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Abstract
Paddy rice production may contribute to both the global issues of methane emissions and food security. Biochar derived 
from organic wastes may offer a potential solution to address these two challenges. The current study aimed to examine the 
dynamics of methane emissions, rice growth, and soil quality as affected by biochar and to assess the biochar role in balanc-
ing methane emissions and rice growth in paddy soil. Paddy soil was mixed with rice-husk-derived biochar at five levels 
(0, 1.5, 3, 6, and 12% w/w) and planted with rice (Oryza sativa L.) in two consecutive seasons in a greenhouse. Methane 
emissions from experimental pots were measured weekly. After each of the two seasons, the crop’s root, stem, and grain 
mass were determined, and soil samples were collected and analyzed for 10 physicochemical properties, which were used 
to compute the soil quality index (SQI). Compared to the no-biochar treatment, biochar increased total rice biomass from 8 
to 48% while suppressing methane missions from 7 to 42%, dependent on biochar rates and seasons. Biochar with different 
rates also enhanced SQI by 10 to 45% and 38 to 101% after the first and second seasons, respectively. A strong relationship 
was observed between methane emissions and total rice biomass with SQI suggesting that soil quality may play a major role 
in suppressing CH4 emissions and enhancing rice growth. Adding biochar to paddy soil can reduce methane emissions while 
improving rice growth, which is strongly linked to the enhanced quality of the biochar-added soil.
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1  Introduction

Global warming and food security are currently among the 
most concerning issues influencing sustainable develop-
ment worldwide. The former is largely caused by excessive 
greenhouse gas emissions, while the latter could be involved 
in the production of various food crops. Paddy rice (Oryza 
sativa L.) is an important cereal crop, which provides spilled 
rice grain for many people all over the world but also emits 
a considerable quantity of methane (CH4), a greenhouse 
gas, annually (Yang et al. 2019; Yun et al. 2022). Paddy 
rice production can account for up to 30% of total global 

CH4 emissions yearly (Gupta et al. 2021) while supplying 
staple food for about haft of the world’s population (Siva-
palan 2015). To produce better growth and yields, paddy 
rice should be planted under flood conditions (Sivapalan 
2015). Nonetheless, more CH4 emissions can be generated 
and emitted into the atmosphere because the activities of 
CH4-producing microorganisms are stimulated under sub-
merged conditions. These findings indicate that paddy fields 
may produce high rice growth and yields while also emitting 
a great amount of CH4, which must be balanced for long-
term development.

These two contrastive aspects of paddy rice production 
could be balanced by using biochar as a soil amendment. The 
material can be made from organic wastes, including agri-
cultural by-products using a slow pyrolysis process under 
high-temperature and oxygen-limited conditions. Many stud-
ies have shown that biochar can promote rice growth and 
yield by improving soil quality (Chen et al. 2021; Huang 
et al. 2018; Shetty and Prakash 2020). Other studies were 
conducted to examine the effects of biochar on CH4 emis-
sions from paddy soils, and the reasons for the reduced gas 
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emissions may be linked to the changes in soil properties and 
the activities of methanogenic and methanotrophic commu-
nities (Nan et al. 2021; Rahman and Yamamoto 2020; Yun 
et al. 2022). These findings suggest that biochar as a soil 
amendment could be a dual-benefit solution in mitigating 
CH4 emissions while improving rice growth and yield in 
paddy soils. Nevertheless, our recent review of the literature 
revealed a scarcity of studies discussing the effects of bio-
char on both of these issues concurrently. This leads to our 
first research hypothesis that biochar addition may have dual 
benefits of suppressing methane emissions while enhancing 
rice growth in paddy soils.

The direct effects of biochar on reduced CH4 emissions 
and improved rice growth could be linked to the alteration 
of soil properties caused by the amendment. Some soil 
properties such as plant-available nutrients (NH4

