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Abstract

Rice (Oryza sativa L.) growth can be influenced by base cation, plant-available nutrients, and potentially phytotoxic elements
in soils. These soil-property groups can be altered by biochar addition, depending on soil textures. The current study aimed to
examine the impacts of biochar on rice growth and identify associated mechanisms related to characteristics of soils of con-
trasting textures. A pot experiment was conducted using clayey and sandy soils added with five biochar rates (0, 0.5, 1, 2, and
5%, wiw) and planted with rice. Rice biomass was measured, and soil samples were taken to be analyzed for ten parameters
when the experiment was ended. The base index (BI, average concentrations of exchangeable calcium, magnesium, sodium,
and potassium), the nutrient index (NI, average concentrations of NH," and Mehlich-1 P), and the potentially phytotoxic
index (P, average concentrations of exchangeable aluminum, iron, and manganese) were computed for assessment. Biochar
improved total rice biomass in the sandy soil (by 55%) more than in the clayey soil (42%). Biochar enhanced properties, the
BI, and the NI while reducing the PI in the two tested soils. Total rice biomass was positively correlated with the base ratio
(BI/PI) and the nutrient ratio (NI/PI). The findings suggest that mechanisms accounting for improved rice growth could be
involved in the enhanced ratios caused by biochar addition. Biochar addition increased rice growth in the sandy soil more
than in the clayey soil by raising the base and nutrient ratios of the two soils.
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1 Introduction

< Nam Van Thai

tv.nam @hutech.edu.vn Biochar has been reported to improve rice (Oryza sativa L.)

growth and soil fertility (Awad et al. 2018; Jiang et al. 2021; Lu
et al. 2020; Zhang et al. 2020a). Biochar also elevated the soil
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concentration of some nutrients, such as potassium (K), cal-
cium (Ca), and available phosphorous (P) (Butphu et al. 2020),
while reducing the concentration of potentially phytotoxic ele-
ments such as aluminum (Al), manganese (Mn), and iron (Fe)
(Shetty et al. 2021; Yulnafatmawita et al. 2020). These find-
ings suggest that the impacts of biochar on rice growth could
depend on how the material balances the concentrations of
nutritional elements and potentially phytotoxic elements in
paddy soils, which were insufficient to discuss in the litera-
ture. Furthermore, soils with a greater clay content may be
more resistant to the changes caused by biochar addition due
to a higher buffering capacity than soils with lower clay con-
tent. This implies that the effects of biochar could additionally
depend on soil texture, which was limitedly addressed.
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Paddy rice may require a variety of nutrients to grow
properly, including N, P, and K (macronutrients); Mg and
Ca (secondary macronutrients); and Fe and Mn (micronu-
trients) (Jiban et al. 2020). Fe and Mn can be phytotoxic
to crops when present in high concentrations (Aung and
Masuda 2020; Wang et al. 2015). In addition, Al in soils
can be harmful to rice, causing the crop’s root system to
grow abnormally (Awasthi et al. 2017; Wang et al. 2015).
Sodium (Na), an important soil element, is not essential but
can be a beneficial nutrient to rice (Nieves-Cordones et al.
2016). These elements can be classified into three primary
soil-property groups, which are the base group (Ca, Mg, Na,
and K), nutrient group (NH,* and available P), and poten-
tially phytotoxic group (Al, Mn, and Fe). An enhancement
of the base and nutrient groups, together with the reduction
of the potentially phytotoxic group, could lead to improved
rice growth, which could be influenced by biochar addition.

Biochar is a carbon-rich and porous material with some
functional groups (-OH, -COOH), that can adsorb cations
(Du et al. 2020; Yang et al. 2018a; Zhang et al. 2020b). Gen-
erally, various biochars produced from different feedstocks
at different pyrolysis temperatures were well documented
to improve soil quality (Tomczyk et al. 2020) and crop pro-
ductivity (Biederman and Harpole 2013; Pandit et al. 2018;
Zheng et al. 2013). Biochar addition was reported to increase
the concentration of some elements in the base groups (K,
Ca, and Mg) and the nutrient group (mineral N and available
P) (Butphu et al. 2020; Mensah and Frimpong 2018; Vijay
et al. 2021) while decreasing the concentration of elements
in the potentially phytotoxic group (Al, Mn, and Fe) (Shetty
et al. 2021; Yulnafatmawita et al. 2020). These findings
suggest that biochar can be used as a potential paddy-soil
amendment to improve rice growth and productivity.

