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Abstract
Cambodia plans to expand its rice sector and become a prominent rice exporter. A key concern is that soil fertility is a crucial 
factor affecting rice production, and nutrient leaching into the environment can lead to reduced nutrient uptake and lower rice 
yield. Carbonized waste biochar has gained recognition not only as a potential soil fertility enhancer but also as a significant 
nutrient leaching reducer. It is currently being introduced in many regions. The study was to evaluate how a combination of 
chemical fertilizers and rice husk biochar affects nutrient leaching into the topsoil layer and plow sole of soil columns during 
direct seeding with continuous flooding, and to assess their combined effects on rice growth and yield. In the leachate from 
these two soil layers, except for ortho-phosphate  (PO4

3−), the combination of CHEM + BIO2 or + BIO4 treatment (chemi-
cal fertilizers + biochar at a rate of 2t  ha−1 or + biochar at a rate of 4t  ha−1) significantly decreased ammonium  (NH4

+) and 
nitrate  (NO3

−) levels more than CHEM alone, particularly in the plow sole, suggesting that their combination and biochar 
sorption capacity are beneficial for nitrogen use by plants. CHEM + BIO2 had varying effects, whereas CHEM + BIO4 led 
to a significant increase in rice yield, plant biomass, tiller number, panicle length, grains per panicle, and grain weight per 
panicle. These findings suggest that incorporating biochar amendments in rice production can reduce N leaching. However, 
there is no evidence to support its effectiveness in reducing P leaching. Therefore, further studies are needed to determine 
the usefulness of this approach.
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1 Introduction

Rice is a major crop in Cambodia, crucial to the country’s 
economy and food security (Kea et al. 2016; Mishra et al. 
2018). Traditional farming methods are used, with small-
holder farmers growing rice on small plots of land (i.e., rice 
fields) using simple tools and techniques (Cramb et al. 2020). 
Some rice fields are situated under reconstituted or conserved 
conditions, especially after crop rotation and/or deforestation 
(Hok et al. 2015; Kong et al. 2021). Under these two condi-
tions, conventional tillage in those rice fields has created a 
surface layer of soil (called the topsoil layer) and a compacted 
layer of soil (the plow sole), usually seen in tropical agricul-
ture (Wasaya et al. 2019). Plowing the soil helps to prepare the 
topsoil surface for new plantations by burying the straws and 
potential weeds (Azimi-Nejadian et al. 2022; Jin et al. 2020) 
and allows water infiltration and nutrients to reach the rooting 
zones (Islam et al. 2021), especially to release an unavailable 
form of nitrogen (N) (e.g., dinitrogen  (N2), ammonia  (NH3

−), 
and hydroxyammonia  (NH2OH)) (Singh et al. 2020). Moreo-
ver, the implementing tillage (i.e., turning the soil) increases 
soil moisture in the topsoil layer (Rehm et al. 2021), while the 
plow sole can limit water infiltration beyond the rooting zones, 
keeping rice fields under water during rice growth (McDonald 
et al. 2006) and limiting nutrient leaching (Patel and Singh 
1981). Although conventional tillage has been important in 
rice production since ancient times (Nesbitt 1998), there has 
been a growing trend towards mechanization and modern 
farming practices, such as the use of agrochemicals (Chhay 
et al. 2017; Kimkong et al. 2023).

In this sense, Cambodian farmers often use chemical fer-
tilizers, especially nitrogen (N) (urea), to increase rice yield 
(Dong et al. 2015). However, more than 55% of N fertilizer 
applied to irrigated land in tropical agriculture is not taken up 
by rice itself (Inamura et al. 2009; Zhu et al. 2016), resulting 
in surface runoff,  NH3

− volatilization, and N leaching (Dong 
et al. 2015; Li et al. 2017). There is limited awareness of N 
leaching in Cambodia (Verma et al. 2020; survey data, pers. 
communication), and long-term use of phosphorus (P) ferti-
lizer or manure can also increase P leaching into groundwater 
and surface water (Kang et al. 2011). Excess P leaching is, on 
the other hand, negatively affects water quality (Nelson et al. 
2005) and leads to eutrophication (Huang et al. 2018). In pre-
vious studies, controlled-release fertilizers such as polymer-
coated fertilizer, granular fertilizer, and zeolite have been used 
to reduce nutrient leaching (N and P) from rice fields (Chen 
et al. 2018), but their high cost makes them a significant bar-
rier to their widespread use (Lawrencia et al. 2021; Vejan et al. 
2021). To address this issue, efficient and comprehensive strat-
egies are needed, such as using other feedstocks like wood bio-
char, rice straw biochar, converted agricultural residues, bam-
boo biochar, corn stover, oak wood, spruce, and/or Scots pine 

(Soinne et al. 2014; Xu et al. 2014; Liu et al. 2016; Munda 
et al. 2018; Ma et al. 2019; Yin et al. 2021). Interestingly, 
with its high surface area and ion exchange capacity (e.g., 
anions or cations depending on the combustion temperature 
and feedstock used (Lawrinenko and A. Laird 2015; Rizwan 
et al. 2016; Brassard et al. 2019a), rice husk biochar showed a 
significant reduction in nutrient leaching through different soil 
layers during rice growth, thereby increasing yield (Asai et al. 
2009; Yoo et al. 2014; Sarong and Orge 2015; Mohammadi 
et al. 2017; Singh et al. 2018; Brassard et al. 2019b; Wanta-
neeyakul et al. 2021). A previous study showed significant 
increases in plant biomass, plant height, tiller number, and 
panicle number (Selvarajh et al. 2020). Additionally, Koyama 
et al. (2016) showed better panicle length and root biomass, 
but Liu et al. (2021) showed a non-significant root length. 
Chen et al. (2021) and Chen et al. (2023) showed better grains 
per panicle and grain weight per panicle, respectively.

In recent years, the unaffordable prices of chemical ferti-
lizers have led to a significant underuse of these fertilizers by 
farmers, with 80% underusing them owing to financial consid-
erations (Chhay et al. 2017; Ye et al. 2022). Overuse of these 
fertilizers can lead to nutrient leaching into the environment 
(Tyagi et al. 2014; Huang et al. 2017b; Ke et al. 2018), causing 
public health issues (Erisman et al. 2013; Gwenzi et al. 2015; 
Ahmed et al. 2017; Dimkpa et al. 2020). In Cambodia, the 
use of chemical fertilizers is a major cause of water quality 
degradation (Ebers et al. 2017; Chhun et al. 2020), threaten-
ing the livelihoods of rural Cambodians who rely on ground-
water and surface water (Guppy and Shantz 2011; Bun et al. 
2021). This study introduces rice husk biochar, a carbonized 
organic waste from agriculture, as a potential solution (Das 
et al. 2023). Rice husk is locally abundant and cost-effective, 
with a production over 2 million tons in 2014. Only 10% of 
rice husk is used as fuel for household cooking and brick kilns, 
and the rest is thrown away or burned out (Nguyen et al. 2015). 
The study aimed to evaluate the impact of chemical fertilizers 
combined with rice husk biochar on leaching of  NH4

+,  NO3
−, 

and  PO4
3− contents into the topsoil layer and plow sole using 

a soil column experiment. Additionally, the study assessed the 
effects of biochar occurrence and quantity on the rice growth 
and yield. The application of biochar is found to positively 
affect nutrient leaching and rice growth and yield; however, 
excessive biochar may result in adverse consequences.

2  Materials and Methods

2.1  Column Experimental Design

The experiment was carried out in a greenhouse at the 
Cambodian Agricultural Research and Development 
Institute (CARDI, latitude 11°28′32.33″ N and longitude 
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104°48′25.37″ E in a tropical climate) from June to the 
end of September 2021. A soil “Prateah Lang (sand over 
clay, White et al. 2006)” was selected for this experi-
ment because it is the most common soil group (28%) 
among the 11 soil groups of Cambodia's irrigated land 
for rice only (White et al. 1997). Specifically, the FAO/
UNESCO soil classification system would classify this 
soil “Prateah Lang” mainly as Gleyic Acrisols soil (Bal-
lester et al. 2021).

Two sets of soil column samples represent the recon-
stituted and conserved conditions of rice fields in tropical 
agriculture (Fig. 1A). Under each condition, all the soil 
(column) samples were selected at three different sam-
pling profiles (i.e., up to horizon B as defined by the FAO 
Guidelines for Soil Description (FAO 2006)). And each 
soil column represents two soil layers (i.e., the topsoil 
layer and the plow sole; Fig. 1B). For the reconstituted 
conditions, soil samples were dug from the rice fields. 
In the laboratory, after removing plastic and stubble, the 
soil columns were prepared and repacked into the corre-
sponding topsoil layer and plow sole (5.65 kg and 6.82 kg, 
respectively). The soil columns were then gently com-
pacted with a wooden hammer to reach the field bulk 
density of each layer (see Table 1). For the conserved 
conditions, the soil columns were sampled directly from 
the rice fields to avoid any disturbance of the topsoil layer 
and plow sole, using a thick-wall 5 mm PVC pipe (50 cm 

long and 15 cm in diameter) to keep the original structure 
of each layer.

A rice husk biochar (hereafter, biochar) was burned in 
a muffle furnace at 400 °C for 4 h (Karam et al. 2022). 
Before rice sowing, the biochar was added to each soil 
column, about 10–15 cm in the topsoil layer, as an amend-
ment during the soil preparation. Different treatments were 
applied in each soil column: chemical fertilizers (CHEM) 
(including urea, DAP, and KCl) at a ratio rate of 60:30:30 
of NPK, respectively; CHEM + BIO2 (i.e., CHEM + bio-
char at a rate of 2t  ha−1); CHEM + BIO4 (CHEM + biochar 
at a rate of 4t  ha−1); and CNTL, control (i.e., no chemical 
and no biochar). A rice cultivar (locally named Sen Pidao) 
was selected for the direct seeding irrigation method under 
continuous flooding (Fig. 1B). During the whole experi-
ment, following the soil group considered, the CHEM 
treatment was applied two times in each soil column: the 
first time (NPK: 60 kg  ha−1, 50 kg  ha−1, 50 kg  ha−1; respec-
tively) during the soil preparation at the beginning, and 
the second time (only N: 100 kg  ha−1) during the boosting 
stage (i.e., 40 days), except for the CNTL treatment. To 
collect the leachate, the thick-wall 5 mm PVC pipe was 
drilled with two holes from the two soil layers: one hole 
at a depth of 30 cm (from the top) for the topsoil layer and 
another one at 50 cm for the plow sole. The two holes were 
wrapped in a nylon mesh to prevent an interruption of the 
sedimentation and were equipped with a faucet.

