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Abstract

The study assessed health status of water-logged soil under rice production with application of rice
straw biochar, magnetic rice straw biochar, and their urea-intercalated derivatives, using various
chemical and biological indicators. Three kilogramme soil (Gleysol) each was amended according
to treatments and planted with three-week-old rice seedlings in a screenhouse. The experiment was
a non-factorial design laid out in completely randomized design with three replicates. After rice
harvesting, the amended soil was subjected to chemical and biological analyses. Results revealed
significantly higher (p<0.05) organic carbon (OC) contents in biochar-based treatments compared
to sole urea and unamended soil. Particularly, treatments involving 30 t magnetic rice straw biochar
ha? intercalated with 40 and 60 kg N ha as urea (UMRB1 and UMRBZ2) exhibited significantly
higher OC values than those involving rice straw biochar intercalated with urea at 40, 60, and 80 kg
N ha' (URB1, URB2, and URB3). The treatments also led to significant increases in soil total
nitrogen (TN) and available phosphorus (P) relative to the control, with significant increase in TN
observed with URB1 and UMRB1. Application of magnetic biochar, with or without urea
intercalation increased Ca and Mg concentrations. Amendments also increased soil urease activity
at both 7 and 14 days post-rice transplanting by 9-57% and 8-54%, respectively, with UMRB2
giving the highest values. Furthermore, UMRB3, UMRB1 and UMRB2 significantly increased
microbial biomass carbon (420-481%) and nitrogen (425-625%) levels. The highest values of
dissolved organic carbon and nitrogen were recorded with URB3 and UMRB?2, respectively.
Overall, rice straw biochar and its derivatives, especially urea-intercalated magnetic rice straw
biochar at 40 kg N hat, demonstrated significant potential for enhancing soil health in lowland-rice
production systems.
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Introduction

Rice is one of the most widely cultivated
cereals globally (= 480 million MT
annually), serving as a staple food for
more than half of the world’s population
(Muthayya et al. 2014; Fukagawa and
Ziska 2019). Rice has high requirement
for nutrient, especially nitrogen (N), and
the yields are often proportional to
fertilizer amounts. The crop’s N need is
majorly met via application of inorganic
fertilizer. However, production and use
of N fertilizers have both environmental
and cost implications. Production of
nitrogen  fertilizer through  Haber-
Bosch process consumes lots of fossil
energy with attendant consequences on
the cost of final product and global
carbon emission (International Fertilizer
Industry Association 2009). Furthermore,
poor N management under waterlogged
condition in lowland rice cultivation is a
major contributor to  groundwater
pollution (via runoff) and greenhouse gas
(CH4 and N20) emission due to N loss
through volatilization and denitrification
(Qiao et al. 2022; Islam et al. 2022).

Another environmental challenge
associated with rice production is open
burning of the rice straw after grain
harvest in order to get rid of the massive
waste generated. This practice is still
popular in Nigeria amidst many other
developing countries, and it releases
toxic gases into the atmosphere, contri-
buting to air pollution and greenhouse
gas emission (Jenkins et al. 2003;
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Chukwudebelu et al. 2015). Rice straw
has also been incorporated into the rice
field to serve as manure for subsequent
rice crop; although this helps in a way to
manage the huge biomass waste and
reduce annual emissions of N2O, the
practice has been associated with CHa
emission if not properly managed (Li et
al. 2021).

Consequently, to better manage nutrient
N and straw waste in lowland rice
production, a number of innovative
techniques have been adopted such as
converting rice straw to biochar or
impregnating magnetism on rice straw
and subsequently converting to biochar to

form  the  iron-modified  biochar
(Ruthiraan et al., 2014) which has been
found to improve the adsorption

efficiency of the biochar (Oladipo and
Ifebajo 2018; Li et al. 2020; Luo et al.
2021). Biochar from ordinary rice straw
or magnetic rice straw has also been
chemically combined (intercalated) with
N fertilizer such as urea whereby the
ammonia (NH4") is absorbed and
released slowly into the soil for plant
uptake during rice growth (Fang et al.
2016), thereby, increasing rice yield.

The bulk of rice cultivated in Nigeria is
done on water-logged soils, representing
43-53% of the country’s absolute rice
production (Akpokodje et al. 2001;
Imolehin and Wada 2005; UNEP, 2005).
However, many Nigerian soils, typical of
tropical soils, are low in activity clay,
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percentage base saturation and organic
matter; and as such, they are highly
degraded and poor in nutrient and health.
Soil nutrient replenishment and health
maintenance have been considered key
tools for achieving food security in
Africa, including the Sahel (Vanlauwe et
al. 2023). Hence, application of biochar
and magnetic biochar can positively
impact on the nutrient and health status
of the degraded tropical soils. Biochar
addition to soil has been reported to
enhance organic carbon sequestration
(Hayes 2013), improve soil structure,
fertility, water retention and crop yield
(Liu et al. 2018; Sun et al. 2022). While
a few previous studies in China have
reported positive response of paddy rice
to biochar and magnetic biochar
application (Li et al. 2020; Luo et al.
2021), data remain limited on such
studies on lowland rice cultivation,
especially as it affects the health and
nutrient status of Nigerian tropical soils.