In fact, many studies have shown that biochar can improve
the yield and growth of rice and the properties of paddy
soils. For example, biochar addition can increase rice yield
and improve soil properties, such as pH, organic carbon, and
bulk density (Pratiwi and Shinogi 2016; Yang et al. 2018b).
Muhammad et al. (2017) demonstrated that wheat straw-
derived biochar significantly increased rice growth and
yield, compared to the no-biochar treatment. The authors
also showed that biochar increased the concentrations of
total organic carbon, nitrogen, Ca, and P, but decreased the
extractable concentrations of other nutrients (K and Mn) of
their tested soils. An increase in some nutrients and deple-
tion in others may lead to nutritional imbalance, restricting
crop productivity. Other studies found that biochar addi-
tion could have positive, negative, or neutral effects on the
extractable fractions of various soil nutrients (Gaskin et al.
2010; Miranda et al. 2017; Muhammad et al. 2017). These
inconsistent findings suggest that biochar may have vary-
ing impacts on the properties of paddy soils. Furthermore,
limited studies have been carried out to investigate the
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connection between the three soil-property groups and rice
growth, which could be considered as a primary and com-
prehensive mechanism of biochar in improving rice growth.

Moreover, the effects of biochar on rice growth could
depend on soil characteristics, such as soil texture (Chen
et al. 2021; Dai et al. 2020). Soil with a greater clay content
(clayey soil) was found to have a higher concentration of
many elements than soil with a higher sand content (sandy
soil) (Abubakar 2017; Dou et al. 2016; Tahir and Marschner
2016). Some elements in soils such as Al, Mn, and Fe may
be largely originated from the clay mineral, and therefore
their concentrations in the clayey soils can be greater than in
the sandy soils (Dixon 1991; Gill et al. 2000). Additionally,
clayey soils with greater buffering capacity could be more
resistant to the change caused by biochar addition than sandy
soils. In contrast, with a high content of some phytotoxic
elements, the clayey soils could benefit more from biochar
addition because the material can reduce the exchangeable
form of these elements. These arguments are insufficiently
discussed in the literature and hence are in need to be tested.

Therefore, the current study was carried out to examine
the impacts of biochar on rice growth and identify associated
mechanisms related to characteristics of two paddy soils of
contrasting textures. It was hypothesized that biochar would
have stronger effects on soil properties and rice growth in
clayey soil than in sandy soil and that the improved rice
growth caused by biochar addition would be determined by
the combination of the three soil-property groups.

2 Materials and Methods
2.1 Experimental Materials

The current study was conducted in a greenhouse, using
two soils of contrasting textures, obtained from two paddy
fields in Vietnam. The clayey and sandy soils were chosen
because they may react differently to the impacts of biochar
(Dai et al. 2020). The clayey soil with a high clay concentra-
tion and therefore buffering capacity may restrict the effects
of biochar, whereas the sandy soil with a low clay content
may be influenced strongly by the material. The clayey soil
was taken from a dystric fluvisol (FAO/UNESCO) in Long
Hoa commune, Can Duoc District, Long An province (106°
35" E and 10° 34'N), and the sandy soil was from a hap-
lic acrisol in Xuan Thoi Son commune, Hoc Mon District,
Ho Chi Minh City (106° 35'E and 10° 52'N) for the cur-
rent experiment. The two fields were located in a tropical
climatic zone with two distinct seasons, the rainy season
from May to October and the dry season from December to
April. Ho Chi Minh City has an annual rainfall of around
1868 mm and an average temperature of around 27.4 °C.
Ten soil samples (0—10 cm) (Muhammad et al. 2017) were
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taken from different sites randomly selected over each of two
paddy fields, and mixed thoroughly to form two composite
samples, which were air-dried, ground, and sieved to pass
through a 2-mm sieve to remove plant residues and gravel.
Three sub-samples of each composite soil were taken for
chemical and physical analysis, and the remainder was used
for the current experiment.

The biochar used in the current study was produced
from rice straw and husk several months before the experi-
ment, using a kiln developed by Nguyen et al. (2018b) with
some modification. The kiln reactor was built from a steel
sheet rolled into a 0.8 X 1.5m cylinder (width X height).
The rice straw and rice husk were collected, washed out,
air-dried, and chopped into 3—-5-cm segments (for the rice
straw) before being pyrolyzed at temperatures estimated to
be around 350 to 400 °C. The rice straw-derived biochar and
rice husk-derived biochar were mixed at a 1:1 ratio (here-
inafter referred to as biochar) before using for the experi-
ment. Other materials such as inorganic fertilizers and the
rice variety (OM 2517) were purchased from stores near the
sampling fields (within 2 km). The properties of the three
experimental materials are shown in Table 1.