Fig. 1  Two sets of soil column samples were designed to repre-
sent rice fields under continuous flooding using a soil group (called 
Prateah Lang (Gleyic Acrisols soil)) under reconstituted (A1) and 
conserved (A2) conditions. A soil column (B) represents the topsoil 
layer and the plow sole, which varies between 15–25  cm depth for 
rice cultivation (Katoh et  al. 2004; Li et  al. 2016; Xue et  al. 2022) 

and 15–30 cm depth based on the soil groups and irrigation history 
(Nosalewicz and Lipiec 2014; Tuzzin de Moraes et al. 2016), respec-
tively. CHEM represents the chemical fertilizers at a ratio rate of 
60:30:30 of NPK, respectively; CHEM + BIO2, CHEM + biochar at 
a rate of 2t  ha−1; CHEM + BIO4, CHEM + biochar a rate of 4t  ha−1; 
CNTL, control (no chemical and no biochar)
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2.2  Measuring Biochar and Soil Characteristics

Triplicate samples of the biochar were analyzed for its 
basic characteristics, including pH (1:5  H2O), total nitro-
gen (Total N) (%), available phosphorus (P) (mg 100  g−1), 
and exchangeable potassium (K) (cmol  kg−1) following the 
methods described for the soil analysis (below), except for 
available N (mg 100  g−1). The latter was measured with 
 NH4N-KCl extraction and Kjeldahl methods (Keeney and 
Nelson 1983; Sáez-Plaza et al. 2013).

Triplicate soil samples from each layer of the three sam-
pling profiles were measured. The soil characteristics (such 
as bulk density (BD) (g  cm−3), pH, soil organic matter 
(SOM) (%), Total N (%), available N (g 100  g−1), ammonium 
 (NH4

+) (mg 100  g−1), available phosphorus (P) (mg  L−1), 
and exchangeable potassium (K) (cmol  kg−1)) were meas-
ured immediately after soil sampling. BD was measured using 
volumetric metal rings (5 cm long, 5 cm in diameter). Soil pH 
was measured with the pH (1:5  H2O) soil/water suspension 
method (Rayment and Higginson 1992). Soil organic matter 
(SOM) was measured with the Walkley–Black method (Gupta 
and Chaurasia 2014). Total N and  NH4

+ contents were meas-
ured with the Kjeldahl method (Baethgen and Alley 1989; 
Gupta and Chaurasia 2014; Bremner 2016), whereas avail-
able phosphorus (P) was measured with the Olsen method 
(Olsen 1954; Zhou et al. 2001). Exchangeable potassium (K) 
was measured with the Flame photometer method (Gupta and 
Chaurasia 2014).

The basic characteristics of biochar and soil as measured 
from the topsoil layer and plow sole are shown in Table 1. 
Total N and exchangeable K values for biochar with alka-
line pH were high, while available P was low. Soil organic 
matter (SOM), Total N, and exchangeable K values for the 
topsoil layer were significantly higher than those for the 
plow sole: t (10) =-7.84, p < 0.001; t (10) =-4.24, p = 0.001; 
t (10) = -3.96, p = 0.002, respectively. The bulk density (BD) 
of the plow sole was significantly higher than that of the 
topsoil layer: t (10) = 13.70, p < 0.001. However, neither soil 
pH nor  NH4

+ values for the two soil layers were significantly 

different: t (10) = -2.12, p = 0.059; t (10) = -0.17, p = 0.865, 
respectively.

2.3  Measuring Soil Column Leachate

Triplicate leachate samples from each faucet of the topsoil 
layer and plow sole were collected at 7-day intervals using 
the sampling bottle container (polypropylene material). The 
leachate samples were measured immediately for ammo-
nium  (NH4

+) (mg  L−1) and nitrate  (NO3
−) (mg  L−1) with 

the Vario Tube Test and for ortho-phosphate  (PO4
3−) (mg 

 L−1) with the ortho method with a table. All three variables 
were measured using a photometer (Part Number 214020, 
MD600, Lovibond, Germany).

2.4  Measuring Rice Growth and Yield

Triplicate rice samples were measured for plant biomass 
(g  plant−1), tiller number, grains per panicle, grain weight 
per panicle (g), panicle length (cm), root biomass (g), and 
root length (cm), except for total yield (g  plant−1). The plant 
height of each soil column was measured at 7-day intervals 
using a 3-m measuring tape. During the maturity period, 
plant samples were split into straw and panicle to count the 
tiller number. Samples of panicle were randomly selected 
to count the grains per panicle. The soil column was care-
fully broken to preserve the root structure. The root area was 
shaped and soaked in water to be cleaned. The root length 
was then measured, and the dried weight of straw, leaves, 
and roots were determined after oven-drying at 70 ◦C to a 
constant weight for 48 h.

2.5  Data Analysis

All statistical analyses were conducted using R (R Core 
Team 2021). A one-way analysis of variance (ANOVA) 
was performed to assess the effects of chemical fertilizers 
and their combination with biochar on nutrient leaching 

Table 1  Mean values (± 1 SD, standard deviation) for the rice husk 
biochar (n = 3) were randomly estimated from a 3-kg rice husk bio-
char, and the topsoil layer (n = 9) and plow sole (n = 9) of the rice 
fields were estimated from the three soil profiles. SOM stands for soil 

organic matter; Total N for total nitrogen; Available N for available 
nitrogen; Exchangeable K for exchangeable potassium; and  NH4

+ 
for ammonium. The numbers (in bold) were significantly different 
between the two soil layers (T-test, p < 0.05)

Description Bulk density 
(BD)
(g  cm−3)

pH
(1:5 H2O)

SOM (%) Total N (%) Available N
(mg 100  g−1)

Available P
(mg 100  g−1)

Exchangeable K
(cmol  kg−1)

NH4
+

(mg 100  g−1)

Rice husk biochar - 7.80 ± 0.162 - 5.60 ± 0.030 29.60 ± 0.009 2.60 ± 0.020 4.03 ± 0.042 -
Topsoil layer 

(0–20 cm)
1.60 ± 0.052 6.10 ± 0.144 0.45 ± 0.091 0.03 ± 0.005 - 5.97 ± 0.213 0.17 ± 0.008 5.91 ± 0.172

Plow sole 
(20–40 cm)

1.93 ± 0.020 6.52 ± 0.432 0.13 ± 0.009 0.02 ± 0.002 - 4.50 ± 0.327 0.13 ± 0.017 5.94 ± 1.105
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and the differences among treatments that enhanced all the 
variables describing rice growth and yield. All effects and 
differences were statistically significant, followed by post-
hoc comparisons using Tukey’s HSD (Honestly Significant 
Difference) test, which differed at the p < 0.05 level. The 

significant differences in variables describing the biochar 
and the two soil layers computed by the T-test for equality 
of means differed at the p < 0.05 level. All data were log-
transformed (y = log(x + 1)) to improve the normality and 
homogeneity of variance. The graphics of nutrient leaching 
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Fig. 2  Mean values (± 1 SD, standard deviation) for the nutrient 
leaching  (NH4

+,  NO3
−, and  PO4

3−) (n = 12, each) through the top-
soil layer and plow sole of soil columns. The graphs show their lea-
chate accumulation at 7-day intervals: (a–b) ammonium  (NH4

+), 
(c–d) nitrate  (NO3

−), and (e–f) ortho-phosphate  (PO4
3−). CHEM 

represents the chemical fertilizers at a ratio rate of 60:30:30 of NPK, 
respectively; CHEM + BIO2, CHEM + biochar at a rate of 2t  ha−1; 
CHEM + BIO4, CHEM + biochar at a rate of 4t  ha−1; CNTL, control 
(no chemical and no biochar)
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(or leachate) accumulation, rice growth, and yield were plot-
ted using Origin Pro.

3  Results

3.1  Nutrient Leaching in the Topsoil Layer and Plow 
Sole

There was no significant difference in nutrient leaching 
between the reconstituted and conserved conditions (Lai 
et  al. 2022). However, rising nutrient leaching  (NH4

+, 
 NO3

− and  PO4
3−) during the experiment (7–56 days) con-

firmed higher leachate measured in the topsoil layer than that 
in the plow sole (Fig. 2). Comparing the CHEM treatment 

with other treatments, including biochar (i.e., CHEM + BIO2 
and CHEM + BIO4), the biochar significantly affected the 
 NH4

+ and  NO3
− contents leaching into the topsoil layer 

(p < 0.05), but not the  PO4
3− content (Fig. 3). However, into 

the plow sole, the biochar did not significantly affect the 
 NH4

+ content but reduced the  NO3
− content (p < 0.05). In 

any case, the CNTL treatment highlighted the significantly 
lowest values for these three variables.