+-N and 
available P), soil acidity, and the concentration of exchange-
able base cations such as K, Ca, and Mg were improved by 
biochar addition (Joseph et al. 2021; Nguyen et al. 2021; 
Nguyen et al. 2022). The concentration of some soluble 
potential phytotoxic elements such as Al, Mn, and Fe could 
be decreased as a result of biochar addition (Hailegnaw 
et al. 2020; Nguyen et al. 2022; Shetty and Prakash 2020). 
These findings imply that soil quality could be improved 
first, resulting in enhanced rice growth and yield. Further-
more, biochar can elevate the soil pH and porosity of bio-
char-added soils (Joseph et al. 2021). Although natural CH4 
emissions can be determined by the activities of two micro-
bial communities, methanogen, and methanotroph (Kumar 
et al. 2021), the gas emissions can be sensitive to changes in 
the pH and oxygen availability of the environment (Oertel 
et al. 2016; Rahman and Yamamoto 2020; Ramachandran 
and Ramachandran 2001). Consequently, biochar addition 
was found to suppress CH4 emissions by changing soil con-
ditions and the consequent activities of the two microbial 
communities (Nan et al. 2021). The findings strongly indi-
cate that mitigated CH4 emissions and enhanced rice growth 
in paddy soils could be the result of improved soil quality 
caused by biochar addition, which was limitedly discussed in 
the literature. Consequently, our second research hypothesis 
was initiated that biochar could improve soil quality, which 
balances the reduced methane emissions and improved rice 
growth in paddy soils.

Moreover, the effects of biochar on CH4 emissions and 
rice growth could be dependent on the applied rate of the 
amendment. Nevertheless, many studies were conducted 
based on a single or a few biochar rates, which lead to an 
increase in rice yield (Danso et al. 2021). Chen et al. (2021) 
applied three biochar rates to a paddy field and found that 
rice yield increased over the biochar rates from zero to 20 
and 40 tones per ha. Recently, Yang et al. (2022) investi-
gated four biochar rates of 0, 10, 20, and 40 tonnes ha−1 and 
concluded that the rate of 10 tonnes ha−1 was optimal for 

lowering CH4 emissions while retaining rice yield. Despite 
this, the higher biochar rate (40 tonnes ha−1) resulted in a 
lower rice yield than the lower rate (10 tonnes ha−1) (Yang 
et al. 2022), which needs further investigation. These find-
ings also suggest that using lower biochar rates may have the 
greatest impact on lowering CH4 emissions and improving 
rice growth while minimizing biochar costs. This results in 
our last research hypothesis that a lower range of biochar 
rates may have a greater and more effective impact on meth-
ane emissions and rice growth than a higher range. There-
fore, the current study was conducted on paddy soil, using 
five biochar rates and planting paddy rice for two seasons 
with the three research hypotheses stated above. The aims 
of the current study were to examine the dynamics of meth-
ane emissions, rice growth, and soil quality as affected by 
biochar addition, as well as to assess the role of biochar in 
balancing methane emissions and rice growth in paddy soil.

2 � Materials and Methods

2.1 � Experimental Materials

Biochar and paddy soil were the two primary materials used 
in the current study. Biochar was produced from rice husk, 
a by-product of rice production, which is widely available 
in Vietnam and other tropical countries. The method used 
to make biochar was similar to that used by Nguyen et al. 
(2018b). Soil material was taken from a paddy field (around 
1000 m2) in Cu Chi District, Ho Chi Minh City, Vietnam, 
(11° 01′ N and 106° 26′ E) and classified as a Haplic Acri-
sols (WRB 2015). The field has a long history of rice cul-
tivation with two main seasons a year. The soil sample was 
taken from ten sites distributed over the selected field in the 
surface layer of 0–15 cm depth. The collected soil material 
from these sites was mixed thoroughly to make one compos-
ite sample, which was transferred to a laboratory, air-dried, 
and sieved through a 2-mm sieve to remove plant residues 
and gravel before the experiment.

2.2 � Experimental Setup

The current study was set up as a completely randomized 
design with three replicates. The air-dried and sieved soil 
was mixed with biochar at five different rates of 0, 1.5, 3, 
6, and 12% (w/w), equivalent to 0, 22.5, 45, 90, and 180 
tonnes per ha based on bulk density of 1.0 g/cm3 and soil 
depth of 15 cm, making five experimental treatments, here-
after called T1, T2, T3, T4, and T5, respectively. The soil-
biochar mixture (hereafter referred to as experimental soil) 
was repacked into 15 pots (five treatments x three replicates) 
with a size of 20 cm × 20 cm (diameter × height). Around 
3.6–4.6 kg of experimental soil was repacked into each 
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pot depending on biochar rates with some gentle tamps to 
establish a uniform height (around 15 cm) of the soil col-
umn in all pots. The 15 experimental pots were randomly 
placed in a greenhouse with temperatures varying from 25 
°C (night) to 36 °C (day), with no direct rain or wind. The 
pots were filled with tap water to a depth of 3–5 cm for 
around 8 days and then left for 2 days to dry out the standing 
water before direct seeding of germinated Jasmine 85 rice 
seeds. Initially, 12 germinated seeds were applied to each 
pot, and after 8–10 days, five abnormal (smallest or biggest) 
seedlings were removed and seven relatively similar seed-
lings in individual pots were maintained until the end of the 
experiment. Seven seedlings were kept in each pot to form 
a plant density of around 292 seedlings per m2 as in the real 
cultivation condition. Additionally, before seeding, inorganic 
fertilizers (N, P, and K) with application rates similar to 
Luu and Nguyen (2006) were top-dressed and mixed into 
the surface of the experimental soil in individual pots. Inor-
ganic fertilizers were applied in the amounts of 0.2 g urea-N, 
0.075 g superphosphate-P, and 0.075 g potassium-K per pot, 
equivalent to 80 kg N, 30 Kg P, and 30 kg K per ha (Luu and 
Nguyen 2006). All P fertilizer was applied at the same time 
as the biochar and soil were mixed; N and K fertilizers were 
applied in three splits (applied after 7–10 days, 20–25 days, 
and 45–50 days) and two splits (after 7–10 days and 45–50 
days), respectively (Luu and Nguyen 2006).

