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Abstract: Biochar is beneficial as a clean, stable, and efficient soil amendment to improve rice quality
and yield. However, there are few reports on the effects of no-tillage in combination with biochar
application on rice growth, yield, and quality in regenerative rice systems. This study evaluated rice
yield, grain quality, multiple antioxidant enzyme activities, and malondialdehyde content under four
treatments: rotary tillage alone, rotary tillage + biochar application, no-tillage alone, and no-tillage
+ biochar. The results showed that the rice yield under no-tillage alone was 15% lower than that
under rotary tillage alone, but that biochar application significantly increased rice yield by 10% and
20% under rotary tillage and no-tillage conditions, respectively, which might be attributed to the
fact that biochar application increased panicle number, spikelet number per panicle, grain filling
rate, and antioxidant enzyme activities. Additionally, biochar application also increased fine rice
rate and protein content, meanwhile reducing chalkiness degree and chalky grain rate in both the
main-season rice and ratoon-season rice. These results suggest that biochar application could enhance
the yield and grain quality of ratoon rice, thus compensating for the no-tillage-induced yield loss.
This study reveals the role of biochar in main-season rice and ratoon rice cultivation, providing a
valuable reference for improved fertilizer utilization and cleaner agricultural production.

Keywords: tillage; antioxidant enzyme; biochar; yield; grain quality

1. Introduction

Rice (Oryza sativa L.), as a fundamental staple crop, serves as a primary source of
essential nutrients and energy for human consumption [1]. In recent years, with increasing
affluence and improved living standards, the demand for higher-quality rice has experi-
enced a notable surge. The production and cultivation of high-quality rice have emerged
as a central topic in rice research [2]. Ratoon rice is the product of a second season of rice
cultivation, where the seedlings develop and mature again from buds remaining on the
nodes of rice straw after the main crop harvest [3]. The recent studies have highlighted
multiple advantages of ratoon rice cultivation, such as superior grain quality, increased
yield, reduced labor and time consumption, lower production costs, and ultimately en-
hanced economic benefits [4]. In comparison to the primary cultivation season, the rice
ratoon season exhibits a lower average temperature and wider temperature fluctuation
range during the grain filling stage. These temperature variations result in plumper grains,
higher milling yield, lower chalkiness, and better taste attributes [5]. The combination of
effective cultivation management measures and planting systems plays a crucial role in
optimizing the inherent qualities of regenerative rice and achieving high and stable yields
of rice [6].

During the rice ratoon season, regrowth originates from dormant buds that persist at
different nodes of the parent plant. Each episode of regrowth results in the formation of new
rice panicles, thereby increasing the density of effective panicles per unit area compared to
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traditional single-season late rice [7]. The stubble height of the main-season rice is a critical
factor influencing the number of effective panicles during the ratoon season. Maintaining a
stubble height of 40 cm facilitates the recovery and preservation of root system vitality in the
main-season rice, thus enhancing the regrowth rate and ultimately increasing rice yield [8].
A stubble height exceeding 15 cm can increase the thousand-grain weight, overall grain
yield, and straw yield [9]. A stubble height of 20 cm can stimulate the emergence of axillary
buds at the basal nodes, resulting in increased yield. However, it should be noted that this
practice (20 cm stubble) significantly prolongs the maturity period [10]. The differences
resulting from different stubble heights could be attributed to the distinct regenerative bud
sprouting characteristics exhibited among different varieties [11]. Differences in growth
stages significantly affect the dry matter accumulation of ratoon shoots, thereby impacting
rice quality. During the booting and grain filling stages, a larger diurnal temperature
variation contributes to dry matter accumulation, ultimately enhancing rice quality [12].
Studies have shown that the yield of ratoon rice is significantly higher than that of main-
season rice. At the same time, the gelatinization rate and gelatinization degree of ratoon rice
are significantly lower than those of main-season rice [13]. The amylose content in ratoon
rice is significantly higher than that in main-season rice, while the gelatinization viscosity
is slightly reduced [14]. Additionally, the protein content of ratoon rice is lower than that
of main-season rice, but its alkaline solubility value is higher [15]. There are significant
variations in ratoon rice during the grain filling stage due to differences in varieties and
cultivation management, and these differences have important effects on both yield and
rice quality.