3.2  Rice Growth and Yield

The CHEM + BIO4 treatment, followed by CHEM + BIO2, 
resulted in the highest values for rice yield, plant biomass, 
and tiller number (p < 0.05, Fig. 4a, b and c). On a percent-
age basis, for the rice yield, the CHEM + BIO4 treatment 

Fig. 3  Boxplots showed the nutrient leaching through the topsoil 
layer and plow sole of the rice fields under different treatments. 
Mean values (± 1 SD, standard deviation) for  NH4

+,  NO3
−, and 

 PO4
3− (n = 12, each) were estimated from the reconstituted and con-

served conditions for each soil layer. Nutrient leaching (y) was log-
transformed (y = log(x + 1)), x represents each leaching variable (mg 
 L−1). For the topsoil layer and plow sole of soil columns, the signifi-

cant differences among treatments were analyzed using a one-way 
analysis of variance (ANOVA) (Tukey’s HSD test, p < 0.05) and were 
indicated by lower letters (a, b, c) in the soil columns. CHEM rep-
resents the chemical fertilizers at a ratio rate of 60:30:30 of NPK, 
respectively; CHEM + BIO2, CHEM + biochar at a rate of 2t  ha−1; 
CHEM + BIO4, CHEM + biochar at a rate of 4t  ha−1; CNTL, control 
(no chemical and no biochar)
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increased it by 16% compared to the CHEM + BIO2 treat-
ment, 31% (CHEM), and 52% (CNTL), while for the plant 
biomass, by 20% (CHEM + BIO2), 54% (CHEM), and 70% 
(CNTL). And, for the tiller number, the CHEM + BIO4 
treatment increased it by 20% (CHEM + BIO2), 49% 
(CHEM), and 67% (CNTL). However, the two added bio-
char treatments enhanced the highest grains per panicle and 
panicle length (p < 0.05, Fig. 4d and e). For the grains per 
panicle, the CHEM + BIO4 treatment increased it by 15% 
compared to the CHEM + BIO2 treatment, 26% (CHEM), 
and 50% (CNTL), while for the panicle length, by 8% 
(CHEM + BIO2), 20% (CHEM), and 30% (CNTL).

Except for the root length, the CHEM + BIO4 treatment 
enhanced the highest values for the grain weight per panicle 
and root biomass (p < 0.05, Fig. 4h, f and g). For the grain 
weight per panicle, the CHEM + BIO4 treatment increased 
it by 15% compared to the CHEM + BIO2 treatment, 39% 
(CHEM), and 65% (CNTL), while for the root biomass, by 
18% (CHEM + BIO2), 48% (CHEM), and 66% (CNTL).

4  Discussion

Previous studies have suggested that biochar can reduce 
nitrogen (N) leaching, such as  NH4

+ and  NO3
– (Li et al. 

2019; Xu et al. 2014), and increase the use efficiency of 
chemical fertilizers by rice growth, especially in the surface 
layer of soil (0–20 cm) like that of this study (Ding et al. 
2010; Yang et al. 2015; Oladele et al. 2019; Selvarajh et al. 
2021). A meta-analysis by Jeffery et al. (2011) compris-
ing 177 previous studies showed that the positive effects 
of biochar incorporation into soils outweighed the negative 
and neutral effects, with the exception of one study showing 
negative effects (Wang et al. 2016). This study showed that 
the relationships between chemical fertilizers and biochar 
applications were responsive to N leaching in the soil lay-
ers, but not to P leaching (Fig. 3). Biochar pore surfaces 
can react with some of the nutrients (i.e., N and P) released 
from chemical fertilizers (Joseph et al. 2018; Hestrin et al. 
2019; Haider et al. 2020). Owing to its larger surface area, 
negative surface charge, and charge density, biochar plays a 
role in reducing nutrient leaching, particularly immobiliz-
ing N (Lehmann et al. 2003), thereby decreasing N-induced 
pollution in the environment (Huang et al. 2017a; Sun et al. 
2018). For instance, Ding et al. (2010) showed that biochar 
can absorb ammonium ions  (NH4

+) through cation exchange, 
resulting in different levels of nutrient leaching in different 
soil layers. Another study found that average  NH4

+ leaching 
during whole rice growth (i.e., Oryza sativa L. Nanjing 5055 
and Oryza sativa L. Nanjing 9108) decreased in different 
soil layers (Zheng et al. 2019). This study also revealed that 
 NH4

+ leaching was higher in the topsoil layer than in the 
plow sole (Fig. 2a, b). Some mechanisms underlying the 

decreased  NO3
− leaching were also the ability of biochar 

to absorb the  NO3
− content from the mixed soil. A study by 

Chen et al. (2021) showed that rice straw biochar at a rate 
of 20t  ha−1 reduced  NO3

− and Total N leaching by 30–39% 
and 13–14%, respectively. However, more than 30t  ha−1 of 
rice straw biochar had negative effects on wheat yield and 
nutrient uptake (Sun et al. 2019). In contrast to N leach-
ing, Troy et al. (2014) and this study found that wood and 
rice husk biochar did not reduce  PO4

3− leaching, and bio-
char from different feedstocks (e.g., corn stover, oak wood, 
spruce, and Scots pine) could not absorb  PO4

3− leaching 
from an aqueous solution (Hollister et al. 2013; Soinne 
et al. 2014; Xu et al. 2014). Biochar also had the ability to 
increase  PO4

3− leaching because it was a net  PO4
3− source 

(Altland and Locke 2013; Nguyen et al. 2020), adding more 
 PO4

3− content to the soil layers. The added biochar could 
reduce the ability of the soil to absorb the  PO4

3− content 
(Cui et al. 2011; Soinne et al. 2014). Pratiwi et al. (2016) 
observed that the ability of biochar to absorb the  PO4

3− con-
tent was extremely limited, i.e., at a rate of 4% w/w (biochar 
weight /soil weight) in loamy soil, and even to solubilize 
some initial  PO4

3− contents below 60 mg  L−1.
This study found that the topsoil layer and the plow sole 

have high soil bulk density (BD) values (1.60 g  cm−3 and 
1.92 g  cm−3, respectively), indicating Gleyic Acrisols soil. 
This is higher than rice fields in Cambodia and sandy clay 
loam soil (1.45 g  cm−3) (Olubanjo and Yessoufou 2019). 
These two authors noted that soil BD is always altered in 
response to compaction, which may be associated with var-
ious field operations, such as the passage of heavy machin-
ery in rice fields (Shaheb et al. 2021). These field opera-
tions often cause damage to the soil structure by reducing 
the pore space between soil particles (soil porosity) (Singh 
et al. 2015), which favors higher water flux retention in 
the plow sole with its high soil BD. However, soil organic 
matter (SOM) in soils was found to have less compaction 
(Athira et al. 2019) and improved nutrient-holding capac-
ity, reducing N leaching (Malcolm et al. 2019). This study 
also underlined less N leaching in the topsoil layer and 
especially in the plow sole when more biochar was added 
(Fig. 3, CHEM + BIO4). Biochar increases SOM (Han 
et al. 2016; Luo et al. 2018), a key component in soil inter-
actions (Siedt et al. 2021). Because all soil organisms rely 
on SOM, biochar can protect soil biodiversity, reduce N 
leaching, and improve the functioning of soil processes and 
enzyme activity. Soil enzyme activity can influence soil 
fertility and crop yield by participating in SOM decom-
position and nutrient cycling (Sun et al. 2022). Long-term 
biochar and N fertilizer applications have been associated 
with increased rice yield and reduced the Total N leaching 
(Ullah et al. 2020).

For rice development, soil tillage also releases accessi-
ble N content after a process of N fixation and nitrification 
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(Hirsch and Mauchline 2015; Zhang et al. 2021). When 
chemical fertilizers are combined with biochar, the physical 
and chemical reactions that occur during biochar granule 
production slow the rate and extent of N compound dis-
solution compared to chemical fertilizers alone, resulting in 
reduced N leaching (Chen et al. 2018; Shi et al. 2020) and 
increased rice growth and yield. Many studies concluded 
that higher rice yield was recorded in the presence of any 
biochar (Dong et al. 2015; Yang et al. 2019; Chen et al. 
2021; Xu et al. 2022; Ghorbani et al. 2023) owing to its role 
in building soil fertility (Xu et al. 2016; Panhwar et al. 2020; 
Liu et al. 2021). For instance, Yin et al. (2021) found that 
their biochar treatment (4t  ha−1) significantly increased the 
rice yield. Their results were supported by this study with 
the same rate under the CHEM + BIO4 treatment (Fig. 4a). 
The combination of chemical fertilizers (30 kg  ha−1) and 
biochar (3-6t  ha−1) significantly affected rice harvest index, 
yield, and biomass (Oladele et al. 2019). Biochar signifi-
cantly enhanced tiller number (Kamara et al. 2015; Oladele 
et al. 2019; Chen et al. 2021) and improved traits such as 
panicle length, grain weight per panicle, and grains per pani-
cle. However, this study showed that there was no signifi-
cant difference between chemical fertilizers and biochar in 
improving root biomass and root length (Fig. 4g, h). Consist-
ently, Pratiwi and Shinogi (2016) showed that biochar only 
slightly increased root biomass and root length. The effects 
of biochar on root growth depend on soil nutrient conditions 
(Liu et al. 2021) and rice growth stages (Biederman and 
Harpole 2013). In a study of Joseph et al. (2021), rice roots 
in stage 2 (i.e., tillering starting from 1 month) intercepted 
and interacted with any biochar.

5  Conclusion

The combination of chemical fertilizers with rice husk bio-
char (i.e., CHEM + BIO4) effectively decreased ammonium 
and nitrate leaching in Gleyic Acrisols soil. This effect can 
be attributed to an increase in soil water-holding capacity, 
nutrient accessibility, and uptake, leading to improved rice 
growth and yield. However, the presence of biochar did not 

reduce ortho-phosphate leaching, suggesting that factors 
like ion strength, soil texture, pH, and biochar rates should 
be considered. The study suggests that the combination of 
chemical fertilizers with rice husk biochar could be a viable 
solution in Cambodia owing to its low-cost production and 
ease of use compared to chemical fertilizers alone. As such, 
developing efficient approaches to control nutrient leaching 
in rice fields is crucial for improving agricultural production.

Acknowledgements The authors would like to thank the Cambodian 
Agricultural Research and Development Institute (CARDI) for the use 
of its facilities throughout the experiment, especially during the corona-
virus disease (COVID-19) lockdown in Cambodia in 2021. The authors 
also thank Vabotra, Mengheak, Mayphue, Sathea, and Chantola for 
their technical and physical support.

