saline-sodic soil with ECe of 5.7
dS/m™! by increasing soil cation exchangeable capacity (CEC) and soil nutrients. Phuong et al. [28] showed that
rice husk biochar amendment at 1 kg/m? (equivalent to 0.6% w/w) increased biomass of rice varieties OM6162,
OM5451, and Tep Hanh growing in salt-affected soils with ECe of 4.10-4.50 dS/m™'. Also, Ran et al. [10]
reported that peanut shell biochar at 6.75 kg/m? enhanced ion concentrations, growth, and yield of rice variety
Changbai-9 grown in a saline-sodic soil with ECe of 24.08 dS/m™'. Parkash and Singh [29] reported that
hardwood and softwood biochar at 5% (w/w) reduced the salinity stress of 4 dS/m™ on eggplant (Solanum
melongena L.) by improving stomatal conductance, increasing photosynthetic rate, reducing leaf temperature,
and decreasing electrolyte leakage in leaf tissue, resulting in better root and shoot growth, and fruit yield of
eggplant compared with non-biochar treatment. Zhang et al. [30] revealed that an addition of 1% (w/w) wheat
straw biochar reduced the negative effects of soil salinity (10.6 dS/m™") on soybean (Glycine max) biomass and
grain yield by increasing the water use efficiency. Soothar et al. [31] found that wood biochar at 4.5% (w/w)
increased plant height, the number of leaves, fresh and dry weight of shoot and root of maize (Zea mays L.)
seedlings under salinity stress by increasing nutrient concentrations such as N, P in shoot and root, but
decreasing Na" accumulation. Karabay et al. [32] found that applying olive pruning biochar at 2.5% (w/w)
increased shoot length and pod number in common bean (Phaseolus vulgaris L.) under salinity stress of 50 mM
NaCl by decreasing hydrogen peroxide (H>O,) content and ion leakage in leaves.

Although biochar has been documented as an alleviating substance in salt-affected soils, more studies are
needed to shed more light on the effects of biochar on the growth and yield of rice under a saline-sodic soil as
the positive effects of biochar depend on the type and rate of application [10,11,28,33]. Therefore, the objectives
of this research were (1) to examine the effects of rice husk biochar as a soil amendment on growth, yield, and
yield components of KDML105 rice grown in a saline-sodic soil, and (2) to investigate the mechanisms by
which rice husk biochar mitigates harmful effects of a saline-sodic soil in KDML105 rice.



2. Materials and methods
2.1 Rice materials and treatments

Rice cv. KDML105 was used in this research as it is the same variety widely cultivated by local farmers in
the areas of study [12-14]. The experiment was conducted in-season between August and December 2019 under
natural light and temperature at Kham Thale So, Nakhon Ratchasima, Thailand. The average temperatures
ranged from 23°C to 32°C with 55%-75% relative humidity.

Approximately 2,000 kg of soil was randomly collected at a depth of 0-30 cm from saline paddy fields
located in Kham Thale So, Nakhon Ratchasima, Thailand. Then, the soil was air-dried, passed through a 2 mm
sieve, and analyzed for important physicochemical properties based on the standard procedure of a soil survey
laboratory methods manual [12,34,35], including soil texture (hydrometer method), organic matter (OM)
content (Walkley and Black method), CEC (ammonium acetate method), total N (Kjeldahl method), total P
(vanadomolybdophosphoric acid colorimetric method), exchangeable K (ammonium acetate method), total Na,
extractable Na (ammonium acetate method), ECe (ammonium acetate method), ESP, and pH (soil:water = 1:1).
From the physicochemical properties, the soil was classified as a saline-sodic soil (Table 1).

Biochar was produced from rice husk using a slow pyrolysis process at 400°C-500°C at the Huaysai Royal
Development Study Center, Petchaburi, Thailand [36], and analyzed for its basic properties of pH, OM
(Walkley and Black method), CEC (ammonium acetate method), total N (Kjeldahl method), total P
(vanadomolybdophosphoric acid colorimetric method), total K (K»O; atomic absorbance spectrometry), EC
(biochar : water = 1:5), and total Na, as shown in Table 1.

Table 1 The physicochemical properties of soil and rice husk biochar.