2.2 Experimental Setup

A greenhouse pot experiment was set up using a com-
pletely randomized design with three replicates and two
experimental factors (two soils X five biochar rates). Each
of the two sieved soils was mixed with biochar at five
different rates (0, 0.5, 1, 2, and 5%, w/w), resulting in a
total of 10 experimental treatments (T1, T2, T3, T4, and
TS5 were the treatments of clayey soil added with 0, 0.5, 1,
2, and 5% biochar, respectively, and T6, T7, T8, T9, and
T10 were the treatment of sandy soil added with 0, 0.5,
1, 2, and 5% biochar, respectively). To achieve a uniform
soil volume in all 30 pots, 3.6-4.6 kg of the biochar-soil
mixture (hereinafter referred to as experimental soil),
depending on biochar rates and soils, was repacked into a
pot (17.5 cm X 20 cm, diameter X height) with some gentle

tamps. The experimental soil in each pot was 14-cm tall,
with a few centimeters from the top of the pots used for
standing water. The 30 experimental pots were randomly
placed in a separate area (3-m wide and 4-m long), within
an experimental greenhouse (8-m wide X 20-m long), with
temperatures varying from 25 °C (night) to 36 °C (day), no
direct rain or wind, and 70-80% humidity. The experimen-
tal pots were filled with tap water to a depth of 3 cm —
water for 10 days before transferring rice seedlings (some
agronomic practices used in rice cultivation are shown
in Supplementary Text 1). The surface water depth was
regulated between 1 and 3 cm during the 3.5-month life
cycle of the rice crop.

2.3 Measurements of Rice Growth and Soil
Properties

Rice biomass (the weight of root, stem, and grain) was har-
vested from 30 individual pots using the procedure applied
by Nguyen et al. (2018a). The stem biomass including stem,
leaves, tillers, and panicles (but not the grain) was deter-
mined by cutting the aboveground plants at the ground level
into a plastic bag. Grain biomass was collected from all pani-
cles of each pot into a plastic bag. Water from experimen-
tal pots was then decanted, and soil samples were collected
from the 0—10-cm surface layer using a soil sampler for
chemical analysis. The remaining soil from individual pots
was spread out on a plastic sheet and rinsed with tap water to
collect root biomass. The collected biomass was oven-dried
at 70 °C to a constant weight (Chaimala et al. 2020; Zhang
et al. 2019). The dried biomass from individual pots was
weighed for assessment.

Soil and Biochar Samples Before the experiment, the sieved
soil and biochar were sampled in three replicates for chemi-
cal analysis. After the experiment, about 1 kg of experimen-
tal soil (0—10 cm) from each pot was collected, air-dried, and
ground to pass a 2-mm sieve before analysis.

Table 1 Initial properties of experimental materials. SE, standard error. The clay, silt, and sand content of the clayey soil were 60.9, 33.1, and
6%, respectively, and those of the sandy soil were 5.5, 3.4, and 91.1%, respectively. OC, organic carbon

Material Statistics pH Ca Mg Na K Al Mn Fe NH,* Mehlich-1 P oC N
mg kg~! %

Biochar Mean 8.7 1032 146 1271 8495 2.0 18.7 6.8 12.3 104.7 38.73 0.69
SE 0.0 11 1.5 12 46 0.2 0.1 0.2 2.0 43 0.23 0.031

Clayey soil Mean 6.8 2284 1220 290 889 12.6 19.3 4.0 329 2.7 1.84 0.18
SE 0.2 16 9 24 34 0.3 0.7 0.3 3.7 0.0 0.03 0.003

Sandy soil Mean 7.0 1007 31 29 77 2.1 1.1 1.2 242 4.6 0.80 0.06
SE 0.1 6 0.8 11 6 0.9 0.1 0.2 1.4 0.1 0.13 0.006
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Chemical Analyses All soil and biochar samples were ana-
lyzed for pH, plant-available nutrients (Mehlich-1 P and
NH4+), and exchangeable concentration (Na, K, Mg, Ca,
Al, Fe, and Mn). The materials were added with distilled
water in a 1:2 (w/w) ratio, and the extract was measured for
pH using a Thermo Scientific™ Orion™ 3-Star Benchtop
pH meter. The concentration of NH," was measured with
2M KCl, and the concentration of Mehlich-1 P was deter-
mined using the Mehlich-1 method (Carter and Gregorich
2008). The concentrations of exchangeable Na, K, Mg, Ca,
Al, Fe, and Mn were measured using the BaCl, method,
and the extract was analyzed using an inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Carter
and Gregorich 2008). Total organic carbon and nitrogen
were determined using the dry combustion method with an
elemental analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany) (Knoblauch et al. 2021). In addition, the
sieved soil was analyzed for particle size distribution (Carter
and Gregorich 2008). The before-experiment biochar was
examined for chemical functional groups using a Fourier-
transform infrared spectroscopy (Jasco FT/IR-4700 type A
spectrophotometer) (Li et al. 2020) and for porosity using
a scanning electron microscope (SEM, model LE01430VP,
Germany) (Nguyen et al. 2010).