When biochar is incorporated into soils, it may go 
through three reaction stages, including dissolution, reactive 
surface development, and aging, which may last beyond 6 
months (Joseph et al. 2021). Consequently, the current study 
was carried out over two consecutive rice seasons, lasting 
9 months (November 2020 to March 2021 and from April 
2021 to August 2021). Following the first season, all rice 
biomass was collected and around 500 g of experimental soil 
was taken for chemical analysis. The remaining soil in each 
pot was allowed to dry naturally and re-watered with thor-
ough mixing 10 days before the next season began. Some 
inorganic fertilizers with rates similar to the first season were 
re-applied, while biochar was not applied in the second rice 
season and the rice variety was the same as the first season. 
Throughout the two rice seasons, the level of standing water 
of around 3–4 cm high in each experimental pot was checked 
daily and replenished with tap water if necessary.

2.3 � Measurements

2.3.1 � Methane Emissions

Methane emissions were measured using the closed chamber 
method by Minamikawa et al. (2015), which was described 
in detail by (Nguyen et al. 2020). In brief, a closed chamber, 
made of a plastic sheet was applied over individual experi-
mental pots for air accumulation. A 50-mL syringe was used 

to sample air within the closed chamber at 0, 10, 20, and 40 
min after superimposing the chambers. Pre-vacuumed glass 
vials were used to store the collected air from the chambers 
and transferred to the analytical laboratory of the Cuu Long 
Delta Rice Research Institute on the same day to analyze 
for CH4 concentration using a Gas Chromatography-Flame 
Ionization Detector (Qi et al. 2018). Gas samplings were 
carried out weekly during the two rice seasons, and a total 
of 10 samplings were implemented in each rice season (gas 
samples in the last 2 weeks before the end of each season 
were not collected to prepare for harvest). The total CH4 
emissions over the whole season in g CH4-C m−1 season−1 
were computed and reported for assessment.

2.3.2 � Rice Growth

Rice biomass of different parts (root, stem, and grain) from 
15 pots was determined after each season using the pro-
cedure applied by Nguyen et al. (2018a). After collecting 
rice biomass, soil samples from 15 pots were taken from 
the 0–15 cm surface layer using a soil sampler for chemical 
analysis. The collected biomass (grain, stem, and root) was 
weighed for assessment after being oven-dried at 70 °C to a 
constant weight (Chaimala et al. 2020; Zhang et al. 2019).

2.3.3 � Chemical Analysis

Before the experiment, the air-dried and sieved soil and 
biochar were taken in 4 replicates for chemical analy-
sis (Table 1). After each season, 15 soil samples were col-
lected from 15 experimental pots from the 0–15 cm surface 
layer, air-dried, and sieved through a 2-mm sieve for chemi-
cal analysis. All soil and biochar samples were analyzed 
for total organic carbon (TOC), pH, cation exchange capac-
ity (CEC), NH4

+-N, Mehlich-1 P, and exchangeable K, Ca, 
Mg, Al, Fe, and Mn. The TOC concentration was measured 
using the dry combustion method with an elemental analyzer 
(Elementar Analysensysteme GmbH, Hanau, Germany) 
(Knoblauch et al. 2021). Inorganic carbon in the soil used 
for the current study could be negligible because the used 
soil had a pH value below 6.5 (Knoblauch et al. 2021), lead-
ing to total organic carbon (TOC) measured through this 
method. The pH was measured using a Thermo Scientific™ 
Orion™ 3-Star Benchtop pH meter after the samples were 
added to distilled water in a 1:5 (w/w) ratio for 1 h. CEC was 
quantified using the ammonium acetate method (Nguyen and 
Lehmann 2009). The concentration of NH4