Author Contribution Conceptualization, methodology, software, 
validation: Chenda Lai and Vannak Ann; Investigation: Chenda Lai, 
Aurore Degré, and Vannak Ann; Data curation: Chenda Lai, Ratha 
Muon, and Veasna Touch; Writing—original draft preparation: Chenda 
Lai and Vannak Ann; Critical commentary, reviewing and editing: 
Veasna Touch, Sarith Hin, Pinnara Ket, Pascal Podwojewski, Pascal 
Jouquet, and Aurore Degré; Supervision: Aurore Degré and Vannak 
Ann; Project administration: Chenda Lai and Pinnara Ket; Funding 
acquisition: Pinnara Ket. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding This research work was funded by Cambodia Higher Educa-
tion Improvement Project (Credit No. 6221-KH).

Data Availability The datasets presented and analyzed in this study are 
available on request from the corresponding author.

Declarations 

Conflict of Interest The authors declare no competing interests.

References

Ahmed M, Rauf M, Mukhtar Z, Saeed NA (2017) Excessive use of 
nitrogenous fertilizers: an unawareness causing serious threats 
to environment and human health. Environ Sci Pollut Res 
24:26983–26987. https:// doi. org/ 10. 1007/ s11356- 017- 0589-7

Altland JE, Locke JC (2013) Effect of Biochar Type on Macronu-
trient Retention and Release from Soilless Substrate. Horts 
48:1397–1402. https:// doi. org/ 10. 21273/ HORTS CI. 48. 11. 1397

Asai H, Samson BK, Stephan HM, Songyikhangsuthor K, Homma 
K, Kiyono Y, Inoue Y, Shiraiwa T, Horie T (2009) Biochar 
amendment techniques for upland rice production in Northern 
Laos: 1. Soil physical properties, leaf SPAD and grain yield. 
Field Crop Res 111:81–84. https:// doi. org/ 10. 1016/j. fcr. 2008. 
10. 008

Athira M, Ramasamy J, Ramalingam K, Duraisamy V (2019) Influ-
ence of soil organic matter on bulk density in Coimbatore soils. 
Int J Chem Stud 7:3520–3523

Azimi-Nejadian H, Karparvarfard SH, Naderi-Boldaji M (2022) 
Weed seed burial as affected by mouldboard design parameters, 
ploughing depth and speed: DEM simulations and experimen-
tal validation. Biosys Eng 216:79–92. https:// doi. org/ 10. 1016/j. 
biosy stems eng. 2022. 02. 005

Fig. 4  Mean values (± 1 SD, standard deviation) for: (a) total yield 
(n = 4), (b) plant biomass (n = 4), (c) tiller number (n = 4), (d) grains 
per panicle (n = 12), (e) panicle length (n = 12), (f) grain weight per 
panicle (n = 12), (g) root biomass (n = 4), and (h) root length (n = 12) 
were estimated from each treatment. The significant differences 
among treatments were analyzed using a one-way analysis of variance 
(ANOVA) (Tukey’s HSD test, p < 0.05) and were indicated by lower 
letters (a, b, c). CHEM represents the chemical fertilizers at a ratio 
rate of 60:30:30 of NPK, respectively; CHEM + BIO2, CHEM + bio-
char at a rate of 2t  ha−1; CHEM + BIO4, CHEM + biochar at a rate of 
4t  ha−1; CNTL, control (no chemical and no biochar)

◂

https://doi.org/10.1007/s11356-017-0589-7
https://doi.org/10.21273/HORTSCI.48.11.1397
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1016/j.fcr.2008.10.008
https://doi.org/10.1016/j.biosystemseng.2022.02.005
https://doi.org/10.1016/j.biosystemseng.2022.02.005


 Journal of Soil Science and Plant Nutrition

1 3

Baethgen W, Alley M (1989) A manual colorimetric procedure for 
measuring ammonium nitrogen in soil and plant Kjeldahl 
digests. Commun Soil Sci Plant Anal 20:961–969. https:// doi. 
org/ 10. 1080/ 00103 62890 93681 29

Ballester C, Hornbuckle J, Inthavong T, Lim V, McCormick J, 
Molesworth A, Oeurng C, Quayle W, Seng V, Sengxua P, 
Sihathep V, Touch V, Vote C, Eberbach P (2021) Evaluating 
Strategies to Improve Water Availability and Lateral Root 
Growth of Plants Grown in the Rice-Growing Lowlands of the 
Lower Mekong Basin. Agronomy 11:1929. https:// doi. org/ 10. 
3390/ agron omy11 101929

Biederman LA, Harpole WS (2013) Biochar and its effects on plant 
productivity and nutrient cycling: a meta-analysis. GCB Bio-
energy 5:202–214. https:// doi. org/ 10. 1111/ gcbb. 12037

Brassard P, Godbout S, Lévesque V, Palacios JH, Raghavan V, 
Ahmed A, Hogue R, Jeanne T, Verma M (2019) 4 - Biochar 
for soil amendment. In: Jeguirim M, Limousy L (eds) Char and 
Carbon Materials Derived from Biomass. Elsevier, pp 109–146

Brassard P, Godbout S, Lévesque V, Palacios JH, Raghavan V, 
Ahmed A, Hogue R, Jeanne T, Verma M (2019) Biochar for 
soil amendment. In: Char and Carbon Materials Derived from 
Biomass. Elsevier, pp 109–146

Bremner JM (2016) Total Nitrogen. In: Norman AG (ed) Agronomy 
Monographs. American Society of Agronomy, Soil Science 
Society of America, Madison, WI, USA, pp 1149–1178

Bun S, Sek S, Oeurng C, Fujii M, Ham P, Painmanakul P (2021) 
A Survey of Household Water Use and Groundwater Qual-
ity Index Assessment in a Rural Community of Cambodia. 
Sustainability 13:10071. https:// doi. org/ 10. 3390/ su131 810071

Chen J, Lü S, Zhang Z, Zhao X, Li X, Ning P, Liu M (2018) Envi-
ronmentally friendly fertilizers: A review of materials used 
and their effects on the environment. Sci Total Environ 613–
614:829–839. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 09. 186

Chen X, Yang S, Ding J, Jiang Z, Sun X (2021) Effects of Biochar 
Addition on Rice Growth and Yield under Water-Saving Irriga-
tion. Water 13:209. https:// doi. org/ 10. 3390/ w1302 0209

Chen L, Guo L, Deng X, Pan X, Liao P, Xiong Q, Gao H, Wei H, Dai 
Q, Zeng Y, Zhang H (2023) Effects of biochar on rice yield, 
grain quality and starch viscosity attributes. J Sci Food Agric 
103:5747–5753. https:// doi. org/ 10. 1002/ jsfa. 12647

Chhay N, Seng S, Tanaka T, Yamauchi A, Cedicol EC, Kawakita 
K, Chiba S (2017) Rice productivity improvement in Cambo-
dia through the application of technical recommendation in a 
farmer field school. Int J Agric Sustain 15:54–69. https:// doi. 
org/ 10. 1080/ 14735 903. 2016. 11748 11

Chhun S, Kumar V, Martin RJ, Srean P, Hadi BAR (2020) Weed 
management practices of smallholder rice farmers in North-
west Cambodia. Crop Prot 135:104793. https:// doi. org/ 10. 
1016/j. cropro. 2019. 04. 017

Cramb R, Chea S, Seng V (2020) The Commercialisation of Rice 
Farming in Cambodia. In: Cramb R (ed) White Gold: The 
Commercialisation of Rice Farming in the Lower Mekong 
Basin. Springer Nature Singapore, Singapore, pp 227–245

Cui H-J, Wang MK, Fu M-L, Ci E (2011) Enhancing phospho-
rus availability in phosphorus-fertilized zones by reducing 
phosphate adsorbed on ferrihydrite using rice straw-derived 
biochar. J Soils Sediments 11:1135. https:// doi. org/ 10. 1007/ 
s11368- 011- 0405-9

Das SK, Ghosh GK, Avasthe R (2023) Application of biochar 
in agriculture and environment, and its safety issues. Bio-
mass Conv Bioref 13:1359–1369. https:// doi. org/ 10. 1007/ 
s13399- 020- 01013-4

Dimkpa CO, Fugice J, Singh U, Lewis TD (2020) Development of 
fertilizers for enhanced nitrogen use efficiency – Trends and 
perspectives. Sci Total Environ 731:139113. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 139113

Ding Y, Liu Y-X, Wu W-X, Shi D-Z, Yang M, Zhong Z-K (2010) Eval-
uation of Biochar Effects on Nitrogen Retention and Leaching in 
Multi-Layered Soil Columns. Water Air Soil Pollut 213:47–55. 
https:// doi. org/ 10. 1007/ s11270- 010- 0366-4

Dong D, Feng Q, McGrouther K, Yang M, Wang H, Wu W (2015) 
Effects of biochar amendment on rice growth and nitrogen reten-
tion in a waterlogged paddy field. J Soils Sediments 15:153–162. 
https:// doi. org/ 10. 1007/ s11368- 014- 0984-3

Ebers A, Nguyen TT, Grote U (2017) Production efficiency of rice 
farms in Thailand and Cambodia: a comparative analysis of Ubon 
Ratchathani and Stung Treng provinces. Paddy Water Environ 
15:79–92. https:// doi. org/ 10. 1007/ s10333- 016- 0530-6

Erisman JW, Galloway JN, Seitzinger S, Bleeker A, Dise NB, Petrescu 
AMR, Leach AM, de Vries W (2013) Consequences of human 
modification of the global nitrogen cycle. Phil Trans R Soc B 
368:20130116. https:// doi. org/ 10. 1098/ rstb. 2013. 0116

FAO (2006) Guidelines for soil description, 4th edn. Food and Agri-
culture Organization of the United Nations, Rome

Ghorbani M, Neugschwandtner RW, Konvalina P, Asadi H, Kopecký 
M, Amirahmadi E (2023) Comparative effects of biochar and 
compost applications on water holding capacity and crop 
yield of rice under evaporation stress: a two-years field study. 
Paddy Water Environ 21:47–58. https:// doi. org/ 10. 1007/ 
s10333- 022- 00912-8