2.4 Statistical Analyses

To evaluate biochar effects, the change in soil concentration
was calculated by subtracting the measured concentration of
biochar-containing treatments (T2, T3, T4, and T5) from the
associated concentration of the no-biochar treatment (T1)
(the measured values of all 10 soil parameters are shown
in Supplementary Tables 1 and 2). Three soil indexes were
computed; the base index (BI) was calculated by averaging
the total concentrations of exchangeable Ca, Mg, Na, and K;;
the nutrient index (NI) was average concentrations of NH,*
and Mehlich-1 P, and the phytotoxic index (PI) was average
concentrations of exchangeable Al, Fe, and Mn. The base
ratio and nutrient ratio were computed by dividing BI by
PI, and NI by PI, respectively. All data, indexes, and ratios
were statistically analyzed, following the procedure of the
analysis of variance (ANOVA) of a two-factor completely
randomized design, using JMP 10 (SAS Institute Inc., NC,
USA). When the ANOVA result indicated a significant
effect at P<0.05, the Tukey’s honestly significant difference
test was used to classify treatment means. Linear and non-
linear regression fits were performed to examine dependent
patterns of soil properties on biochar rates. The linear and
non-linear models were determined based on the shape of
the scatter plot, % value (coefficient of determination), and
a 95% confidence level (P<0.05).

@ Springer

3 Results
3.1 Rice Growth as Affected by Biochar Rates

The sandy soil exhibited significantly higher root weight
than the clayey soil (Figure 1a) for each biochar rate. The
increase in biochar rate improved root weight in both
examined soils with different dynamic patterns of expo-
nential growth and a linear trend. On average, root weight
rose from 20 to 37 (g DWT pot™!) in the sandy soil and
from 4 to 10 (g DWT pot™!) in the clayey soil when the
biochar rate was increased from 0 to 5%. Although the
influence of biochar rates on stem weight was unclear, the
clayey soil had a greater stem weight (24.2 g DWT pot™})
than the sandy soil (19.2 g DWT pot™!) (Figure 1b). The
clayey soil had a higher grain weight (15.4) than the sandy
soil (12.1 g DWT pot™!) (Figure 1c). When the biochar
rate was increased from 0 to 5%, the average grain weight
was increased from 13 to 17 (g DWT pot~!) in the clayey
soil and 10 to 14 (g DWT pot™') in the sandy soil.

Consequently, total rice biomass, a sum of root, stem,
and grain weight, was not significantly affected by the
interaction of biochar rate and soil but was strongly
affected by biochar rate and soil independently (Fig-
ure 1d). With an increase in the biochar rate (from 0 to
5%), the average total rice biomass was increased from 39
to 56 (g DWT pot™!) (increased by 42%) in the clayey soil
and from 48 to 74 (g DWT pot‘l) (increased by 55%) in
the sandy soil. The rising patterns in the total rice biomass
differed between the two tested soils, with an exponential
rise in the clayey soil and a linear trend in the sandy soil.
The sandy soil had significantly greater total biomass (59.6
g DWT pot™!) than the clayey soil (45.8 g DWT pot™}).