+-N was deter-
mined using 2M KCl, and the concentration of Mehlich-1 P 
was measured using the Mehlich-1 method (Carter and Gre-
gorich 2008). The concentration of exchangeable K, Ca, Mg, 
Al, Fe, and Mn was determined using the BaCl2 method, 
and the extract was analyzed using an inductively coupled 
plasma-optical emission spectrometry (ICP-OES) (Carter 
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and Gregorich 2008). In addition, the pre-experimental 
sieved soils were analyzed for particle size distribution 
(Carter and Gregorich 2008). The ash content of biochar was 
quantified using the combustion method at 650 °C overnight.

2.4 � Statistical Analysis

The soil quality index (SQI) was computed using the principal 
component analysis/factor analysis (PCA/FA), as described 
by Nguyen et al. (2021). The dynamics of CH4 emissions, 
rice growth components, and soil properties over the range 
of biochar rates were examined using the scatter plot, and 
the relationship between these parameters was quantified 
using linear and non-linear models. The r2 value (coefficient 
of determination) was computed, and analysis of variance 
(ANOVA) was applied to determine the statistical significance 
of the individual relationship with a 95% confidence level 
(P≤0.05). Some data were statistically analyzed, following the 
ANOVA procedure for a completely randomized design, using 
JMP 16 (SAS Institute Inc, NC, USA). When the ANOVA 
result showed a significant effect at P≤0.05, the Tukey’s hon-
estly significant difference test was used to classify treatment 
means. All figures were established using Sigmaplot 14.0 
(Systat Software Inc., San Jose, California).

3 � Results

3.1 � Methane Emissions

An increase in biochar rate led to a reduction of CH4 emissions, 
following an exponential decay model (Fig. 1). Treatment 1 
had CH4 emissions of 97.4 and T5 had 56.2 (g CH4-C m−2 
season−1), resulting in a 42% reduction in emissions during 
the first rice season. During the second season, CH4 emissions 
varied from 86.4 to 70.4 (g CH4-C m−2 season−1) in T1 and T5, 
respectively. The reduction of CH4 emissions by around 18% 
due to biochar addition during the second season was much 
lower than that during the first season, indicating that the effect 
of biochar on CH4 emissions may weaken after one season.

3.2 � Rice Growth

Root weight was not significantly affected by biochar addi-
tion (Fig. 2a), while stem weight and grain weight were sig-
nificantly increased over the biochar rates (Fig. 2b and c) 
after each of the two rice seasons. After the first season, T1 
had the lowest stem weight (17.8 g pot−1) and grain weight 
(12.7 g pot−1), while T5 had the highest stem (24.0 g pot−1) 
and grain weight (23.9 g pot−1). After the second season, of 
the five treatments, T5 still had the highest stem weight and 
grain weight. In the first season, the stem weight and grain 
weight increased rapidly for the biochar rates from zero to 

3%, then leveled off. The second season had a lower stem 
weight and grain weight than the first season. In both seasons, 
the total biomass (sum of root weight, stem weight, and grain 
weight) increased with an increase in biochar rates, following 
an exponential-rise-to-maximum model (Fig. 2d). The total 
biomass increased from 35.3 in T1 to 51.7 (g pot−1) in T5 
after the first season, while it increased from 42.2 in T1 to 
52.0 (g pot−1) in T5 after the second season. When biochar 
rates were less than 3%, the increasing rate of total biomass 
was more rapid in both rice seasons.

3.3 � Soil Quality

An increase in biochar rates resulted in a reduction in the 
concentration of NH4

+-N (Fig. 3a) and exchangeable Ca 
(Fig. 3e) in the soil after the first season, but an increase of 
these elements after the second season. After both seasons, 
biochar significantly raised the concentration of Mehlich-1 
P (Fig. 3b), exchangeable K (Fig. 3d), and CEC (Fig. 3c). 
The concentration of exchangeable Mg elevated signifi-
cantly when the biochar rate increased after the second sea-
son, but it was similar among the five experimental treat-
ments after the first season (Fig. 3f). The concentration of 
Mehlich-1 P, exchangeable K, Ca, and Mg after the second 
season was much higher than that after the first season.