Guppy L, Shantz A (2011) Groundwater Quality in Rural Cambodia: 
Measures and Perceptions: Groundwater Quality in Rural Cam-
bodia. Geogr Res 49:384–394. https:// doi. org/ 10. 1111/j. 1745- 
5871. 2011. 00710.x

Gupta A, Chaurasia S (2014) Hand book of water, air and soil analysis. 
International E - Publication

Gwenzi W, Chaukura N, Mukome FND, Machado S, Nyamasoka 
B (2015) Biochar production and applications in sub-Saharan 
Africa: Opportunities, constraints, risks and uncertainties. J 
Environ Manage 150:250–261. https:// doi. org/ 10. 1016/j. jenvm 
an. 2014. 11. 027

Haider G, Joseph S, Steffens D, Müller C, Taherymoosavi S, Mitchell 
D, Kammann CI (2020) Mineral nitrogen captured in field-aged 
biochar is plant-available. Sci Rep 10:13816. https:// doi. org/ 10. 
1038/ s41598- 020- 70586-x

Han P, Zhang W, Wang G, Sun W, Huang Y (2016) Changes in soil 
organic carbon in croplands subjected to fertilizer management: 
a global meta-analysis. Sci Rep 6:27199. https:// doi. org/ 10. 1038/ 
srep2 7199

Hestrin R, Torres-Rojas D, Dynes JJ, Hook JM, Regier TZ, Gillespie 
AW, Smernik RJ, Lehmann J (2019) Fire-derived organic matter 
retains ammonia through covalent bond formation. Nat Commun 
10:664. https:// doi. org/ 10. 1038/ s41467- 019- 08401-z

Hirsch PR, Mauchline TH (2015) Chapter Two - The Importance of the 
Microbial N Cycle in Soil for Crop Plant Nutrition. In: Sariaslani 
S, Gadd GM (eds) Advances in Applied Microbiology. Academic 
Press, pp 45–71

Hok L, de Moraes Sá JC, Boulakia S, Reyes M, Leng V, Kong R, 
Tivet FE, Briedis C, Hartman D, Ferreira LA, Magno T, Pheav S 
(2015) Short-term conservation agriculture and biomass-C input 
impacts on soil C dynamics in a savanna ecosystem in Cambodia. 
Agr Ecosyst Environ 214:54–67. https:// doi. org/ 10. 1016/j. agee. 
2015. 08. 013

Hollister CC, Bisogni JJ, Lehmann J (2013) Ammonium, Nitrate, and 
Phosphate Sorption to and Solute Leaching from Biochars Pre-
pared from Corn Stover ( Zea mays L.) and Oak Wood ( Quercus 
spp.). J Environ Qual 42:137–144. https:// doi. org/ 10. 2134/ jeq20 
12. 0033

Huang J, Xu C, Ridoutt BG, Wang X, Ren P (2017) Nitrogen and phos-
phorus losses and eutrophication potential associated with ferti-
lizer application to cropland in China. J Clean Prod 159:171–179. 
https:// doi. org/ 10. 1016/j. jclep ro. 2017. 05. 008

https://doi.org/10.1080/00103628909368129
https://doi.org/10.1080/00103628909368129
https://doi.org/10.3390/agronomy11101929
https://doi.org/10.3390/agronomy11101929
https://doi.org/10.1111/gcbb.12037
https://doi.org/10.3390/su131810071
https://doi.org/10.1016/j.scitotenv.2017.09.186
https://doi.org/10.3390/w13020209
https://doi.org/10.1002/jsfa.12647
https://doi.org/10.1080/14735903.2016.1174811
https://doi.org/10.1080/14735903.2016.1174811
https://doi.org/10.1016/j.cropro.2019.04.017
https://doi.org/10.1016/j.cropro.2019.04.017
https://doi.org/10.1007/s11368-011-0405-9
https://doi.org/10.1007/s11368-011-0405-9
https://doi.org/10.1007/s13399-020-01013-4
https://doi.org/10.1007/s13399-020-01013-4
https://doi.org/10.1016/j.scitotenv.2020.139113
https://doi.org/10.1016/j.scitotenv.2020.139113
https://doi.org/10.1007/s11270-010-0366-4
https://doi.org/10.1007/s11368-014-0984-3
https://doi.org/10.1007/s10333-016-0530-6
https://doi.org/10.1098/rstb.2013.0116
https://doi.org/10.1007/s10333-022-00912-8
https://doi.org/10.1007/s10333-022-00912-8
https://doi.org/10.1111/j.1745-5871.2011.00710.x
https://doi.org/10.1111/j.1745-5871.2011.00710.x
https://doi.org/10.1016/j.jenvman.2014.11.027
https://doi.org/10.1016/j.jenvman.2014.11.027
https://doi.org/10.1038/s41598-020-70586-x
https://doi.org/10.1038/s41598-020-70586-x
https://doi.org/10.1038/srep27199
https://doi.org/10.1038/srep27199
https://doi.org/10.1038/s41467-019-08401-z
https://doi.org/10.1016/j.agee.2015.08.013
https://doi.org/10.1016/j.agee.2015.08.013
https://doi.org/10.2134/jeq2012.0033
https://doi.org/10.2134/jeq2012.0033
https://doi.org/10.1016/j.jclepro.2017.05.008


Journal of Soil Science and Plant Nutrition 

1 3

Huang T, Ju X, Yang H (2017) Nitrate leaching in a winter wheat-
summer maize rotation on a calcareous soil as affected by nitro-
gen and straw management. Sci Rep 7:42247. https:// doi. org/ 10. 
1038/ srep4 2247

Huang M, Fan L, Chen J, Jiang L, Zou Y (2018) Continuous applica-
tions of biochar to rice: Effects on nitrogen uptake and utilization. 
Sci Rep 8:11461. https:// doi. org/ 10. 1038/ s41598- 018- 29877-7

Inamura T, Mukai Y, Maruyama A, Ikenaga S, Li G.uili, Bu X, Xiang 
Y, Qin D, Amano T (2009) Effects of nitrogen mineralization on 
paddy rice yield under low nitrogen input conditions in irrigated 
rice-based multiple cropping with intensive cropping of vegeta-
bles in southwest China. Plant Soil 315:195–209. https:// doi. org/ 
10. 1007/ s11104- 008- 9744-8

Islam MDD, Price AH, Hallett PD (2021) Contrasting ability of deep 
and shallow rooting rice genotypes to grow through plough pans 
containing simulated biopores and cracks. Plant Soil 467:515–
530. https:// doi. org/ 10. 1007/ s11104- 021- 05131-4

Jeffery S, Verheijen FGA, van der Velde M, Bastos AC (2011) A 
quantitative review of the effects of biochar application to soils 
on crop productivity using meta-analysis. Agr Ecosyst Environ 
144:175–187. https:// doi. org/ 10. 1016/j. agee. 2011. 08. 015

Jin Z, Shah T, Zhang L, Liu H, Peng S, Nie L (2020) Effect of straw 
returning on soil organic carbon in rice–wheat rotation system: 
A review. Food Energy Secur 9:e200. https:// doi. org/ 10. 1002/ 
fes3. 200

Joseph S, Kammann CI, Shepherd JG, Conte P, Schmidt H-P, Hage-
mann N, Rich AM, Marjo CE, Allen J, Munroe P, Mitchell 
DRG, Donne S, Spokas K, Graber ER (2018) Microstructural 
and associated chemical changes during the composting of a 
high temperature biochar: Mechanisms for nitrate, phosphate 
and other nutrient retention and release. Sci Total Environ 
618:1210–1223. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 09. 
200

Joseph S, Cowie AL, Van Zwieten L et al (2021) How biochar works, 
and when it doesn’t: A review of mechanisms controlling soil 
and plant responses to biochar. GCB Bioenergy 13:1731–1764. 
https:// doi. org/ 10. 1111/ gcbb. 12885

Kamara A, Sorie Kamara H, Saimah Kamara M (2015) Effect of Rice 
Straw Biochar on Soil Quality and the Early Growth and Biomass 
Yield of Two Rice Varieties. AS 06:798–806. https:// doi. org/ 10. 
4236/ as. 2015. 68077

Kang J, Amoozegar A, Hesterberg D, Osmond DL (2011) Phosphorus 
leaching in a sandy soil as affected by organic and inorganic 
fertilizer sources. Geoderma 161:194–201. https:// doi. org/ 10. 
1016/j. geode rma. 2010. 12. 019

Karam DS, Nagabovanalli P, Sundara Rajoo K, Fauziah Ishak C, Abdu 
A, Rosli Z, Melissa Muharam F, Zulperi D (2022) An overview 
on the preparation of rice husk biochar, factors affecting its 
properties, and its agriculture application. J Saudi Soc Agric Sci 
21:149–159. https:// doi. org/ 10. 1016/j. jssas. 2021. 07. 005

Katoh M, Murase J, Hayashi M, Matsuya K, Kimura M (2004) Nutrient 
leaching from the plow layer by water percolation and accumula-
tion in the subsoil in an irrigated paddy field. Soil Sci Plant Nutr 
50:721–729. https:// doi. org/ 10. 1080/ 00380 768. 2004. 10408 528

Ke J, He R, Hou P, Ding C, Ding Y, Wang S, Liu Z, Tang S, Ding C, 
Chen L, Li G (2018) Combined controlled-released nitrogen fer-
tilizers and deep placement effects of N leaching, rice yield and 
N recovery in machine-transplanted rice. Agr Ecosyst Environ 
265:402–412. https:// doi. org/ 10. 1016/j. agee. 2018. 06. 023

Kea S, Li H, Pich L (2016) Technical Efficiency and Its Determinants 
of Rice Production in Cambodia. Economies 4:22. https:// doi. 
org/ 10. 3390/ econo mies4 040022