3.2 Plant Growth-Related Properties of Paddy Soils
as Affected by Biochar Addition

3.2.1 Base and Nutrient Groups

The change in the concentrations of exchangeable Ca,
Mg, Na, and K of the paddy soils is shown in Figure 2
(the observed concentrations are shown in Supplemen-
tary Table 1). The interaction effect of biochar and soil
on the change in exchangeable Ca and K concentrations
was significant, but not on exchangeable Mg and Na con-
centrations (Figure 2a, 2b, 2¢, and 2d). Biochar addition
significantly raised the exchangeable Ca concentration of
the clayey soil, following a linear model, but increased
that of the sandy soil, according to an exponential-rise
model (Figure 2a and 2c¢). The change in exchangeable
K concentrations of the two soils was best described by a
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Fig. 1 Root weight (a), stem
weight (b), grain weight (c¢), and
total biomass (d) in two paddy
soils as affected by biochar
addition. Error bars represent
the standard error of the mean.
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linear function, with an increased K rate of 341 and 68 (mg
kg™!) for every increasing biochar percent in clayey and
sandy soil, respectively. The change in concentrations of
exchangeable Ca and K was greater in the clayey soil than
in the sandy soil. The changing pattern of exchangeable
Na concentrations in both tested soils was similarly best
fit by the exponential rise model. The exchangeable Na
concentration in the clayey soil was increased by 61 (T2)
to 147 (mg kg™', T5), and that in the sandy soil was from
66 (T7) to 222 (mg kg™!, T10). The effect of biochar rate
on the exchangeable Mg concentration in the sandy soil
was minimal, but significant in the clayey soil. An increase
in biochar rate led to a reduction in the exchangeable Mg
concentration by —6.6 (T2) to —45.9 (mg kg~', T5) when
compared to the no-biochar treatment (T1).

The changes in the concentration of both NH,* and
Mehlich-1 P were not significantly affected by the interac-
tion between biochar and soil but were affected by individual
factors (Figure 3a, 3b). With an increase in the biochar rate,
the concentration of NH,* and Mehlich-1 P of the two tested
soils was increased significantly. The rising trend of these
two nutrients of the two soils followed an exponential rise
paradigm. The concentration of NH,* rose by 3.2 (T2) to
10.3 (mg kg~!, T5) in the clayey soil and by 2.3 (T7) to 9.6
(mg kg~!, T10) in the sandy soil when compared to the no-
biochar treatments of the corresponding soil. Similarly, the

concentration of Melich-1 P was raised by 0.2 (T2) to 2.6
(mg kg™!, T5) in the clayey soil and by 1.4 to 4.4 (mg kg~!,
T10) in the sandy soil, relative to the no-biochar treatment.

The base index (the average concentration of exchange-
able Ca, Mg, Na, and K) of the two tested soils was signifi-
cantly affected by the interaction between biochar and soil
(Figure 3c). An increase in biochar rate resulted in a linear
rise in the base index of the clayey soil with an increasing
rate of 107 (mg kg™"). The base index in the sandy soil was
elevated from 257 (T6) to 437 (mg kg_l, T10) over the range
of biochar rate, following an exponential growth model.
The nutrient index (average concentration of NH,* and
Mehlich-1 P) was not significantly affected by the interac-
tion between biochar and soil (Figure 3d). Biochar addition
significantly increased the index, following an exponential
rise function. The nutrient index was increased from 15 (T1)
to 21.5 (mg kg™, T5) in the clayey soil and 7.5 (T6) to 14.5
(mg kg~!, T10) in the sandy soil. The clayey soil had signifi-
cantly greater base and nutrient indexes than the sandy soil.

3.2.2 The Potentially Phytotoxic Group

The change in the concentration of exchangeable Al and
Mn was significantly affected by the interaction between
biochar and soil, but not that of Fe (Figure 4a and 4b) (the
measured concentration of these elements in this group is
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shown in Supplementary Table 2). In the clayey soil, the
exchangeable Al concentration was rapidly decreased by
2.6 (T2) to 3.7 (mg kg™', T5) when the biochar rate was
raised from 0.5 to 5%, respectively, compared to the T1 of
no-biochar addition. In the sandy soil, the exchangeable
Al concentration was slowly decreased by 0.2 (T7) to 0.7
(mg kg~!, T10). The concentration of exchangeable Mn
in the clayey soil was reduced significantly by 2.4 (T2)
to 7.1 (mg kg~!, T5), but not in the sandy soil when the
biochar rate was increased from 0.5 to 5%. The exchange-
able Fe concentration of both tested soils was similarly
decreased as the biochar rate was increased (Figure 4c).
When the biochar rate was increased from 0.5 to 5%, the
exchangeable Fe concentration in the clayey soil was
declined by 0.9 (T2) to 3.8 (mg kg™, T5), and the sandy
soil was decreased by 1.2 (T7) to 3.7 (mg kg™, T10). The
phytotoxic index (average concentration of exchange-
able Al, Mn, and Fe) was significantly reduced with the
biochar rate, following an exponential decay model. The
index of the clayey soil was decreased from 24 to 19 (mg
kg_l), when the biochar rate was enhanced from zero to
5%, respectively. The index of the clayey soil was much
greater than that of the sandy soil, which was declined
from 1.9 to 0.4 (mg kg™") with a rise in the biochar rate
from zero to 5%, respectively.