Biochar also greatly enhanced the pH of the tested soil, varying 
from 6.0 in T1 to 6.6 in T5 after the first season (Fig. 4a). After the 

Fig. 1   Dynamics of total CH4 emissions during two rice seasons as 
affected by biochar. Error bars indicate the standard deviation of the 
mean. r2 is the coefficient of determination and p<0.05 indicates the 
relationship is significant following the non-linear regression analysis
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second season, soil pH was not significantly influenced by biochar 
addition. Biochar addition significantly reduced the concentration 
of exchangeable Al in both seasons (Fig. 4b) and the concentration 
of exchangeable Fe in the first season (Fig. 4c). The exchangeable 
Mn concentration was not affected by biochar addition (Fig. 4d).

The ten soil parameters (properties) measured in the 
current study were statistically analyzed using the PCA/
FA, and the results were shown in Table 2. The ten soil 
parameters were grouped into three factors, with factor 
1 explaining 47.4% of the total variance in the entire 
dataset, factor 2 explaining 27.1%, and factor 3 explain-
ing 15.5%. Factor 1 included exchangeable Mg, Ca, K, 
Mn, and Mehlich-1 P; factor 2 included exchangeable 
Al, CEC, and pH; and factor 3 included exchangeable Fe 
and NH4

+-N. The parameter weightage shown in Table 2 
was used to estimate the soil quality index (SQI), which 
is shown in Fig. 5. Biochar greatly increased SQI from 
0.32 in T1 to 0.46 in T5 (increased by 44.4%) after the 
first season. SQI was enhanced from 0.35 in T1 to 0.74 
in T5 (increased by 110.5%) after the second season. 
Biochar enhanced SQI in the second season more than 
in the first season. SQI increased more rapidly when the 
biochar rate rose from zero to around 3% and then rela-
tively leveled off.

3.4 � Relationships

The SQI and total rice biomass were significantly correlated 
with each other, following an exponential model (Fig. 6). 
When the SQI increased from 0.32 to 0.74, total rice biomass 
increased from 35.3 to 52.0 (g pot−1) over the two rice seasons. 
Total rice biomass increased much more quickly when the 
SQI was less than 0.4 and remained relatively stable when 
the SQI was greater than 0.4. A strong and negative relation-
ship between the SQI and total CH4 emissions was also found 
(Fig. 6). Total methane emissions declined from 97.4 to 56.2 
(g CH4-C m−2 season−1) when the SQI rose from 0.32 to 0.74 
over the two rice seasons. Total methane emissions reduced 
more rapidly when the SQI was below 0.4 and leveled off over 
greater values of the SQI.

4 � Discussion

Results from the current study confirmed our first hypoth-
esis that biochar addition suppressed CH4 emissions while 
enhancing rice growth after two consecutive seasons. The 
limited CH4 emissions from paddy soil planted with rice by 
biochar are consistent with other studies (Nan et al. 2021; 

Fig. 2   The dynamics of rice 
growth components of rice 
in two seasons as affected by 
biochar. Error bars indicate 
the standard deviation of the 
mean. Note root weight was not 
significantly affected by biochar. 
r2 is the coefficient of determi-
nation and p<0.05 indicates the 
relationship is significant fol-
lowing the non-linear regression 
analysis
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Yanan et al. 2018; Yang et al. 2017). Generally, natural CH4 
emissions can occur as a result of both biotic and abiotic 
processes. While the former may be connected to the activi-
ties of two bacterial communities of methane-generating 
methanogens and methane-consuming methanotrophs under 
anaerobic conditions (Nan et al. 2021; Nguyen et al. 2020; 
Sriphirom et al. 2021; Wang et al. 2018), the latter could 
happen under high-pressure and/or temperature environ-
ment (Althoff et al. 2014). The reduced CH4 emissions found 
in the current study could be likely involved in the biotic 
process, which could be dependent on the activities of the 
two bacterial communities. Biochar may create unfavorable 
conditions that restrict the activities of these two bacteria, 
thereby suppressing CH4 emissions from the biochar-added 
soil. Because CH4 emissions are sensitive to elevated pH 
(Oertel et al. 2016; Rahman and Yamamoto 2020) and oxy-
gen availability (Ramachandran and Ramachandran 2001), 
increased soil pH and enhanced rice growth, which could 

transport oxygen from the atmosphere to the rice plant’s 
root system via the aerenchyma channel (Colmer 2003), by 
biochar addition may restrict the activities of methane-gen-
erating bacteria (Nguyen et al. 2020). Likely, biochar addi-
tion could reduce CH4 emissions by 40% when compared 
to no-biochar treatment (Liu et al. 2014), and the reason for 
this was demonstrated to be involved in the increase in soil 
pH caused by the amendment (Qin et al. 2016; Yang et al. 
2017). However, the effects of biochar on CH4 emissions 
were diminished after the first rice season (Fig. 1). Simi-
larly, stem weight and soil pH values of the biochar-added 
soil were lower in the second season than in the first season. 
These findings strongly indicate that the reduced CH4 emis-
sions could be attributed to the change in soil properties 
induced by biochar addition, which has a weakened effect 
on CH4 emissions after the first rice season.