In recent years, numerous studies have investigated the effects of different rice cul-
tivation methods on the growth, physiological and biochemical traits, and yield of rice.
These studies indicate that no-tillage can effectively improve soil quality in double-season
rice fields [16,17]. Additionally, compared to traditional tillage practices, ridge cultiva-
tion significantly enhances protective enzyme activity and the photosynthetic rate in rice,
thereby effectively promoting rice yield [18]. Although existing research suggests that
no-tillage has significant advantages in improving economic traits related to rice yield [19],
further studies are needed to evaluate and compare the specific impacts of rotary tillage
and no-tillage on rice yield.

Biochar is a solid carbon-based material, and it is generated from high-temperature
pyrolysis of biomass in anaerobic or oxygen-restricted conditions [20]. Biochar is character-
ized by high carbon content, remarkable stability, aromaticity, large surface area, strong
adsorption capacity, and distinctive porous structure [21]. Additionally, biochar has a rich
nutrient profile, making it a novel substance with great potential to improve soil struc-
ture, fertility, and fertilizer utilization efficiency, thus ultimately increasing crop yield [22].
The application of biochar, either solely or in combination with chemical fertilizers, has
a positive influence on nutrient assimilation, biomass accumulation, and subsequent in-
crease in rice yield. Moreover, biochar application can improve soil structure, optimize
nitrogen utilization efficiency, augment effective tillering, and facilitate grain formation in
rice crops [23,24]. In addition, biochar-based fertilizer, as a novel type of organic fertilizer,
has exhibited the ability to enhance crop quality throughout the production process [25,26].
Therefore, applying biochar to paddy fields as a strategy to enhance rice production can
be considered a multi-win approach. However, research reports on the yield and qual-
ity of ratoon rice under different tillage practices and biochar application conditions are
still insufficient.

Previous studies have primarily focused on the effects of biochar or farming methods
on rice yield and quality, while reports on the interaction between biochar and farming
methods regarding these aspects are relatively limited. This study aims to evaluate the
impacts of different tillage methods and biochar application on the yield, quality, and
antioxidant activities of ratoon rice. To this end, we compared the effects of biochar
application versus non-application on various indicators of both main-season rice and
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ratoon-season rice under four different tillage practices, assessing the potential role of
biochar in mitigating the negative effects of no-tillage on rice yield and grain quality.

2. Materials and Methods
2.1. Field Experimental Details

Field experiments were conducted on a farm (30◦21′ N, 112◦8′ E) situated in Yangtze
University, Jingzhou, Hubei province, China, during the years 2020 and 2021. The soil
samples were collected from the topsoil (20 cm), and subsequently subjected to vari-
ous soil property analyses [27]. The soil is calcareous alluvial, displaying the follow-
ing properties: pH, 5.72; organic matter content, 24.64 g kg−1; alkali-hydrolysable ni-
trogen, 224.51 mg kg−1; available phosphorus, 11.37 mg kg−1; and available potassium,
117.48 mg kg−1. Over a two-year span, soil property data were averaged. The rice straw
biochar used in our study was provided by Nanjing Qinfeng Zhongcheng Biomass New
Materials Co., Ltd. (Nanjing, China). This biochar underwent a charring process at a
temperature of 450 ◦C, with a pH value of 8.65. The biochar exhibited an organic carbon
content of 667.22 g kg−1, a total nitrogen content of 1.99 g kg−1, and a total potassium
content of 27.15 g kg−1. The rice planting pattern was main-season rice planting followed
by a winter fallow period and ratoon-season rice planting. The Fengliangyou2 (FLY2)
variety was selected for the field experiment, which is known for its high yield and strong
regenerative capabilities. The entire growth cycle including the main season and ratoon
season reached up to 213 days.