Characteristic Soil Rice husk biochar
Silt content (%) 4

Clay content (%) 2

Exchangeable K (mg/kg) 11

Sand content (%) 94

OM (%) 0.08 9.40
CEC (cmolc/kg) 1.10 30.84
pH 10.20 7.24
ECe (dS/m) 12.64

ESP (%) 464.90

Extractable Na (mg/kg) 1,023

EC (dS/m) 1.12
Total K (%) 1.06
Total N (%) 0.01 0.75
Total P (%) 0.06 0.74
Total Na (%) 0.16 0.01

Data represent an average instrumental measurement of a composite sample.

Saline-sodic soil was added with 0.3% cow manure (w/w) as an organic fertilizer, mixed, and filled in a
cement ring (80 cm diameterx40 cm height) for 100 kg/cement ring. Rice husk biochar was added to cement
rings at rates of 0 (control), 0.3, 0.6, 1.8, and 3.0% (w/w), which are equivalent to 0, 0.5, 1, 3, 5 kg/m?,
respectively. All planting media in cement rings were thoroughly mixed, filled with water (EC of 0.53 dS/m!,
pH 7.48), and incubated for 14 days. KDML105 rice at the age of 45 days was transplanted into each cement
ring (five hills per ring, three seedlings per hill). The distance between hills was 20 cm. Water levels in cement
rings were maintained at 5-10 cm above the soil surface until one week before harvesting.

2.2 Measurements of survival, growth, yield, and yield components

At the maturity stage (117 days after sowing), the number of hills with rice plants in each cement ring was
counted and calculated for survival percentage. The number of tillers per hill was counted. Then, rice plants
were measured using a ruler from the soil surface to the flag leaf tip for shoot height before being removed from
the soil. The rice plants were divided into the shoot and root parts, oven-dried at 80°C for three days and
recorded for the shoot and root dry weights. Grain yield and yield components were determined from panicle
length, the number of grains/panicles, grain filling percentage, grain weight/panicle, and 5-grain weight (as it

was the maximum number of filled grains produced from the control without biochar adding).



2.3 Determination of Na* and K*

Flag leaf of rice was measured for dry weight, cut into small pieces with scissors, and put in a test tube filled
with 5 mL 70% HNOj. The test tube was incubated in a microwave digester for 30 min. Na* and K* in the
extracts were determined using atomic absorption spectroscopy (ZEEnit 700 P, Analytik Jena, Germany).

2.4 X-ray microanalysis

Samples of rice husk biochar (the control) and those separated manually from the saline-sodic soil were
examined under the magnification of 150x and 500x, respectively, for element compositions using a scanning
electron microscope equipped with an energy dispersive X-ray spectrometer (SEM-EDX, JEOL, JSM-IT500HR,
Japan). The accelerating voltage was 15 kV.

2.5 Soil sample analysis

Soil samples from each treatment in cement rings were randomly collected from topsoil (0-15 c¢cm), air-dried,
crushed, sieved through a 2 mm size mesh, and used for laboratory analyses for pH, OM, CEC, total N, total P,
exchangeable K, extractable Na, ECe, and ESP, on the basis of the standard procedure of soil survey laboratory
methods manual [12,34,35].

2.6 Statistical analysis

The experiment was conducted with a randomized complete block design of three replicates. Data were
expressed as mean * standard error of the mean (SEM). Significant differences between treatments were
examined with a one-way analysis of variance using Duncan's multiple range test (DMRT) by the SPSS
software (v16.0) at the 5% level of significance.

3. Results
3.1 Survival and growth of rice
KDML105 rice grown in a saline-sodic soil without biochar additions survived only approximately 6%, and

the survival rate significantly increased to 77%, 80%, and 100% when biochar was added to the soil at 0.6%,
1.8%, and 3.0% (w/w), respectively (Figure 1).
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Figure 1 Survival percentages of KDML105 rice grown in saline-sodic soil with different rates of biochar
amendment. Data are mean + SEM (n = 3). Bars with different letters are significantly different at p<0.05
according to DMRT.