Keeney DR, Nelson DW (1983) Nitrogen-Inorganic Forms. In: Meth-
ods of Soil Analysis. Wiley, Ltd, pp 643–698

Kimkong H, Promphakping B, Hudson H, Day SCJ (2023) Agricultural 
Transformation in the Rural Farmer Communities of Stung Chrey 

Bak, Kampong Chhnang Province. Cambodia Agric 13:308. 
https:// doi. org/ 10. 3390/ agric ultur e1302 0308

Kong R, Castella J-C, Suos V, Leng V, Pat S, Diepart J-C, Sen R, Tivet 
F (2021) Investigating farmers’ decision-making in adoption of 
conservation agriculture in the Northwestern uplands of Cam-
bodia. Land Use Policy 105:105404. https:// doi. org/ 10. 1016/j. 
landu sepol. 2021. 105404

Koyama S, Katagiri T, Minamikawa K, Kato M, Hayashi H (2016) 
Effects of Rice Husk Charcoal Application on Rice Yield, Meth-
ane Emission, and Soil Carbon Sequestration in Andosol Paddy 
Soil. JARQ 50:319–327. https:// doi. org/ 10. 6090/ jarq. 50. 319

Lai C, Ly N, Touch V, Hin S, Podwojewski P, Ket P, Jouquet P, Degré 
A, Ann V (2022) Evaluating the Effect of Biochar on Nutrient 
Leaching and Rice Growth in Disturbed and Undisturbed Soil 
Columns. In: IECHo 2022. MDPI, p 5

Lawrencia D, Wong SK, Low DYS, Goh BH, Goh JK, Ruktanonchai 
UR, Soottitantawat A, Lee LH, Tang SY (2021) Controlled 
Release Fertilizers: A Review on Coating Materials and Mecha-
nism of Release. Plants 10:238. https:// doi. org/ 10. 3390/ plant 
s1002 0238

Lawrinenko M, Laird DA (2015) Anion exchange capacity of biochar. 
Green Chem 17:4628–4636. https:// doi. org/ 10. 1039/ C5GC0 
0828J

Lehmann J, Pereira da Silva J, Steiner C, Nehls T, Zech W, Glaser B 
(2003) Nutrient availability and leaching in an archaeological 
Anthrosol and a Ferralsol of the Central Amazon basin: ferti-
lizer, manure and charcoal amendments. Plant Soil 249:343–357. 
https:// doi. org/ 10. 1023/A: 10228 33116 184

Li Z, Xu X, Pan G, Smith P, Cheng K (2016) Irrigation regime affected 
SOC content rather than plow layer thickness of rice paddies: A 
county level survey from a river basin in lower Yangtze valley, 
China. Agric Water Manag 172:31–39. https:// doi. org/ 10. 1016/j. 
agwat. 2016. 04. 009

Li P, Lu J, Hou W, Pan Y, Wang Y, Khan MR, Ren T, Cong R, Li X 
(2017) Reducing nitrogen losses through ammonia volatiliza-
tion and surface runoff to improve apparent nitrogen recovery 
of double cropping of late rice using controlled release urea. 
Environ Sci Pollut Res 24:11722–11733. https:// doi. org/ 10. 1007/ 
s11356- 017- 8825-8

Li Y, Cheng J, Lee X, Chen Y, Gao W, Pan W, Tang Y (2019) Effects 
of biochar-based fertilizers on nutrient leaching in a tobacco-
planting soil. Acta Geochim 38:1–7. https:// doi. org/ 10. 1007/ 
s11631- 018- 0307-2

Liu Y, Lu H, Yang S, Wang Y (2016) Impacts of biochar addition on 
rice yield and soil properties in a cold waterlogged paddy for 
two crop seasons. Field Crop Res 191:161–167. https:// doi. org/ 
10. 1016/j. fcr. 2016. 03. 003

Liu B, Li H, Li H, Zhang A, Rengel Z (2021) Long-term biochar appli-
cation promotes rice productivity by regulating root dynamic 
development and reducing nitrogen leaching. GCB Bioenergy 
13:257–268. https:// doi. org/ 10. 1111/ gcbb. 12766

Luo G, Li L, Friman V-P, Guo J, Guo S, Shen Q, Ling N (2018) 
Organic amendments increase crop yields by improving microbe-
mediated soil functioning of agroecosystems: A meta-analysis. 
Soil Biol Biochem 124:105–115. https:// doi. org/ 10. 1016/j. soilb 
io. 2018. 06. 002

Ma Y, Liu DL, Schwenke G, Yang B (2019) The global warming 
potential of straw-return can be reduced by application of straw-
decomposing microbial inoculants and biochar in rice-wheat pro-
duction systems. Environ Pollut 252:835–845. https:// doi. org/ 10. 
1016/j. envpol. 2019. 06. 006

Malcolm BJ, Cameron KC, Curtin D, Di HJ, Beare MH, Johnstone 
PR, Edwards GR (2019) Organic matter amendments to soil 
can reduce nitrate leaching losses from livestock urine under 
simulated fodder beet grazing. Agr Ecosyst Environ 272:10–18. 
https:// doi. org/ 10. 1016/j. agee. 2018. 11. 003

https://doi.org/10.1038/srep42247
https://doi.org/10.1038/srep42247
https://doi.org/10.1038/s41598-018-29877-7
https://doi.org/10.1007/s11104-008-9744-8
https://doi.org/10.1007/s11104-008-9744-8
https://doi.org/10.1007/s11104-021-05131-4
https://doi.org/10.1016/j.agee.2011.08.015
https://doi.org/10.1002/fes3.200
https://doi.org/10.1002/fes3.200
https://doi.org/10.1016/j.scitotenv.2017.09.200
https://doi.org/10.1016/j.scitotenv.2017.09.200
https://doi.org/10.1111/gcbb.12885
https://doi.org/10.4236/as.2015.68077
https://doi.org/10.4236/as.2015.68077
https://doi.org/10.1016/j.geoderma.2010.12.019
https://doi.org/10.1016/j.geoderma.2010.12.019
https://doi.org/10.1016/j.jssas.2021.07.005
https://doi.org/10.1080/00380768.2004.10408528
https://doi.org/10.1016/j.agee.2018.06.023
https://doi.org/10.3390/economies4040022
https://doi.org/10.3390/economies4040022
https://doi.org/10.3390/agriculture13020308
https://doi.org/10.1016/j.landusepol.2021.105404
https://doi.org/10.1016/j.landusepol.2021.105404
https://doi.org/10.6090/jarq.50.319
https://doi.org/10.3390/plants10020238
https://doi.org/10.3390/plants10020238
https://doi.org/10.1039/C5GC00828J
https://doi.org/10.1039/C5GC00828J
https://doi.org/10.1023/A:1022833116184
https://doi.org/10.1016/j.agwat.2016.04.009
https://doi.org/10.1016/j.agwat.2016.04.009
https://doi.org/10.1007/s11356-017-8825-8
https://doi.org/10.1007/s11356-017-8825-8
https://doi.org/10.1007/s11631-018-0307-2
https://doi.org/10.1007/s11631-018-0307-2
https://doi.org/10.1016/j.fcr.2016.03.003
https://doi.org/10.1016/j.fcr.2016.03.003
https://doi.org/10.1111/gcbb.12766
https://doi.org/10.1016/j.soilbio.2018.06.002
https://doi.org/10.1016/j.soilbio.2018.06.002
https://doi.org/10.1016/j.envpol.2019.06.006
https://doi.org/10.1016/j.envpol.2019.06.006
https://doi.org/10.1016/j.agee.2018.11.003


 Journal of Soil Science and Plant Nutrition

1 3

McDonald AJ, Riha SJ, Duxbury JM, Steenhuis TS, Lauren JG (2006) 
Soil physical responses to novel rice cultural practices in the 
rice–wheat system: Comparative evidence from a swelling soil 
in Nepal. Soil Tillage Res 86:163–175. https:// doi. org/ 10. 1016/j. 
still. 2005. 02. 005

Mishra AK, Bairagi S, Velasco ML, Mohanty S (2018) Impact of 
access to capital and abiotic stress on production efficiency: 
Evidence from rice farming in Cambodia. Land Use Policy 
79:215–222. https:// doi. org/ 10. 1016/j. landu sepol. 2018. 08. 016

Mohammadi A, Cowie AL, Anh Mai TL, Brandão M, Anaya de la Rosa 
R, Kristiansen P, Joseph S (2017) Climate-change and health 
effects of using rice husk for biochar-compost: Comparing three 
pyrolysis systems. J Clean Prod 162:260–272. https:// doi. org/ 10. 
1016/j. jclep ro. 2017. 06. 026

Munda S, Bhaduri D, Mohanty S, Chatterjee D, Tripathi R, Shahid 
M, Kumar U, Bhattacharyya P, Kumar A, Adak T, Jangde HK, 
Nayak AK (2018) Dynamics of soil organic carbon mineraliza-
tion and C fractions in paddy soil on application of rice husk 
biochar. Biomass Bioenerg 115:1–9. https:// doi. org/ 10. 1016/j. 
biomb ioe. 2018. 04. 002

Nelson NO, Parsons JE, Mikkelsen RL (2005) Field-scale evaluation of 
phosphorus leaching in acid sandy soils receiving swine waste. 
J Environ Qual 34:2024–2035. https:// doi. org/ 10. 2134/ jeq20 04. 
0445

Nesbitt HJ (ed) (1998) Rice production in Cambodia: Cambodia-Irri-
Australia project. Manila

Nguyen BT, Phan BT, Nguyen TX, Nguyen VN, Van Tran T, Bach Q-V 
(2020) Contrastive nutrient leaching from two differently tex-
tured paddy soils as influenced by biochar addition. J Soils Sedi-
ments 20:297–307. https:// doi. org/ 10. 1007/ s11368- 019- 02366-8

Nguyen HN, Ha-Duong M, van de Steene L (2015) A critical look at 
rice husk gasification in Cambodia: Technology and sustainabil-
ity. Vietnam Acad Sci Technol J Sci Technol 247–252