A split-plot design was adopted, the experiments were conducted in triplicate, and
each subplot covered an area of 50 m2. Rice seedlings were planted in rows, with a spacing
of 16 × 30 cm2 and 2 seedlings per hill. Four treatments were designed in this study, which
were rotary tillage with no biochar (RTNC), rotary tillage + biochar (RTC), no-tillage with
no biochar (NTNC), and no-tillage + biochar (NTC), and the biochar was applied during the
booting stage. Under the rotary tillage treatment, the soil was tilled using a rotary tiller with
a depth of approximately 10–15 cm. The rotary tillage was performed twice prior to rice
seedling transplantation. Under the rotary treatments, all rice straws were fully mixed into
the soil by tilling, but under the no-tillage treatment, the rice straws covered the soil surface,
functioning as mulch. Under both rotary tillage and no-tillage treatments, biochar was
applied at 450 kg ha−1, with 50% utilized as a basal fertilizer and the remaining 50% utilized
during the panicle initiation stage [28]. The main rice season spanned from 24 March to
13 August, with rice harvest occurring around 13 August, leaving a 30 cm stubble for the
subsequent ratoon rice growth from 13 August until 1 November. The ratoon rice was
harvested around 1 November. Under no-tillage treatment, the soil was kept as it was from
harvest to subsequent seeding. The compound fertilizers (N:P2O5:K2O = 22%:9%:15%)
were applied twice, with 300 kg ha−1 applied at the basal stage and 100 kg ha−1 applied at
the panicle initiation stage (a total application amount of 400 kg ha−1). The rice cultivation
followed standard crop management practices. To ensure that biomass and production
are not lost, we have adopted consistent plant protection measures, including the use of
effective chemical pesticides to achieve strict pest control. Throughout the rice growth cycle,
from the transplantation of the main-season rice to the maturity of the ratoon rice, daily data
on air temperature and precipitation were consistently acquired from the meteorological
observatory located in close proximity to the experimental field (Figure 1). The daily
temperature and precipitation variations between the two years were negligible.
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2.2. Measurement of Grain Yield, Yield Components

During the maturity stage, a total of 16 rice plants (from 8 hills) were randomly selected
and sampled in a diagonal pattern from a harvest area of 5 m2 for the determination of
harvest index (HI) and yield components. The panicle number per hill was counted to
calculate the average panicle number per m2. Afterwards, the straw was separated from
panicles for each plant, and then the panicles underwent manual threshing. Filled spikelets
were separated from the unfilled ones by dipping them in tap water. For the analytical
process, the 30 g filled spikelets and 3 g unfilled spikelets were randomly selected as
subsamples, respectively, for an accurate spikelet counting. The spikelets per panicle was
counted, and the grain-filling rate was calculated by the formula (100 × filled spikelet
number/total spikelet number). From each plot, 1000 seeds were randomly, and the process
was repeated for 3 times. The difference between repeated treatments should be less than
0.5 g, and the 1000-grain weight was measured. Furthermore, grain yield in a 5 m2 area of
each plot was measured, and the grain water content was measured simultaneously and
converted to a yield with a water content of 14%.

2.3. Measurement of Grain Quality

Matured cereals were harvested from 3 randomly selected areas within each plot, with
each area covering 2 m2. The moisture in the harvested cereals was adjusted to a level of
14%. The assessment of grain quality was conducted after grain sun-drying and subsequent
3-month storage at room temperature. The evaluation of grain quality encompassed
examining the rates of brown rice, fine rice, and head rice [5]. The determination of protein
content and amylose content was carried out using a Danish near-infrared grain analyzer
(INFRATEC-1241, FOSS Corporation, Nanterre, France). Meanwhile, the chalkiness degree
and chalkiness rate of the rice grains were assessed using a rice appearance quality analyzer
(SC-E, Hangzhou Wanshen Corporation, Hangzhou, China).