The rice plants grown in saline-sodic soil produced approximately two tillers per hill and adding biochar at
rates of 0.3-3.0% (w/w) did not significantly change the number of tillers (Figure 2A). The height of the
controlled rice was about 30 cm, and it increased significantly to an average of 60 cm when 0.3-3.0% (w/w)
biochar was added to a saline-sodic soil (Figure 2B). The shoot dry weight of rice grown in a saline-sodic soil
was about 1.2 g/hill, and it increased significantly approximately to 4 g/hill when 1.8% or 3.0% (w/w) biochar
was added to the soil (Figure 2C). Root dry weight was approximately 0.4 g/hill for rice without biochar, and it
increased significantly to an average of 1.2 g/hill after adding 0.6-3.0% (w/w) biochar to the soil (Figure 2D).
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Figure 2 Number of tillers per hill (A), shoot height (B), shoot dry weight (C), and root dry weight (D) of
KDML10S5 rice grown in saline-sodic soil with different rates of biochar amendment. Data are mean + SEM
(n = 3). Bars with different letters are significantly different at p<0.05 according to DMRT.

3.2 Yield and yield components of rice

KDML105 rice grown in saline-sodic soil without biochar had a panicle length of approximately 14 cm
(Table 2). It produced approximately 25 grains/panicle with 37% grain filling in a panicle, and grain
weight/panicle was approximately 0.2 g with an average weight of 5 grains of 0.09 g (Table 2). The biochar
application at 0.3% (w/w) did not improve the yield and yield components of rice compared with the control
(Table 2). The biochar amendment at 0.6% (w/w) did not increase panicle length and the number of
grains/panicles compared with the control, but significantly increased grain filling percentage, grain
weight/panicle, and 5-grain weight by 25%, 0.38 g, 0.022 g, respectively (Table 2). The biochar amendment at
1.8% (w/w) significantly increased panicle length, the number of grains/panicle, grain filling percentage, grain
weight/panicle, and 5-grain weight by 3.4 cm, 20.9 grains, 30.7%, 0.49 g, 0.022 g, respectively, compared with

the control, whereas adding biochar at 3.0% (w/w) significantly increased panicle length, the number of
grains/panicle, grain filling percentage, grain weight/panicle, and 5 -grain weight by 3.7 cm, 25.3 grains, 47.4%,
0.68 g, 0.03 g, respectively (Table 2). Among biochar treatments, the results revealed that the yield and yield
components of KDML105 rice did not differ significantly between 0.3% and 0.6% (w/w) biochar amendments,
whereas biochar amendments at 1.8% and 3.0% (w/w) significantly increased the panicle length compared with
0.3% and 0.6% (w/w) biochar (Table 2). The number of grains/panicles, grain filling percentage, grain
weight/panicle, and 5 grain weight was significantly increased by 3.0% (w/w) biochar amendment compared
with those of 0.3% (w/w) biochar (Table 2). Although there was no significant difference in the yield and yield
components of KDML 105 rice between 1.8% and 3.0% (w/w) biochar amendments, only the application rate of
3.0% (w/w) significantly increased grain filling percentage and 5 grain weight of rice compared with 0.3% and
0.6% (w/w) biochar amendments (Table 2).

Table 2 Yield and yield components of KDML10S5 rice.

Treatment Panicle length Number of grains/  Grain filling Grain weight/ S-grain weight
(cm) panicle (grain) (%) panicle (g) (g)

No biochar 13.7+0.25° 25.5+0.5¢ 36.9£16° 0.218+0.08¢ 0.095+0.004¢

0.3% biochar 14.1+0.30° 30.8+4.7% 57.1£3.9% 0.447+0.09°¢ 0.102+0.006%

0.6% biochar 14.8+0.11° 38.7+0.92¢ 61.9£1.6° 0.602+0.032 0.113+0.006%

1.8% biochar 17.1£0.10? 46.4+7.5% 67.6+£2.1%® 0.712+0.142 0.118+0.0032

3.0% biochar 17.4+0.24* 50.843.1° 84.3£0.2° 0.893+0.05° 0.126+0.001

Data are mean + SEM (n = 3). Values within a column of a parameter followed by different letters are significantly different at p<0.05
according to DMRT.