Biochar application rate (%)

3.2.3 The Base and Nutrient Ratios and pH

The base ratio (the ratio of the base index to the potentially
phytotoxic index) and the nutrient ratio (the ratio of the nutri-
ent index to the potentially phytotoxic index) were calculated
and shown in Figure 5a and 5b. These two ratios were signifi-
cantly influenced by the interaction of biochar and soil. The
base ratio in the clayey soil was proportionally increased at a
rate of 8 units per 1% of biochar added. The base ratio in the
sandy soil rose exponentially across the range of the biochar
rate, increasing from 138 (T6) to 1130 (T5). Similarly, the
nutrient ratio in the clayey soil was linearly increased with bio-
char rates, with an increasing rate of 0.09 units per 1% biochar
added. This ratio was increased from 4.0 (T6) to 37.3 (T10)
when biochar was raised from 0 to 5% in the sandy soil. The
increase in these two ratios was much faster in the sandy soil
than in the clayey soil. Soil pH was not significantly affected
by the interaction of biochar and soil (Figure 5c). The pH val-
ues of the sandy soil were greater than those of the clayey soil.

3.3 The Relationship Between Rice Growth
and Soil-Property Groups

For the two tested soils, the total rice biomass rose expo-
nentially over the range of the base ratio (50 to 1305) and
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nutrient ratio (0.6 to 40.2) (Figure 6a and 6b). Total bio-
mass was increased rapidly when the base ratio was below
600 units and the nutrient ratio was less than 25 units. The
total rice biomass in the clayey soil was the highest (56 g
DWT pot~!) when the base ratio was about 93.5 and the
nutrient ratio was about 1.13 units (Figure 6¢). Compared to
the clayey soil, the sandy soil had significantly higher total
rice biomass, which reached its highest value (73.6 g DWT
pot_l), when the base ratio was about 1130 and the nutrient
ratio was about 37.29 units (Figure 6d).

4 Discussion

Biochar addition significantly improving rice growth com-
ponents (root weight, grain weight, and total biomass) in
two soils with different textures (Figure 1) was consistent
with previous studies (Dong et al. 2015; Kartika et al. 2018;
Muhammad et al. 2017). The sandy soil had a substantially
higher root weight but a lower grain weight than the clayey
soil (Figure la and 1c). Some possible explanations for
the higher root weight of sandy soil than the clayey soil
may include (1) the sandy soil had a higher sand content,
which resulted in a better portion of the large-size pore,
facilitating rice root development, (2) the sandy soil with a
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lower nutrient content (Table 1) may stimulate rice roots to
develop faster than the clayey soil to acquire more nutrients,
and (3) the clayey soil exhibited a greater concentration of
exchangeable Al, Mn, and Fe (Table 1), which may cause
toxicity to the rice’s root system (Gill et al. 2000; Shetty
et al. 2021). In contrast, the clayey soil had a significantly
better grain weight than the sandy soil that was in line with a
previous study (Dou et al. 2016). The better rice grain might
be attributed to the higher nutrient content of the clayey soil
than the sandy soil (Figures 2 and 3). Consequently, the total
rice biomass was improved and significantly higher in the
sandy soil than in the clayey soil, which may be explained
by the changes in soil properties caused by biochar addition.
Biochar enhanced rice growth more strongly in the sandy
soil than in the clayey soil, which was consistent with ear-
lier studies (Ye et al. 2019). The improved rice growth by
biochar in the current study could be the consequence of
balancing soil properties in the three soil-property groups,
which would be discussed later.

The measured NH,* reflects the balance of input (mainly
N fertilizer and biochar addition) and output (nitrification,
gas emission, and plant uptake) in the current study. Never-
theless, the increased concentration of NH,* over the bio-
char rates (Figure 3a) could be mostly attributable to the
added biochar, whereas plant uptake in the high biochar-rate
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treatments may decrease soil NH,* concentration due to
improved rice growth (Figure 1). Although the real reasons
could be unclear, given that the NH4Jr concentration of bio-
char (12.3 mg kg~") was much lower than that of the clayey
(32.9 mg kg™!) and sandy soil (24.2 mg kg~!), one possibil-
ity accounting for the increased NH,* concentration might
be linked to the priming effect. Biochar addition has been
shown to accelerate the mineralization of native soil organic
matter (positive priming) (Luo et al. 2011; Mensah and
Frimpong 2018). Organic N, as a part of soil organic matter
(Normand et al. 2017), could be decomposed to enhance the
available N concentration in soils upon the mineralization
of soil organic matter.