2.4. Measurement of Antioxidant Activities

The fresh flag leaf samples were initially ground in liquid nitrogen to obtain a ho-
mogenate. Subsequently, 9 mL of 50 mM sodium phosphate buffer (pH 7.8) was added to
the homogenate. The resulting mixture was centrifuged at 8000 rpm for 15 min at 4 ◦C,
and the supernatant was collected for the determination of superoxide dismutase (SOD),
peroxidase (POD), and catalase (CAT) activities, and malondialdehyde (MDA) content [16].
The unit of SOD activity was defined as the amount of enzyme required to reduce the initial
rate of the nitro blue tetrazolium reaction by half at 560 nm. To determine POD activity, a
reaction mixture was prepared that consisted of 1 mL sodium phosphate buffer (pH 7.8),
0.95 mL of 0.2% guaiacol solution, 1 mL of 0.3% H2O2 solution, and 0.05 mL of enzyme
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extract. The absorbance of this mixture was measured at 470 nm every 30 s for a duration
of 90 s. The unit of POD activity is defined as the amount of enzyme required to catalyze
the decomposition of 1 mg of substrate, indicated by the change in absorbance at 470 nm.
For the determination of CAT activity, the mixture was composed of 1 mL of distilled water,
1 mL of 0.3% H2O2 solution, and 0.05 mL of enzyme extract, with absorbance recorded at
470 nm every 30 s for 90 s. The unit of CAT activity is defined as the amount of enzyme
required to decompose 1 M H2O2 in 1 min, with 1 g of fresh leaf used as the sample.
Additionally, MDA content was measured using 1.5 mL of enzyme extract. The enzyme
extract was mixed with 0.5 mL of 5% trichloroacetic acid solution and heated in a water
bath at 100 ◦C for 30 min. After cooling, the mixture was centrifuged at 3000 rpm for
15 min, and the absorbance of the resulting solution was measured at 450 nm, 532 nm,
and 600 nm. Finally, the MDA content was calculated using the following formula: MDA
content = 6.45(OD532 − OD600) − 0.599OD450.

2.5. Statistical Analysis

Data were analyzed using a three-way analysis of variance, conducted with R 4.3.1
software (provided by Analytical Software, Tallahassee, FL, USA). The means of the various
treatment groups were compared using the least significant difference (LSD) test, with a
p-value < 0.05 considered statistically significant.

3. Results
3.1. Yield and Yield Components

In both 2020 and 2021, grain yield under rotary tillage was significantly (p < 0.05)
higher than that under no-tillage (Figure 2), which was 24.0% higher under RTNC than
under NTNC. Notably, the introduction of biochar significantly bolstered grain yield under
both tillage regimes, yielding 17.3% and 26.8% increases under RTC and NTC treatments,
respectively. In addition, the impact of biochar on the yield of main-season rice and ratoon-
season rice was significant, and the biochar application resulted in a 7.5% increase in yield
for main-season rice, while a 43.9% increase for ratoon rice.
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The number of panicles, spikelets per panicle, and grain filling rate were all signifi-
cantly influenced by various tillage methods and the biochar application (Figure 3). Panicle
number and spikelet number per panicle under RTNC were 11.3% and 13.3% higher than
those under NTNC, respectively. With the application of biochar, panicle number, spikelet
number per panicle, and grain filling rate were significantly improved under the RTC and
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NTC treatments. Compared with no biochar application, biochar application increased
panicle number by 5.8% and 14.4%, spikelet number per panicle by 4.6% and 4.2%, and
grain filling rate by 5.6% and 3.6% under RTC and NTC, respectively. No significant dif-
ferences in 1000-grain weight were observed among different tillage methods and biochar
application treatments.
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p < 0.05, and *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ns, not significant.
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3.2. Grain Quality