Figure 6 shows that changes in CH4 emissions and rice 
growth are strongly linked to the SQI, which confirmed our 

Fig. 3   The concentration dynamics of nutrition-related parameters of 
soil after each of two rice seasons as affected by biochar. Error bars 
indicate the standard deviation of the mean. r2 is the coefficient of 

determination and p<0.05 indicates the relationship is significant fol-
lowing the linear or non-linear regression analysis
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second hypothesis. The improved total biomass in the cur-
rent study could be the consequence of enhanced soil quality 
caused by biochar addition. Likewise, many studies found 
that biochar addition could improve rice yield and growth 
in paddy soil due to enhanced soil properties (Haque et al. 
2022; Huang et al. 2018; Wu et al. 2021). Liu et al. (2016) 
found that biochar enhanced pH, organic carbon, and the 
concentration of plant-available P and K in the biochar-
added soil, leading to increased rice yield over two seasons. 

The influences of biochar on soil properties and plant growth 
can be explained through liming capacity, porosity, sorption 
capacity, water holding capacity, and nutrient transformation 
(Hagemann et al. 2017; Mosharrof et al. 2021).

Although the exchangeable concentration of some 
potentially phytotoxic elements such as Al and Fe was 
declined by biochar addition, their concentration was 
higher in the second rice season than in the first season. 
This may inhibit the aboveground growth (Nguyen et al. 

Table 1   Selected properties  of 
the tested soil and biochar. Ash, 
total nitrogen, and hydrogen 
content of biochar were 49,1%, 
0.55%, and 1.83%, respectively; 
TOC, total organic carbon; 
CEC, cation exchange capacity; 
n=4; SE, the standard deviation 
of the mean

Materials Statistics Clay (%) Silt (%) Sand (%) pH CEC 
(cmolc 
kg−1)

NH4
+-N 

(mg 
kg−1)

Mehlich-1 
P (mg 
kg−1)

Soil Mean 21.10 19.25 59.65 5.75 11.93 53.60 118.15
SE 0.11 0.26 0.35 0.13 0.58 2.05 4.24

Biochar Mean 9.02 23.56 9.51 3363.7
SE 0.19 2.15 1.03 81.13

Materials Statistics TOC (%) Exchangeable concentration (mg kg−1)
K Ca Mg Al Fe Mn

Soil Mean 3.04 147.7 426.5 69.61 20.89 27.37 21.88
SE 0.03 7.9 31.5 1.63 2.33 1.75 0.37

Biochar Mean 34.36 1911.3 164.1 84.69 1.10 16.37 20.68
SE 0.77 553.1 7.0 3.43 0.13 1.73 0.46

Fig. 4   The dynamics of the pH 
and concentration of exchangea-
ble Al, Fe, and Mn after each of 
two rice seasons as affected by 
biochar. Error bars indicate the 
standard deviation of the mean. 
r2 is the coefficient of determi-
nation and p<0.05 indicates the 
relationship is significant fol-
lowing the linear or non-linear 
regression analysis
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2022), which could account for the higher stem weight and 
grain weight in the first season than in the second season. 
Al may act to restrict the growth of plant roots (Panda 
et al. 2009) in general. Biochar addition affected the root 
weight of rice insignificantly while reducing the exchange-
able Al concentration in the tested soil significantly in 

both seasons. This suggests that changes in the soil con-
centration of exchangeable Al may not be related to the 
development of rice roots. In addition, root weight in the 
second season was greatly higher than that in the first sea-
son, while exchangeable Al concentration in the second 
season was greater than that in the first season. This find-
ing also confirms that either the growth of rice roots in the 
current study was not linked to Al status or the magnitude 
of exchangeable Al concentration in soil was insufficient 
to induce a significant effect on root growth. These may 
suggest that greater root biomass in the second season than 
in the first season could be related to better soil quality in 
the second season than in the first season.