Nosalewicz A, Lipiec J (2014) The effect of compacted soil layers on 
vertical root distribution and water uptake by wheat. Plant Soil 
375:229–240. https:// doi. org/ 10. 1007/ s11104- 013- 1961-0

Oladele S, Adeyemo A, Awodun M, Ajayi A, Fasina A (2019) 
Effects of biochar and nitrogen fertilizer on soil physicochemi-
cal properties, nitrogen use efficiency and upland rice (Oryza 
sativa) yield grown on an Alfisol in Southwestern Nigeria. Int J 
Recycl Org Waste Agricult 8:295–308. https:// doi. org/ 10. 1007/ 
s40093- 019- 0251-0

Olsen SR (ed) (1954) Estimation of available phosphorus in soils by 
extraction with sodium bicarbonate. U.S. Dept. of Agriculture, 
Washington, D.C

Olubanjo O, Yessoufou M (2019) Effect of soil compaction on the 
growth and nutrient uptake of Zea Mays L. Sustain Agric Res 
8:46. https:// doi. org/ 10. 5539/ sar. v8n2p 46

Panhwar QA, Naher UA, Shamshuddin J, Ismail MR (2020) Effects of 
biochar and ground magnesium limestone application, with or 
without bio-fertilizer addition, on biochemical properties of an 
acid sulfate soil and rice yield. Agronomy 10:1100. https:// doi. 
org/ 10. 3390/ agron omy10 081100

Patel MS, Singh N (1981) Changes in bulk density and water intake 
rate of a coarse textured soil in relation to different levels of 
compaction. J Indian Soc Soil Sci 29:110–112

Pratiwi EPA, Shinogi Y (2016) Rice husk biochar application to paddy 
soil and its effects on soil physical properties, plant growth, and 
methane emission. Paddy Water Environ 14:521–532. https:// doi. 
org/ 10. 1007/ s10333- 015- 0521-z

Pratiwi EPA, Hillary AK, Fukuda T, Shinogi Y (2016) The effects of 
rice husk char on ammonium, nitrate and phosphate retention and 
leaching in loamy soil. Geoderma 277:61–68. https:// doi. org/ 10. 
1016/j. geode rma. 2016. 05. 006

R Core Team (2021) R: A language and environment for statistical. 
Computing. R Foundation for Statistical Computing, Vienna, 
Austria.  https:// www.R- proje ct. org/

Rayment GE, Higginson FR (1992) Australian laboratory handbook 
of soil and water chemical methods. Inkata Press, Melbourne

Rehm R, Zeyer T, Schmidt A, Fiener P (2021) Soil erosion as transport 
pathway of microplastic from agriculture soils to aquatic ecosys-
tems. Sci Total Environ 795:148774. https:// doi. org/ 10. 1016/j. 
scito tenv. 2021. 148774

Rizwan M, Ali S, Qayyum MF, Ibrahim M, Zia-ur-Rehman M, Abbas 
T, Ok YS (2016) Mechanisms of biochar-mediated alleviation 
of toxicity of trace elements in plants: a critical review. Envi-
ron Sci Pollut Res 23:2230–2248. https:// doi. org/ 10. 1007/ 
s11356- 015- 5697-7

Sáez-Plaza P, Navas M, Wybraniec S, Michałowski T, Garcia Asuero A 
(2013) An overview of the Kjeldahl method of nitrogen determi-
nation. Part II. sample preparation, working scale, instrumental 
finish, and quality control. Crit Rev Anal Chem 43. https:// doi. 
org/ 10. 1080/ 10408 347. 2012. 751787

Sarong M, Orge RF (2015) Effect of rice hull biochar on the fertility 
and nutrient holding capacity of sandy soils. Int J Sustain Dev 
08:33–34

Selvarajh G, Ch’ng HY, Zain MdN, Sannasi P, Mohammad Azmin 
SNH (2020) Improving soil nitrogen availability and rice 
growth performance on a tropical acid soil via mixture of rice 
husk and rice straw biochars. Appl Sci 11:108. https:// doi. org/ 
10. 3390/ app11 010108

Selvarajh G, Ywih Ch’ng H, Md Zain N, Faculty of Agro Based Indus-
try, Universiti Malaysia Kelantan Jeli Campus, Locked Bag No. 
100, 17600 Jeli, Kelantan, Malaysia (2021) Effects of rice husk 
biochar in minimizing ammonia volatilization from urea ferti-
lizer applied under waterlogged condition. AIMS Agric Food 
6:159–171. https:// doi. org/ 10. 3934/ agrfo od. 20210 10

Shaheb MR, Venkatesh R, Shearer SA (2021) A Review on the Effect 
of Soil Compaction and its Management for Sustainable Crop 
Production. J Biosyst Eng 46:417–439. https:// doi. org/ 10. 1007/ 
s42853- 021- 00117-7

Shi W, Ju Y, Bian R, Li L, Joseph S, Mitchell DRG, Munroe P, Tahery-
moosavi S, Pan G (2020) Biochar bound urea boosts plant growth 
and reduces nitrogen leaching. Sci Total Environ 701:134424. 
https:// doi. org/ 10. 1016/j. scito tenv. 2019. 134424

Siedt M, Schäffer A, Smith KEC, Nabel M, Roß-Nickoll M, van Don-
gen JT (2021) Comparing straw, compost, and biochar regarding 
their suitability as agricultural soil amendments to affect soil 
structure, nutrient leaching, microbial communities, and the fate 
of pesticides. Sci Total Environ 751:141607. https:// doi. org/ 10. 
1016/j. scito tenv. 2020. 141607

Singh J, Salaria A, Kaul A (2015) Impact of soil compaction on soil 
physical properties and root growth: A review. Int J Food Agric 
Vet Sci 5:23–32

Singh C, Tiwari S, Gupta VK, Singh JS (2018) The effect of rice husk 
biochar on soil nutrient status, microbial biomass and paddy pro-
ductivity of nutrient poor agriculture soils. CATENA 171:485–
493. https:// doi. org/ 10. 1016/j. catena. 2018. 07. 042

Singh TB, Ali A, Prasad M, Yadav A, Shrivastav P, Goyal D, Dantu PK 
(2020) Role of Organic Fertilizers in Improving Soil Fertility. In: 
Naeem M, Ansari AA, Gill SS (eds) Contaminants in Agricul-
ture: Sources, Impacts and Management. Springer International 
Publishing, Cham, pp 61–77

Soinne H, Hovi J, Tammeorg P, Turtola E (2014) Effect of biochar on 
phosphorus sorption and clay soil aggregate stability. Geoderma 
219–220:162–167. https:// doi. org/ 10. 1016/j. geode rma. 2013. 12. 022

Sun H, Min J, Zhang H, Feng Y, Lu K, Shi W, Yu M, Li X (2018) 
Biochar application mode influences nitrogen leaching and NH3 

https://doi.org/10.1016/j.still.2005.02.005
https://doi.org/10.1016/j.still.2005.02.005
https://doi.org/10.1016/j.landusepol.2018.08.016
https://doi.org/10.1016/j.jclepro.2017.06.026
https://doi.org/10.1016/j.jclepro.2017.06.026
https://doi.org/10.1016/j.biombioe.2018.04.002
https://doi.org/10.1016/j.biombioe.2018.04.002
https://doi.org/10.2134/jeq2004.0445
https://doi.org/10.2134/jeq2004.0445
https://doi.org/10.1007/s11368-019-02366-8
https://doi.org/10.1007/s11104-013-1961-0
https://doi.org/10.1007/s40093-019-0251-0
https://doi.org/10.1007/s40093-019-0251-0
https://doi.org/10.5539/sar.v8n2p46
https://doi.org/10.3390/agronomy10081100
https://doi.org/10.3390/agronomy10081100
https://doi.org/10.1007/s10333-015-0521-z
https://doi.org/10.1007/s10333-015-0521-z
https://doi.org/10.1016/j.geoderma.2016.05.006
https://doi.org/10.1016/j.geoderma.2016.05.006
https://www.R-project.org/
https://doi.org/10.1016/j.scitotenv.2021.148774
https://doi.org/10.1016/j.scitotenv.2021.148774
https://doi.org/10.1007/s11356-015-5697-7
https://doi.org/10.1007/s11356-015-5697-7
https://doi.org/10.1080/10408347.2012.751787
https://doi.org/10.1080/10408347.2012.751787
https://doi.org/10.3390/app11010108
https://doi.org/10.3390/app11010108
https://doi.org/10.3934/agrfood.2021010
https://doi.org/10.1007/s42853-021-00117-7
https://doi.org/10.1007/s42853-021-00117-7
https://doi.org/10.1016/j.scitotenv.2019.134424
https://doi.org/10.1016/j.scitotenv.2020.141607
https://doi.org/10.1016/j.scitotenv.2020.141607
https://doi.org/10.1016/j.catena.2018.07.042
https://doi.org/10.1016/j.geoderma.2013.12.022


Journal of Soil Science and Plant Nutrition 

1 3

volatilization losses in a rice paddy soil irrigated with N-rich 
wastewater. Environ Technol 39:2090–2096. https:// doi. org/ 10. 
1080/ 09593 330. 2017. 13498 39

Sun H, Zhang H, Shi W, Zhou M, Ma X (2019) Effect of biochar on 
nitrogen use efficiency, grain yield and amino acid content of 
wheat cultivated on saline soil. Plant Soil Environ 65:83–89. 
https:// doi. org/ 10. 17221/ 525/ 2018- PSE

Sun J, Li H, Wang Y, Du Z, Rengel Z, Zhang A (2022) Biochar and 
nitrogen fertilizer promote rice yield by altering soil enzyme 
activity and microbial community structure. GCB Bioenergy 
14:1266–1280. https:// doi. org/ 10. 1111/ gcbb. 12995

Troy SM, Lawlor PG, O’Flynn CJ, Healy MG (2014) The Impact of 
Biochar Addition on Nutrient Leaching and Soil Properties from 
Tillage Soil Amended with Pig Manure. Water Air Soil Pollut 
225:1900. https:// doi. org/ 10. 1007/ s11270- 014- 1900-6