3.3 Ion accumulation

Na™ concentration in the flag leaf of rice grown in a saline-sodic soil was approximately 500 mg/Gross Dry
Weight (gDW), and the Na* concentration was significantly reduced to approximately 150 mg/gDW, when 0.3-
3.0% (w/w) biochar was added to the soil (Figure 3A). Na* concentration did not differ significantly in flag leaf
among different rates of biochar amendment (Figure 3A). Biochar applications also significantly decreased K*
concentration in flag leaf (Figure 3B). The value of the K*/Na' ratio in the flag leaf of the control was
approximately 1.9, and it was significantly increased after a 3.0% (w/w) biochar addition to the soil (Figure 3C).
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Figure 3 Na' concentration (A), K" concentration (B), and K*/Na+ ratio (C) in the flag leaf of KDML 105
grown in a saline-sodic soil with different rates of biochar amendment. Data are mean + SEM (n = 3). Bars with
different letters are significantly different at p<0.05 according to DMRT.

3.4 X-ray microanalysis

The SEM-EDX was used to quantify element compositions in rice husk biochar. The result revealed that the
main elements in rice husk biochar were C, O, P, K, and Ca (Figure 4). Na* was detected only on biochar added
to the saline-sodic soil (Figure 5). The SEM-EDX map showed that Na* was evenly distributed on the surface of
biochar (Figure 6).
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Figure 4 Scanning electron microscopy (SEM) image (A), and X-ray spectroscopy (EDX) spectra (B) of rice
husk biochar at a magnification of 150x before being added to a saline-sodic soil.
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Figure 5 Scanning electron microscopy (SEM) image (A) and X-ray spectroscopy (EDX) spectra (B) of rice
husk biochar at a magnification of 500x after being added to a saline-sodic soil.
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Figure 6 Scanning electron microscopy (SEM) image and X-ray spectroscopy (EDX) map of Na showing in red
dots.

3.5 Physicochemical properties of a saline-sodic soil

The pH value was approximately 10 for the saline-sodic soil without adding biochar, and it was slightly
reduced to 9.03-9.28 after biochar amendment at rates of 1.8% and 3.0% (w/w) (Table 3). These two rates of
biochar amendment clearly increased OM and CEC values of the soil (Table 3). Total N and exchangeable K
were also substantially increased compared to those of soil without biochar (Table 3). The values of soil salinity
indicators, including extractable Na, ECe, and ESP, were clearly decreased after biochar amendment (Table 3).

Table 3 Physicochemical properties of the saline-sodic soil with and without biochar.

Treatment pH OM CEC Total N Total Exchangeable  Extractable = ECe ESP
(%)  (cmolc/kg) (%) P (%) K (mgkg) Na (mg/kg)  (dS/m™) (%)
No biochar 104 012 1.10 0.009 0.007 73 609 8.34 354.66
0.3% biochar 105 0.11  1.20 0.009 0.007 67 365 4.72 185.04
0.6% biochar 100 0.13 130 0.013 0.008 85 269 3.06 123.95
1.8% biochar 928 030 1.50 0.018 0.010 101 218 2.49 88.30
3.0% biochar 9.03 034 1.90 0.022 0.009 211 142 1.92 42.56

Data represent an average instrumental measurement of a composite sample.

4. Discussion

KDML105 is the most popular aromatic rice variety in Thailand, and the demand is increasing for domestic
and international markets [37]. The main region for cultivating this rice variety is in the northeastern region of
the country; however, the growth and yield of rice were significantly reduced by salt-affected soils [1,18,24].
This study showed that under a saline-sodic soil, KDML105 rice survived by only 6% (Figure 1), indicating that



KDML105 rice is sensitive to salinity. The result agrees with the work of Nishimura et al. [38], who reported
that the KDML105 survival rate was approximately 58% after 28-day-old seedlings being treated with 100 mM
NaCl for 14 days. Similarly, Kanawapee et al. [39] found that KDML105 survived by about 76% when 14-day-
old seedlings were salinized with NaCl solutions with an EC of 6 dS/m™! for three days following an EC of

12 dS/m™! for seven days. The salinity effect on rice depends on rice growth stages, salt concentrations, and
duration of stress [7,39]. The low survival percentage of KDMLI105 in this study compared with that of
Nishimura et al. [38] and Kanawapee et al. [39] could be explained by the differences in salt concentrations and
duration of stress. In this study, KDML105 rice was exposed to a saline-sodic soil with an ECe of 12.64 dS/m"!,
which is classified a severely salt-affected soil [24], at the age of 45 days until the harvesting stage.
Consequently, a low survival percentage of KDML105 was reported because of the high salt concentration in
soil and the long exposure period of the plant. Figure 2 showed that the saline-sodic soil also decreased shoot
height, shoot and root dry weight of KDML105 rice. These results are compatible with the work of
Theerakulpisut et al. [1], and Pattanagul and Thitisaksakul [18], who reported a significant decrease in
KDML105 growth under salinity.