The 10 soil parameters measured in the current study 
changed differently due to biochar addition. The current 
study found that pH and the concentration of some soil 
nutrients such as Mehlich-1 P, exchangeable K, Ca, and 
Mg, as well as CEC, were improved over biochar rates 
after the first rice season. The pH value of the tested bio-
char was 9.02, which was much greater than that of the 
tested soil, leading to the enhanced pH of the biochar-
added soil. Dai et al. (2014) found that soil pH increased 
with biochar rates, and the pH enhancement became 
weaker with experimental duration. The current study also 
found that the effect of different biochar rates on soil pH 
was not significant after the second rice season, suggesting 
that its influence could fade after the first season. This is in 
line with CH4 emissions, which showed that the magnitude 
of the reduced gas emissions by biochar rates was smaller 

Table 2   Loading values and weightage of 10 soil parameters from 
principal component analysis/factor analysis. Bold numbers are those 
greater than 0.5

Parameters Factor 1 Factor 2 Factor 3 Parameter 
weightage

Exchangeable Mg 0.97 −0.01 0.13 0.136
Exchangeable Ca 0.95 −0.26 −0.06 0.136
Mehlich-1 P 0.94 −0.17 −0.14 0.136
Exchangeable K 0.93 0.23 0.13 0.136
Exchangeable Mn 0.91 0.04 0.13 0.136
Exchangeable Al 0.48 −0.68 −0.49 0.078
Exchangeable Fe −0.14 −0.37 −0.82 0.044
CEC 0.00 0.93 0.23 0.078
pH 0.04 0.87 −0.24 0.078
NH4

+-N 0.05 −0.20 0.90 0.044
Eigenvalue 4.74 2.71 1.55
Percent 47.43 27.11 15.48
Cumulative percent 47.43 74.54 90.02
Factor weight 0.53 0.30 0.17

Fig. 5   The dynamics of soil quality index after each of two rice sea-
sons as affected by biochar. Error bars indicate the standard deviation 
of the mean. r2 is the coefficient of determination and p<0.05 indi-
cates the relationship is significant following the non-linear regres-
sion analysis

Fig. 6   Relationship between SQI and total rice biomass and methane 
emissions over the two seasons. Error bars indicate the standard devi-
ation of the mean. r2 is the coefficient of determination and p<0.05 
indicates the relationship is significant following the non-linear 
regression analysis
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in the second season than in the first season. Because the 
tested biochar contained a considerable quantity of some 
main alkaline elements such as K, Ca, and Mg, its addi-
tion raised the concentration of exchangeable K, exchange-
able Ca after the second season, and exchangeable Mg 
after the second season of the biochar-added soil. The 
improved concentration of these exchangeable elements 
could be the cause of increased CEC by biochar addition, 
which is consistent with previous studies (Hailegnaw et al. 
2019; Nguyen et al. 2021; Wang et al. 2014). The CEC of 
the biochar was also much higher than that of the tested 
soil (Table 1), which could additionally account for the 
increase in the CEC of the biochar-added soil.

The enhanced concentration of Mehlich-1 P by biochar 
rates after the two rice seasons, which is similar to the other 
studies (Glaser and Lehr 2019; Yang et al. 2021), could be 
related to other mechanisms such as liming and priming 
effects. The former could result from the elevated pH of 
soil added with various biochar rates due to the alkaline 
nature of the material (Fidel et al. 2017). The enhanced pH 
of the biochar-added soil could be the primary reason for 
the decrease in the concentration of exchangeable Al and 
Fe, converting the Al and Fe-fixed P pool into an extract-
able P pool (Ch'ng et al. 2014; Johan et al. 2021), increasing 
the concentration of Mehlich-1 P as shown in Fig. 3b. The 
latter may be involved in the biochar-accelerated decom-
position of native soil organic carbon (Dodor et al. 2018) 
that could inorganize and solubilize a considerable quantity 
of organic P. Stimulation of soil microbial communities to 
release particular enzymes to decompose native soil organic 
C is also attributed to the priming effects of biochar (Dey 
and Mavi 2022). Biochar also declined the concentration of 
NH4

+-N after the first season while enhancing its concen-
tration after the second season. Biochar exhibited a great 
capacity to adsorb NH4

+-N on its surface area (Yang et al. 
2018), possibly leading to a reduction in the NH4

+-N con-
centration after the first rice season. Similarly, soil added 
with 5% biochar had a lower concentration of NH4

+-N than 
soil added without biochar (Zheng et al. 2013). Neverthe-
less, after the second rice season, soil added with different 
biochar rates exhibited a greater concentration of NH4

+-N 
than non-biochar-added soil, and the real reason for the find-
ing is still unknown that requires further investigation. One 
possibility could be again linked to the adsorption capacity 
of the biochar and the NH4

+-N status in the soil. The amount 
of NH4

+-N adsorbed/contained in the added biochar may be 
desorbed into the soil matrix, improving the NH4

+-N con-
centration over the range of biochar rates after the second 
season. Another related mechanism could be the priming 
effect (Dey and Mavi 2022; Dodor et al. 2018), which is 
induced by biochar to stimulate the decomposition of native 
soil organic C, converting the organic N to NH4

+-N in the 
biochar-added soil.