Brown rice rate, chalkiness degree, chalky grain rate, and protein content were sig-
nificantly different (p < 0.01) under different tillage and biochar treatments (Table 1).
Specifically, the brown rice rate was 1.8% higher under NTNC than under RTNC. The
biochar application significantly increased brown rice rate by 1.0% and 1.5% and protein
content by 16.5% and 13.5% under RTC and NTC treatments, respectively. In addition,
the chalkiness degree and chalky grain rate under NTNC treatment were 17.9% and 10.1%
higher than those under RTNC treatment. Notably, the biochar application reduced chalki-
ness degree by 18.3% and 28.7% and chalky grain rate by 11.4% and 5.7% under RTC and
NTC treatments, respectively. Overall, we observed no significant differences in brown rice
rate and amylose content among different tillage and biochar application treatments.

Table 1. Effects of different tillage methods and biochar treatments on grain quality in 2020 and 2021
(n = 3).

Year Season Treatment Brown
Rice Rate

Milled
Rice Rate

Chalkiness
Degree

Chalk
Grain Rate

Amylose
Content

Protein
Content

(%) (%) (%) (%) (%) (%)

2020 Main season RTNC 71.33 a 63.79 b 5.84 a 20.83 a 18.69 a 8.00 bc
RTC 73.63 a 65.02 b 5.22 b 20.27 ab 18.76 a 9.24 a

NTNC 73.03 a 66.13 ab 5.26 b 19.58 b 16.55 a 7.58 c
NTC 76.66 a 70.53 a 4.61 c 16.60 c 18.56 a 8.65 ab
Mean 73.66 C 66.37 B 5.23 A 19.32 A 18.14 B 8.37 B

Ratoon season RTNC 76.07 ab 68.28 c 4.91 a 16.31 a 18.63 a 8.70 b
RTC 73.68 b 68.79 bc 4.04 b 14.39 ab 20.49 a 10.08 a

NTNC 79.40 a 70.72 b 4.72 a 14.59 ab 17.97 a 8.55 b
NTC 76.53 ab 72.99 a 3.14 c 14.04 b 17.95 a 9.68 a
Mean 76.41 B 70.19 A 4.20 B 14.83 B 18.76 A 9.25 A

2021 Main season RTNC 74.00 b 70.28 ab 5.27 a 20.39 a 17.86 a 7.42 c
RTC 78.11 a 70.99 ab 4.28 b 16.34 c 16.86 a 8.64 b

NTNC 75.44 ab 69.24 b 4.18 b 18.49 b 18.28 a 8.70 b
NTC 76.66 ab 73.49 a 3.09 c 17.35 bc 17.00 a 10.23 a
Mean 76.05 B 71.00 A 4.20 B 18.14 A 17.50 B 8.74 B

Ratoon season RTNC 80.75 a 69.30 a 4.57 a 17.07 a 17.66 a 8.73 c
RTC 79.86 a 69.16 a 3.28 b 15.11 b 17.06 a 10.30 a

NTNC 79.02 a 71.62 a 4.37 a 13.11 c 19.52 a 9.51 b
NTC 81.56 a 73.09 a 2.36 c 14.02 bc 18.04 a 10.42 a
Mean 80.30 A 70.79 A 3.64 C 14.83 B 18.07 B 9.74 A

ANOVA Year (Y) 17.6 *** 16.8 *** 289.5 *** 5.9 * ns 18.8 ***
Season (S) 22 *** 8.1 ** 289.1 *** 256.9 *** ns 88.8 ***

Treatment (T) ns 10.4 *** 280.4 *** 30 *** ns 55.6 ***
Y × S ns 10 ** 25.1 *** 5.8 * ns ns
Y × T ns ns 9.6 *** 4.2 * 5.5 ** 14.8 ***
S × T ns ns 21.8 *** 3.8 * ns ns

Y × S × T ns ns ns 6.4 ** ns 3.6 *

RTNC, rotary tillage with no biochar; RTC, rotary tillage + biochar; NTNC, no-tillage with no biochar; and NTC,
no-tillage + biochar. In each column, means followed by the same letters are not significantly different according
to LSD. Lowercase letters indicate significant differences at p < 0.05, and uppercase letters denote significant
differences at p < 0.01 *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ns, not significant.