The current study also found that biochar addition
increased the concentration of Mehlich-1 P (Figure 3b),
which is similar to a previous study (Schmidt et al. 2021).
The co-addition of this nutrient with the added biochar
could be the direct source of the increased Mehlich-1 P in
the two studied soil. This is because the Mehlich-1 P con-
centration of biochar (104.7 mg kg™") was 39 and 23 times
greater than that of the clayey soil (2.7) and the sandy soil
(4.6 mg kg™"), respectively. A considerable quantity of P
released into solution during biochar decomposition (Yao

et al. 2010) may also suggest that the increased concentra-
tion of Mehlich-1 P of the two tested soils could partly be
derived from the added biochar. Moreover, the increased
Mehlich-1 P following biochar addition could be explained
by a few additional possibilities. One explanation could be
related to organic matter decomposition due to the priming
effect. This is because a portion of soil P may be linked to
organic matter (Schlesinger and Bernhardt 2013), and the
decomposition of the associated organic matter may release
P into the soil solution. The other possibility for increasing
soil Mehlich-1 P could be related to the exchangeable Al and
Fe concentrations, which were considerably reduced with
biochar addition rates (Figure 4a and 4c).

The addition of biochar lowered the concentration of
exchangeable Al, Mn, and Fe (Figure 4a, 4b, and 4c) in the
two tested soils. Mechanisms related to the effect could be
liming effect and adsorption of these elements on biochar
particles (Qian et al. 2013). While the former was involved
in the increased soil pH, which was more frequently
reported (Hale et al. 2020; Jeffery et al. 2011), the latter
was reported less. Aluminum adsorption on biochar was
reported to reduce the exchangeable Al concentration of the
biochar-added soils (Qian and Chen 2014). Biochar could
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also adsorb Fe from water (Dang et al. 2018), thereby low-
ering its exchangeable concentration in soils. Precipitation
and formation of organometallic complexes with the organic
ligand from biochar might also contribute to a decrease in
the exchangeable Fe concentration in the two soils (Dume
et al. 2017).

Because the biochar contained much more exchangeable
Na and K than the two paddy soils (Table 1), its addition
enhanced the concentrations of these two exchangeable ele-
ments in the two soils (Figure 2¢ and 2d). Other studies have
shown comparable results (Apori et al. 2021; Phuong et al.
2020). Statistically, the interaction impact of biochar and
soil on the exchangeable Na concentration was not signifi-
cant, and neither was the soil effect. These findings indicate
that the increase in the exchangeable Na concentration in
both soils was similar and was mostly attributable to biochar
addition. Nevertheless, the significant interaction impact of
biochar and soil on the exchangeable K concentration (Fig-
ure 2d) implies that in addition to the K contained in the
added biochar, the increased exchangeable K in the tested
soils after biochar addition could be derived from the origi-
nal soils.

An interesting finding from the current study was the
interaction effects of biochar and the tested soil on the con-
centration of exchangeable Ca (Figure 2a), K (Figure 2d),
Al (Figure 4a), Mn (Figure 4b), the base index (Figure 3c¢),
and the potentially phytotoxic index (Figure 4d). Biochar
addition increased the concentration of exchangeable Ca,
K, and the base index, while reducing the concentration of
exchangeable Al, Mn, and the potentially phytotoxic index
more profoundly in the clayey soil than in the sandy soil.
This finding could not be explained only by the mechanistic
co-addition of Ca, K, and Al contained in the added biochar.
Given that the clayey soil had a considerably greater con-
centration of exchangeable Ca and K than the sandy soil,
the added biochar in the clayey soil may help to solubilize
the immobilized fraction of these elements and make them
more exchangeable than the sandy soil. Similarly, the clayey
soil exhibited a greater concentration of exchangeable Al
and Mn than the sandy soil (Table 1). Due to the increased
pH caused by biochar addition, the clayey soil had a greater
magnitude of exchangeable Al and Mn that could be trans-
formed into the fixed fraction than the sandy soil. The bio-
char used in the current study was porous and contained
negative functional groups (Supplementary Figs. 1, 2, and
3). These enable biochar to exchangeably adsorb the rela-
tively fixed forms of the base elements from the tested soils,
thereby increasing their exchangeable concentrations. The
high negative-charge density of biochar was identified as
the main cause for the increased CEC of the biochar-added
soil (Abrishamkesh et al. 2015; Gamage et al. 2016; Liang
et al. 2006). Nonetheless, more studies are needed to define
the real reasons, which are still unclear in the current study.
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The base and nutrient ratios of the sandy soil were sig-
nificantly higher than those of the clayey soil (Figure 5).
The sandy soil exhibited a much lower concentration of
exchangeable Al, Mn, and Fe, and consequently the poten-
tially phytotoxic index than the clayey soil (Table 1, Sup-
plementary Table 2), which might explain the finding. When
the base ratio was greater than 600 and/or the nutrient ratio
was higher than 20, total rice biomass may reach its greatest
values over 65 (g DWT pot™") (Figure 6a and 6b). This result
corresponded to the sandy soil (Figure 6d), implying that the
sandy soil having much higher total biomass than the clayey
soil could be attributable to the greater base and nutrient
ratios of the sandy soil than the clayey soil (Figure 5a and
5b). Pandit et al. (2018) found that biochar addition raised
the Ca/Al ratio, and Cornelissen et al. (2018) found that
biochar addition improved maize yield and the improvement
could be related to the Ca/Al ratio. In the current study, Ca
and Al were the two exchangeable cations belonging to the
base group and potentially phytotoxic group, respectively.
Cation exchange capacity (CEC), which was equivalent to
the base index in the current study, was important and can
be used to forecast crop yield (Crane-Droesch et al. 2013).
Nevertheless, the CEC alone may not adequately reflect
the effects of biochar on soil properties and rice growth as
shown in the current study. A combination of the three soil-
property groups may be more relevant in accounting for the
improved rice growth caused by biochar addition in the two
paddy soils of contrasting texture.