The higher concentration of NH4
+-N, Mehlich-1 P, 

exchangeable K, Ca, and Mg observed after the second sea-
son compared to the first season could explain the improve-
ment in SQI after the second season. This may be linked to 
the adsorption and desorption of these elements on biochar 
particles (Joseph et al. 2021). Biochar has been found to 
have a great capacity for adsorbing nutrients and cations 
(Ambaye et al. 2020). Additionally, it was shown to retain 
NH4

+, NO3
-, metals (Wang et al. 2022c), and phosphorous 

(Wang et al. 2022a) from the environment. The biochar-
retained elements in the first season may be released into 
surrounding soil during the second season as a result of the 
fading effects of biochar over time. This is consistent with 
the observation that the effects of biochar on CH4 emissions 
weakened after the first rice season. Based on its ability 
to adsorb and release elements, biochar was studied and 
used as a slow-release fertilizer amendment for better crop 
production and environmental benefits (Dong et al. 2020; 
Wang et al. 2022a).

Results from the current study showed that changes in 
the responsive variables happened more rapidly at bio-
char rates lower than 3% and were relatively leveled off 
at higher biochar rates. The findings strongly support our 
third hypothesis that the relatively changing magnitude of 
reduced CH4 and enhanced rice biomass is greater in the 
lower range of biochar rates than in the higher range. The 
finding indicates that the changing pattern of CH4 emissions 
and rice biomass over the range of applied biochar rates 
followed an exponential model. Some soil properties such 
as NH4

+-N, Mehlich-1 P, CEC, exchangeable Ca, Al, and 
Mn, and consequent SQI also changed, following a simi-
lar model. Based on the model, it would be best to apply 
the lower range of biochar rates to suppress CH4 emission 
and increase rice growth while minimizing biochar costs. 
Figure 6 shows that an SQI value of around 0.4 may be 
the optimal level for balancing reduced CH4 emission and 
improved rice growth. The 0.4-SQI could be obtained at 
biochar rates ranging from 2 to 3%. These rates are equiva-
lent to biochar amounts ranging from 30 to 45 tones per ha, 
assuming a bulk density of 1.0 g cm−3 and a 15 cm soil layer 
from the surface. These quantities could be too much to 
apply in a single application for a rice season. Because bio-
char is stable in various environments (Wang et al. 2022b), 
a few applications of biochar at a rate of 5–10 tones per ha 
per season could be used to achieve the desired rates (33 to 
49.5 tones per ha) after a few rice seasons. Nonetheless, the 
current study was conducted in a greenhouse where most 
environmental conditions were well controlled. More stud-
ies on fields at various scales should be implemented with 
a focus on agronomic effects, environmental effects, and 
economic effects to determine the optimal rate for sustain-
able management of paddy production with low greenhouse 
gas emissions and high rice yield.



	 Journal of Soil Science and Plant Nutrition

1 3

5 � Conclusion

With an increase in biochar rate, methane (CH4) emissions 
decreased, while total rice biomass increased exponentially. 
The effects of biochar addition on reduced CH4 emissions 
were stronger during the first season and weakened during 
the second season, while its effects on improved rice growth 
were similar in both seasons. Some soil properties such as 
pH, cation exchange capacity (CEC), the concentration of 
Mehlich-1 P (phosphorous measured using the Mehlich-1 
method), exchangeable K (potassium), Ca (calcium), and Mg 
(magnesium) were improved, while some potential phytotoxic 
elements such as Al (aluminum) and Fe (iron) were reduced 
with an increase in biochar rates, leading to an increase in 
soil quality of the biochar-added soil. A strong relationship 
between CH4 emissions and total rice biomass with soil qual-
ity index suggests that changes in soil quality may be the pri-
mary cause of suppressed CH4 emissions and enhanced rice 
growth by biochar addition. Changes in CH4 emissions and 
rice growth were more rapid at lower biochar rates than at 
higher rates. Consequently, the optimal biochar rates may fall 
within the range of 2 to 3%, which needs more studies on fields 
to be specifically determined. The findings from the current 
study confirmed that biochar concurrently suppressed CH4 
emissions while improving rice growth and that these changes 
were strongly linked to the quality of the biochar-added soil.
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