3.3. MDA Content and Activities of SOD, CAT, and POD

NTNC significantly increased the activities of POD, CAT, and MDA content by 19.6%,
14.6%, and 23.1%, respectively, compared with RTNC (Figure 4). In addition, the application
of biochar also markedly elevated the enzymatic activities of POD, CAT, and MDA content,
particularly under NTC treatment. Specifically, the POD activity was increased by 10.3%
and 10.7% under RTC and NTC treatments, respectively, relative to RTNC and NTNC; the
CAT activity was increased by 2.6% and 5.6%, respectively; and the MDA content was
increased by 10.3% and 12.6%, respectively, upon biochar application.
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Figure 4. Activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and malondi-
aldehyde (MDA) content in rice leaves under different tillage methods and biochar treatments in 2020
(a,c,e,g) and 2021 (b,d,f,h). Different lowercase letters above the bars denote statistically significant
differences among treatments at the level of p < 0.05 (n = 3). In each column, means followed by the
same letters are not significantly different according to LSD. Lowercase letters indicate significant
differences at p < 0.05, *, p < 0.05; **, p < 0.01; ***, p < 0.001; and ns, not significant.

3.4. Principal Component Analysis

Principal component 1 was rice quality and antioxidant enzymes. Principal component
2 was yield and yield component (Figure 5 and Table 2). In principal components 1
and 2, there was no significant difference between NTNC and NTC, RTC, and RTNC,
but significant difference between NTC, RTC, and RTNC. Compared with RTNC, the
advantages of NTC and RTC mainly come from the increase of panicle number, spikelet
per panicle and grain filling rate; in addition, yield differences were mainly positively
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correlated with spikelet per panicle, grain filling rate and 1000-grain weight, and negatively
correlated with panicle number. The quality of rice was mainly positively correlated with
the presentation of brown rice rate, milled rice rate, chalk grain rate, amylose content, and
protein content, and negatively correlated with chalkiness degree.
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Figure 5. The effects of different tillage methods and biochar treatments on rice yield, quality, and
antioxidant activity were investigated by principal component analysis.

Table 2. PCA loading table of rice yield, quality, and antioxidant activity by different tillage practices
and biochar treatments.

Loadings PC1 PC2 PC3

Panicle number −0.06101 −0.15576 0.07535
Spikelet per panicle −0.29941 0.35113 0.05058

Grain filling rate −0.07008 0.4391 0.21072
1000-grain weight −0.20296 0.36358 −0.21581

Brown rice rate 0.21939 −0.17473 −0.46284
Milled rice rate 0.30808 0.02451 −0.36398

Chalkiness degree −0.15315 −0.38056 0.25936
Chalk grain rate 0.05584 −0.46237 0.04858
Amylose content 0.11225 −0.12632 0.57625
Protein content 0.31542 −0.03356 −0.11718