Tuzzin de Moraes M, Debiasi H, Carlesso R, Cezar Franchini J, Rodri-
gues da Silva V, Bonini da Luz F (2016) Soil physical quality on 
tillage and cropping systems after two decades in the subtropical 
region of Brazil. Soil Tillage Res 155:351–362. https:// doi. org/ 
10. 1016/j. still. 2015. 07. 015

Tyagi S, Garg N, Paudel R (2014) Environmental Degradation: Causes 
and Consequences. European Res 81:1491. https:// doi. org/ 10. 
13187/ er. 2014. 81. 1491

Ullah S, Liang H, Ali I, Zhao Q, Iqbal A, Wei S, Shah T, Yan B, 
Jiang L (2020) Biochar coupled with contrasting nitrogen sources 
mediated changes in carbon and nitrogen pools, microbial and 
enzymatic activity in paddy soil. J Saudi Chem Soc 24:835–849. 
https:// doi. org/ 10. 1016/j. jscs. 2020. 08. 008

Vejan P, Khadiran T, Abdullah R, Ahmad N (2021) Controlled release 
fertilizer: A review on developments, applications and potential 
in agriculture. J Control Release 339:321–334. https:// doi. org/ 
10. 1016/j. jconr el. 2021. 10. 003

Verma BC, Pramanik P, Bhaduri D (2020) Organic Fertilizers for Sus-
tainable Soil and Environmental Management. In: Meena RS (ed) 
Nutrient Dynamics for Sustainable Crop Production. Springer, 
Singapore, pp 289–313

Wang Y, Zhang L, Yang H, Yan G, Xu Z, Chen C, Zhang D (2016) Bio-
char nutrient availability rather than its water holding capacity 
governs the growth of both C3 and C4 plants. J Soils Sediments 
16:801–810. https:// doi. org/ 10. 1007/ s11368- 016- 1357-x

Wantaneeyakul N, Kositkanawuth K, Turn SQ, Fu J (2021) Investiga-
tion of Biochar Production from Copyrolysis of Rice Husk and 
Plastic. ACS Omega 6:28890–28902. https:// doi. org/ 10. 1021/ 
acsom ega. 1c038 74

Wasaya A, Yasir TA, Ijaz M, Ahmad S (2019) Tillage Effects on Agro-
nomic Crop Production. In: Hasanuzzaman M (ed) Agronomic 
Crops, vol 2. Management Practices. Springer, Singapore, pp 73–99

White P, Dobermann A, Oberthür T, Ros C (2006) The rice soils of 
Cambodia. I. Soil classification for agronomists using the Cam-
bodian Agronomic Soil Classification system. Soil Use Manag 
16:12–19. https:// doi. org/ 10. 1111/j. 1475- 2743. 2000. tb001 64.x

White, Oberthür T, Pheav S, Cambodia-IRRI-Australia Project (1997) 
The soils used for rice production in Cambodia: a manual for 
their identification and management. Cambodia-IRRI-Australia 
Project (CIAP), Phnom Penh

Xu G, Sun J, Shao H, Chang SX (2014) Biochar had effects on phospho-
rus sorption and desorption in three soils with differing acidity. 
Ecol Eng 62:54–60. https:// doi. org/ 10. 1016/j. ecole ng. 2013. 10. 027

Xu N, Tan G, Wang H, Gai X (2016) Effect of biochar additions to soil 
on nitrogen leaching, microbial biomass and bacterial commu-
nity structure. Eur J Soil Biol 74:1–8. https:// doi. org/ 10. 1016/j. 
ejsobi. 2016. 02. 004

Xu Q, Wang J, Liu Q, Chen Z, Jin P, Du J, Fan J, Yin W, Xie Z, Wang 
X (2022) Long-Term Field Biochar Application for Rice Produc-
tion: Effects on Soil Nutrient Supply, Carbon Sequestration. Crop 
Yield Grain Miner Agron 12:1924. https:// doi. org/ 10. 3390/ agron 
omy12 081924

Xue L, Li L, Zeng J, Huang B, Zeng Y, Liu M, Li J (2022) The Meas-
urement of Shear Characteristics of Paddy Soil in Poyang Lake 
Area. Sustainability 14:11960. https:// doi. org/ 10. 3390/ su141 
911960

Yang F, Cao X, Gao B, Zhao L, Li F (2015) Short-term effects of rice 
straw biochar on sorption, emission, and transformation of soil 
NH4+-N. Environ Sci Pollut Res 22:9184–9192. https:// doi. org/ 
10. 1007/ s11356- 014- 4067-1

Yang S, Xiao Y, Sun X, Ding J, Jiang Z, Xu J (2019) Biochar improved 
rice yield and mitigated CH4 and N2O emissions from paddy 
field under controlled irrigation in the Taihu Lake Region of 
China. Atmos Environ 200:69–77. https:// doi. org/ 10. 1016/j. 
atmos env. 2018. 12. 003

Ye R, Kodo T, Hirooka Y, Sanara H, Soben K, Kobayashi S, Homma 
K (2022) Educational Trials to Quantify Agronomic Information 
in Interdisciplinary Fieldwork in Pursat Province. Cambodia Sus-
tain 14:10007. https:// doi. org/ 10. 3390/ su141 610007

Yin X, Peñuelas J, Sardans J, Xu X, Chen Y, Fang Y, Wu L, Singh 
BP, Tavakkoli E, Wang W (2021) Effects of nitrogen-enriched 
biochar on rice growth and yield, iron dynamics, and soil carbon 
storage and emissions: A tool to improve sustainable rice cul-
tivation. Environ Pollut 287:117565. https:// doi. org/ 10. 1016/j. 
envpol. 2021. 117565

Yoo G, Kim H, Chen J, Kim Y (2014) Effects of Biochar Addition on 
Nitrogen Leaching and Soil Structure following Fertilizer Appli-
cation to Rice Paddy Soil. Soil Sci Soc Am J 78:852–860. https:// 
doi. org/ 10. 2136/ sssaj 2013. 05. 0160

Zhang L, Jing Y, Chen C, Xiang Y, Rezaei Rashti M, Li Y, Deng Q, 
Zhang R (2021) Effects of biochar application on soil nitrogen 
transformation, microbial functional genes, enzyme activity, and 
plant nitrogen uptake: A meta-analysis of field studies. GCB Bio-
energy 13:1859–1873. https:// doi. org/ 10. 1111/ gcbb. 12898

Zheng C, Zhang Z, Wu Y, Mwiya R (2019) Response of Vertical 
Migration and Leaching of Nitrogen in Percolation Water of 
Paddy Fields under Water-Saving Irrigation and Straw Return 
Conditions. Water 11:868. https:// doi. org/ 10. 3390/ w1104 0868

Zhou Q, Gibson CE, Zhu Y (2001) Evaluation of phosphorus bioavail-
ability in sediments of three contrasting lakes in China and the 
UK. Chemosphere 42:221–225. https:// doi. org/ 10. 1016/ S0045- 
6535(00) 00129-6

Zhu Y, Zheng G, Gao D, Chen T, Wu F, Niu M, Zou K (2016) Odor 
composition analysis and odor indicator selection during sew-
age sludge composting. J Air Waste Manag Assoc 66:930–940. 
https:// doi. org/ 10. 1080/ 10962 247. 2016. 11888 65

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1080/09593330.2017.1349839
https://doi.org/10.1080/09593330.2017.1349839
https://doi.org/10.17221/525/2018-PSE
https://doi.org/10.1111/gcbb.12995
https://doi.org/10.1007/s11270-014-1900-6
https://doi.org/10.1016/j.still.2015.07.015
https://doi.org/10.1016/j.still.2015.07.015
https://doi.org/10.13187/er.2014.81.1491
https://doi.org/10.13187/er.2014.81.1491
https://doi.org/10.1016/j.jscs.2020.08.008
https://doi.org/10.1016/j.jconrel.2021.10.003
https://doi.org/10.1016/j.jconrel.2021.10.003
https://doi.org/10.1007/s11368-016-1357-x
https://doi.org/10.1021/acsomega.1c03874
https://doi.org/10.1021/acsomega.1c03874
https://doi.org/10.1111/j.1475-2743.2000.tb00164.x
https://doi.org/10.1016/j.ecoleng.2013.10.027
https://doi.org/10.1016/j.ejsobi.2016.02.004
https://doi.org/10.1016/j.ejsobi.2016.02.004
https://doi.org/10.3390/agronomy12081924
https://doi.org/10.3390/agronomy12081924
https://doi.org/10.3390/su141911960
https://doi.org/10.3390/su141911960
https://doi.org/10.1007/s11356-014-4067-1
https://doi.org/10.1007/s11356-014-4067-1
https://doi.org/10.1016/j.atmosenv.2018.12.003
https://doi.org/10.1016/j.atmosenv.2018.12.003
https://doi.org/10.3390/su141610007
https://doi.org/10.1016/j.envpol.2021.117565
https://doi.org/10.1016/j.envpol.2021.117565
https://doi.org/10.2136/sssaj2013.05.0160
https://doi.org/10.2136/sssaj2013.05.0160
https://doi.org/10.1111/gcbb.12898
https://doi.org/10.3390/w11040868
https://doi.org/10.1016/S0045-6535(00)00129-6
https://doi.org/10.1016/S0045-6535(00)00129-6
https://doi.org/10.1080/10962247.2016.1188865

	Impact of Biochar from Rice Husk on Nutrient Distribution and Rice Growth and Yield: A Soil Column Experiment
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Column Experimental Design
	2.2 Measuring Biochar and Soil Characteristics
	2.3 Measuring Soil Column Leachate
	2.4 Measuring Rice Growth and Yield
	2.5 Data Analysis

	3 Results
	3.1 Nutrient Leaching in the Topsoil Layer and Plow Sole
	3.2 Rice Growth and Yield

	4 Discussion
	5 Conclusion
	Acknowledgements 
	References