The effects of salinity on rice are related to osmotic effect, ionic effect, and nutrient deficiency [7,10]. The
osmotic effect occurs when salt concentrations in salt-affected soils lower the water potential and reduce the
water uptake, reducing cell elongation [5,40]. The over-accumulation of Na* within the cell cytoplasm of roots
and shoots has an ionic effect by inhibiting enzyme activities, resulting in protein synthesis inhibition [41]. Soil
salinity causes nutrient deficiency by inhibiting root growth and interfering with root ion transporters [41,42].
Due to high Na" concentration in salt-affected soils, Na* can penetrate the root xylem along with the water
movement via a symplastic and an apoplastic pathway [7,17,40,43]. Rice is generally classified as a salt-
sensitive crop because it cannot control Na* influx from soil salinity to the root and shoot, reducing survival,
growth and productivity [7,17]. This study showed that applying rice husk biochar at rates of 1.8% and 3.0%
(w/w) significantly increased the survival, shoot height, shoot and root dry weight of KDML105 rice under a
saline-sodic soil (Figure 2). Therefore, a biochar addition could alleviate the negative effects of a saline-sodic
stress on survival and growth of the rice plant. The results agree with that of Jin et al. [9] and Nguyen et al. [11],
who discovered that growth of rice cvs. G9 and OM6162 were improved by adding biochar to the saline-sodic
soil. Also, Ran et al. [10] reported that the shoot height of rice variety Changbai-9 was increased with biochar
amendment.

The yield and yield components of KDML105 were significantly affected by the saline-sodic soil (Table 2),
indicating harmful effects of saline-sodic soil on rice productivity. These results agree with previous reports
[12,24], confirming that KDML105 is sensitive to salt stress. The reduction in rice's yield and components is
possibly attributed to decreased pollen viability and stigmatic receptibility induced by salinity. Khatun and
Flowers [44] reported that the pollen viability was 63%, 39%, and 0% when rice cv. IR36 was treated with 10,
25, and 50 mM NaCl, respectively, from one month after germination until the main tiller flowered, whereas the
percentage of seed set decreased by 38%, 72%, and 100%, when the female plants were treated with 10, 25, and
50 mM NacCl, respectively. Rice husk biochar additions at 1.8% and 3.0% (w/w) significantly increased the
panicle length, the number of grains/panicles, grain filling percentage, grain weight/panicle, and 5-grain weight
with an average of 26.4%, 90.7%, 105.7%, 267.5%, and 27.0%, respectively, as compared to those of the
controlled rice grown in the saline-sodic soil without biochar additions (Table 2). These results indicated that the
negative effects of a saline-sodic soil on the yield and yield components of KDML105 rice could be reduced by
rice husk biochar amendment. It is possible that 1.8% and 3.0% (w/w) biochar amendments could increase
pollen viability and stigmatic receptibility in KDML105 rice. These results are consistent with that of Jin et al.
[9], who found that adding 3% (w/w) peanut shell biochar to a saline-sodic soil increased the yield and yield
components of rice cv. G9. Also, Ran et al. [10] reported that peanut shell biochar at 6.75 kg/m? improved
yields of rice variety Changbai-9 grown in a saline-sodic soil.

A high Na* concentration in the flag leaf of KDML105 rice under the saline-sodic soil was observed in the
rice plant without biochar amendment (Figure 3). This result is compatible with the work of Suriya-arunroj et al.
[22], who reported that high Na* accumulation was found in young leaves, old leaves, and stems of KDML105
rice under salinity, and the Na® concentration was increased with increasing salinity levels. A possible
explanation for this is that Na® in salt-affected soils entered the root xylem through a symplastic and an
apoplastic pathway and was transported to the flag leaf of rice via the transpiration stream. High Na*
accumulation in the shoot was also observed in other rice varieties under salinity, such as G9 and Chanbai-9
[9,10]. These results correlate with previous findings that rice is a salt-sensitive species as it cannot efficiently
control Na* influx across the root, leading to rapid toxic Na” concentration in the shoot [7,17]. Consequently,
the decrease in Na™ accumulation could increase salt-tolerant abilities in rice.