SOD 0.38651 −0.01062 0.06277
POD 0.39245 0.21577 0.09373
CAT 0.33571 0.17148 0.34234
MDA 0.40337 0.21105 0.09347

3.5. Correlation Analyses

Further, we investigated the correlation between grain yield components and rice
growth parameters. As shown in Figure 6, each treatment was significantly (p < 0.01)
positively correlated with POD, SOD, and CAT activity, MDA content, fine rice rate (MR),
and protein content (PC), but these treatments were negatively correlated with chalky
grain rate (CGR) and chalkiness degree (CD). In addition, there was a highly significant
(p < 0.01) positive relationship between grain yield and spikelet number per panicle (GN),
1000-grain weight (GW), and grain filling rate (GF), but it was negatively correlated with
SOD activity, brown rice rate (BR), chalky grain rate (CGR), and chalkiness degree (CD).
Moreover, fine rice rate (MR) and protein content (PC) were significantly (p < 0.01) positively
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correlated with POD activity, MDA content, and SOD activity. However, CGR and CD
were significantly negatively correlated with GN, GY, GW, and GF (Figure 6).
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Figure 6. Correlation matrices between grain yield components and rice growth parameters. The
dataset consisted of 72 samples. The size of the circle indicates the degree of correlation. The related
parameters include grain yield (GY), panicle number (PN), spikelet number per panicle (GN), grain
filling rate (GF), 1000−grain weight (GW), fine rice rate (MR), brown rice rate (BR), chalkiness degree
(CD), chalky grain rate (CGR), amylose content (AC), and protein content (PC) (n = 48), the size of
the circle indicates the degree of correlation.

4. Discussion
4.1. Grian Yield and Yield Components

This study evaluated rice yield, grain quality, activities of various antioxidant en-
zymes, and malondialdehyde content under four treatments: rotary tillage alone, rotary
tillage + biochar application, no-tillage alone, and no-tillage + biochar. We investigated the
impact of various rice tillage methods and biochar application treatments on rice yield and
yield components. Our results demonstrated the substantial influence of tillage methods
on rice yield and related yield components. One previous study has indicated that both the
straw biomass and grain yield of main-season rice and ratoon rice are significantly higher
under rotary tillage conditions than under no-tillage conditions [29]. Over time, no-tillage
can improve the physicochemical properties of the soil, including enhancing soil fertility in
the upper layer and increasing compaction, compared to rotary tillage. These alterations
further influence the infiltration rate of water, ultimately impacting the growth and yield
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of rice. Our results showed that the application of biochar effectively enhanced nutrient
uptake and facilitated dry matter accumulation, ultimately resulting in a significant increase
in rice yield.

Consistent with our results, one previous study has reported that the addition of
biochar substantially improves soil structure, increases nitrogen use efficiency, and stim-
ulates rice tillering, thus raising rice yield [30]. The biochar has been found to act as a
nutrient source for rice, and its application can improve soil physicochemical properties
and effectively promote dry matter accumulation in rice [31]. Moreover, the abundant
negative charges on its surface contribute to cation exchange. Biochar exhibits a remarkable
ability to effectively retain nutrient ions and water molecules, thus improving soil aeration
and water-holding capacity [32]. Moreover, biochar can promote organic carbon trans-
formation and active carbon adsorption due to its high carbon content, stable structure,
and remarkable adsorption capacities. The utilization of biochar assists in the regulation
of environmental factors such as soil, water, and air, thereby enhancing rice yield [33].
These previous findings on biochar are supported by our results showing that biochar
application increased panicle number and spikelet number per panicle under both the
rotary tillage and no-tillage, thus increasing rice yield. Our results are consistent with a
previous report that biochar-induced increases in rice yield can be attributed to the fact that
biochar significantly increased rice panicle number, filling rate, and spikelet number per
panicle by promoting tillering, enhancing photosynthesis, optimizing nutrient utilization,
and promoting spikelet differentiation, thereby increasing rice yield [34]. In another study,
the application of biochar fertilizer in rice cultivation has been found to lead to an average
rice yield increase of 25.28%, and this observed increase in rice yield is also primarily
ascribed to notable improvements in panicle number, spikelet number per panicle, and
grain filling rate [35,36]. In addition to the above-mentioned reasons, it has been reported
that biochar-induced higher grain density might also be responsible for the increase in rice
yield [37]. Taken together, the above findings collectively indicated that the application
of biochar was an effective strategy to augment the panicle number, spikelet number per
panicle, and grain filling rate, thereby increasing rice yield in rice cultivation, and these
improvements can counteract the yield loss associated with no-tillage.