A positive rise in total rice biomass with the base ratio
and nutrient ratio (Figure 6a, 6b, 6¢, and 6d) may confirm
that rice growth could be strongly determined by the com-
bination of soil properties in three groups of nutrients,
base, and potentially phytotoxic elements. We addition-
ally performed a multiple regression analysis, and results
revealed that the two ratios together explained 68% of the
total variance in total rice biomass (the base ratio explain-
ing 25% and the nutrient explaining 43%). Another multiple
regression analysis showed that the three indexes together
explained 77% of the total variance in rice biomass (base
index explaining 9%, nutrient index explaining 53%, and
the potentially phytotoxic index explaining 15%). In a long-
term experiment, biochar was found to increase rice produc-
tion by improving soil carbon content and nutrient pools
(N and P) (Zhang et al. 2020a). Nitrogen and phosphorous
were constituents used to compute the nutrient index in the
current study. These findings may confirm that of the three
soil-property groups primarily influencing rice growth, the
nutrient group may be the most important factor in determin-
ing total rice biomass.

The current study was a pot experiment carried out in a
greenhouse under well-controlled environmental conditions.
This indicates that the effects of biochar on soil properties
and rice growth through changing base and nutrient ratios
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may be weaker under field conditions, where environmental
conditions vary greatly. For example, leaching, erosion, and
irrigation may weaken the impacts of biochar in the field.
Additionally, biochar rates of 2 and 5% are equal to 22 and
55 ton ha™!, respectively (assuming bulk density is 1.1 (g
cm™) and for 0.1-m surface layer). When applied to the
field, these rates can be quite high, possibly making the rates
impractical. Split application over a few rice seasons could
be an option for using the high biochar rates. Moreover, the
fact that biochar greatly reduced the PI (Figure 4d) indicates
that the material could be a suitable amendment for acidic
soils, which have high concentrations of phytotoxic Al and
Fe. Therefore, more studies on biochar applied to acidic soils
in the field are necessary for better sustainable agricultural
production.

5 Conclusions

Biochar addition improved rice growth and soil concentra-
tions of NH,*, Mehlich-1 P, exchangeable calcium, potas-
sium, and sodium while lowering others such as exchange-
able aluminum and iron of two paddy soils of contrasting
texture. The rice-growth impacts of biochar are involved in
an increase in the base index (BI, average concentrations
of exchangeable calcium, magnesium, sodium, and potas-
sium) and the nutrient index (NI, average concentration of
NH,*, Mehlich-1 P), and a decrease in the potentially phy-
totoxic index (PI, average concentrations of exchangeable
aluminum, iron, and manganese ) of the two tested soils.
The improved base ratio (BI/PI) and nutrient ratio (NI/PI) by
biochar could be the primary cause of enhanced rice growth
in the two clayey and sandy soils. The impacts of biochar on
rice growth were stronger in the sandy soil than in the clayey
soil, indicating that rice growth in the sandy soil was more
responsive to biochar addition than in the clayey soil. The
findings suggest that the biochar application rate to improve
rice productivity should be based on soil properties, espe-
cially soil texture. For a comparable increase in rice growth,
more biochar should be applied to clayey soils whereas a
lower rate could be considered for sandy soils.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42729-022-00790-3.
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