Biochar is a carbon-rich material produced by the thermal decomposition of biomass under limited or absent
oxygen conditions [25,26,45,46]. It is a high-value product from biorefineries using thermochemical
technologies, including pyrolysis, gasification, torrefaction, and hydrothermal carbonization [25]. During
heating processes, the chemical bonds of hemicelluloses, cellulose, lignin, and other OM in the biomass were



decomposed and rearranged, forming new functional groups [46]. The dominance of carboxylate and phenolate
functional groups contributed to biochar's negative surface charge, enhancing its ability to hold and exchange
nutrients [45,46]. These results showed that applying rice husk biochar at the rates of 0.3%-3.0% (wW/w)
significantly reduced Na* concentrations in the flag leaf of KDML105 rice under a saline-sodic soil (Figure 3A).
The average Na™ reduction induced by biochar amendment was approximately 67%, compared with the control.
A possible explanation is that biochar adsorbed Na* in a saline-sodic soil due to the negative charges on its
structure, thus reducing the amount of Na* availability in the rhizosphere. This was evident by SEM-EDX
images (Figure 4). It was shown that Na* was detected only on rice husk biochar surface after being applied to a
saline-sodic soil (Figure 4). Thus, adding 0.3%-3.0% (w/w) rice husk biochar could alleviate the ionic effect of
salt stress in KDML105 rice via Na® adsorption abilities of biochar. Similar results were reported on rice
genotypes Changbai-9, G9, OM6162, OM5451, Tep Hanh [9,10,28], and other crops such as potato [27].
Moreover, the high ability of Na* adsorption of rice husk biochar also improved the characteristics of the saline-
sodic soil. This study showed that the values of extractable Na, ECe, and ESP of biochar-added soil were
obviously reduced compared with those of a saline-sodic soil without biochar additions (Table 3). Note that
aluminum (Al) was detected using SEM-EDX on the surface of rice husk biochar collected from the saline-sodic
soil (Figure 5). Thus, the negative charge on biochar structure could play a crucial role in Al adsorption and
reducing Al toxicity of the soil [47].

K" is an essential macronutrient for enzyme activities, cell homeostasis, and cell signaling [42,48]. Plants’
ability to maintain a high K*/Na™ ratio is considered one of the salt-tolerant characteristics of rice [49,50]. This
study showed that the K*/Na" ratio in the flag leaf of KDML105 rice was significantly increased with 3.0%
(w/w) biochar addition (Figure 3C). This could be explained by high K* availability to the plant from rice husk
biochar (Table 1 and Figure 4-6). It is evident that the value of exchangeable K in the saline-sodic soil increased
by 2.9 times after 3.0% (w/w) rice husk biochar amendment (Table 3). These results agree with that of Nguyen
et al. [11], who reported that rice husk biochar at 2.5% (w/w) increased biomass of OM6162 rice under a saline-
sodic soil by increasing soil nutrients such as K™ and P.

Rice husk biochar amendment also positively improved the physicochemical properties of the saline-sodic
soil. These results showed that the addition of 3.0% (w/w) biochar obviously increased OM and CEC values as
well as the total N content of a saline-sodic soil (Table 3), indicating that biochar increased soil fertility of a
saline-sodic soil. These results are consistent with the work of Nguyen et al. [11], who reported that rice husk
biochar increased CEC and soil nutrients. The increased soil quality could stimulate root growth and facilitate
the nutrient uptake of rice. Consequently, the negative effect of plant nutrient deficiency in KDML105 caused
by a saline-sodic soil could be mitigated by biochar amendment.

5. Conclusion

The saline-sodic soil significantly reduced survival, shoot height, dry weight, and yield of KDML105 rice.
Applications of rice husk biochar adsorbed Na* in the soil, reduced Na* accumulation in the shoot, increased
K*/Na" ratio, and improved soil fertility. Rice husk biochar amendment at the rate of 3.0% (w/w) potentially
alleviated the negative effects of a saline-sodic stress, and increased KDML105 rice productivity.
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