4.2. Grain Quality and Antioxidant Enzyme Activities

Previous research has established a clear correlation between the processing quality
of rice and the brown rice rate or fine rice rate [38]. The appearance quality of rice is
determined by two key factors, namely, the chalky grain rate and the chalkiness degree [39].
The texture properties of rice are closely related to the amylose content in its grains [40].
Ratoon rice exhibits significantly superior sensory properties, including taste and texture,
in comparison with main-season rice. The research results indicate that the application of
biochar significantly improved the head rice yield and protein content of both main-season
rice and ratoon rice, while significantly reducing the chalky grain rate and chalkiness
degree [41]. However, the utilization of biochar had no significant effect on the amylose
content. Our data also showed that ratoon rice exhibited significantly lower chalkiness
degree and chalky grain rate than main-season rice, but significantly higher fine rice rate
and protein content, which was consistent with previous research [42]. Overall, these
findings jointly reveal that ratoon rice boasts superior processing quality and improved
appearance compared to the main-season rice [43]. In addition, it has been reported that
the use of biochar can somewhat enhance the processing quality of rice [44]. As the dosage
of biochar increases, the head rice yield significantly improves, and biochar effectively
reduces both the chalkiness degree and the chalky grain rate of rice [45], which aligns with
our results.

In this study, we observed a significant increase in the activities of POD and CAT,
along with an elevated MDA content, under no-tillage conditions compared with rotary
tillage. Existing studies have shown that no-tillage treatments impose certain stresses
on plants. In response to these stresses, plants regulate their antioxidant defense system,
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activating antioxidant enzymes including SOD, CAT, and POD. These enzymes play a
crucial role in catalyzing the conversion of reactive oxygen species (ROS) and free radicals
within the plant, thereby mitigating potential damage [25,46], which explains well the
elevated activities of these enzymes. MDA serves as a prominent indicator of membrane
lipid peroxidation, and it is well known as a significant biomarker reflecting the plants’
stress response to adverse conditions [47]. The elevated content of MDA under our no-
tillage treatment could partially be attributed to the influence of no-tillage on soil structure.
This impact primarily includes a reduction in nutrient availability (such as phosphorus
and potassium) in the soil layer below 5 cm [48]. These no-tillage-induced alterations
collectively impose mild stress conditions. In this study, the integration of no-tillage
with biochar application further elevated antioxidant enzyme activity and MDA content,
compared to the no-tillage alone, highlighting the role of biochar in increasing antioxidant
enzyme activity and MDA content. Our results could be explained by some previous
reports that the application of biochar can enhance the concentrations of gibberellins and
auxins in rice plants, and that these crucial plant hormones can stimulate antioxidant
enzyme activities [49,50]. Consequently, the utilization of biochar has the potential to
relieve the yield losses caused by no-tillage. Furthermore, our data also showed that the
application of biochar significantly decreased the chalkiness degree and chalky grain rate
under both no-tillage and rotary tillage conditions, indicating that biochar application
as an intervention measure could also effectively prevent the occurrence of chalkiness in
rice grains.

5. Conclusions

This study investigated the role of biochar application as a compensatory strategy in
mitigating the impact of no-tillage on rice yield and grain quality. The results indicated
that the input of biochar significantly enhanced rice yield under no-tillage conditions,
particularly for ratoon rice. The increase in yield of ratoon rice was mainly due to the
simultaneous increase in panicle number, spikelet number per panicle, and grain filling
rate. In addition, no-tillage + biochar application also effectively enhanced the antioxidant
enzyme activity including POD, CAT, and SOD in rice plants, while the rice yield and
protein content were significantly increased. Based on our findings, it can be concluded
that the combination of no-tillage with biochar application can enhance stress resistance,
overall yield, and rice quality. Our results provide strong support for the potential benefits
of biochar application in the cultivation of main-season rice and ratoon rice. Future research
is suggested to further determine the optimal dosage and types of biochar for enhancing
the growth of rice plants.
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