Various soil physical, chemical and
biological indicators have been used to
assess soil health. Few among such
indicators are soil pH, organic carbon
(OC), total N, available P, exchangeable
cations (Ca, Mg, K) and biological
indicators such as enzymes (e.g., urease),
microbial biomass carbon (MBC) and
nitrogen (MBN), as well as dissolved
organic carbon (DOC) and nitrogen
(DON). Soil enzymes are associated with
biochemical cycles occurring in the soil
environment which involve but not
restricted to mineralization of soil
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organic matter and other biogeochemical
cycling of nutrients (Makoi and
Ndakidemi 2008). For instance, urease is
an enzyme found to be linked with
nitrogen cycling in the soil. The MBC,
MBN, DOC and DON on the other hand,
constitute a key part of biogeochemical
cycles of C and N in terrestrial and
aquatic ecosystems (Michalzik 2001,
Gong et al. 2022). Therefore, the aim of
the current study was to assess the health
of gleysol cultivated to rice under
application of rice straw and magnetic
rice straw biochar intercalated with urea
fertilizer in a rainforest ecological zone
of Nigeria.

Materials and Methods

Collection and determination of the
properties of soil used for the
screenhouse study

Bulk soil samples were randomly
collected from a wet valley bottom at the
Obafemi Awolowo University (OAU)
(longitudes 4°20" E and 4°31' E and
latitudes 7°29" N and 7°49' N), lle-Ife,
Osun State, Nigeria. The soil, after
thorough homogenization and air-drying
was passed through 4 mm and 2 mm
sieves for the screenhouse and laboratory
studies, respectively. The physical and
chemical properties of the soil are as
follows: textural class of loamy sand with
sand, silt and clay percentages of 797, 80
and 123 g kg, respectively; pH (0.01M
CaCly) of 3.8; total N content of 0.4%;
OC of 2.4%; C/N ratio of 6; available P
content (Bray-1 method) of 22.4 mg kg™

99



exchangeable Ca, K, Mg and Na contents
of 1.57, 1.22, 0.65 and 0.02 mg kg?,
respectively; and extractable Fe of 14.35
mg kg™t

Preparation and determination of the
properties of rice straw biochar,
magnetic rice straw biochar and their
urea-intercalated derivatives

Rice straw which was collected from the
Africa Rice Center, International Institute
of Tropical Agriculture (1ITA), Ibadan,
Oyo State, Nigeria was rinsed in distilled
water and air-dried. As already described
and referenced in Akinyemi et al.
(submitted for publication), the air-dried
rice straw was subjected to pyrolysis at a
temperature of 450°C (Ruthiraan et al.
2014) at the Department of Mechanical

Engineering, University of Ibadan,
Ibadan, Nigeria.
To obtain the magnetic rice straw

biochar, rice straw was soaked in a 0.6 M
FeClz solution at ratio 1:8 (w/v) for 2
hours and then removed, drained, oven
dried for 48 hours at 60°C and pyrolyzed
(Ruthiraan et al. 2014).

Urea intercalated rice straw biochar and
magnetic rice straw biochar were each
obtained by dissolving urea fertilizer in
distilled water at ratio 1:1 (w/v), and then
adding and mixing the biochar in the
ratio 1:1 (g/ml) (Manikandan and
Subramanian 2013). The mixture of the
biochar and urea solution was oven dried
at 65°C till constant weight. The oven-
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dried mixture was set by adding one
gram (1 g) of adhesive polymer (e.g.,
starch) and air-drying. The chemical
properties of the biochar: rice biochar
(RB), urea intercalated rice straw biochar
(URB), magnetic rice straw biochar
(MRB) and urea intercalated magnetic
rice straw biochar (UMRB) are as
follows: pH — 9.5, 9.4, 6.6 and 7.1,
respectively; OC — 49.9, 36.5, 56.8 and
44.5%, respectively; total N — 1.22, 29.8,
1.54, and 35.6%, respectively; and total
P — 58.4, 49.1, 22.6 and 19.7 mg kg?,
respectively.

Treatment combination and screenhouse
experiment

Screenhouse set-up included 12 treat-
ments as follows: urea at 0 kg N ha™* and
80 kg N ha, 30 t ha rice straw biochar
ha! (RB), 30 t magnetic rice straw
biochar ha®! (MRB), 30 t rice straw
biochar hat + two split applications of
urea at 80 kg N ha® (RBU), 30 t rice
straw biochar ha intercalated with urea
at 40, 60 and 80 kg N ha! (URB1-3), 30
t magnetic rice straw biochar ha?® + two
split applications of urea at 80 kg N ha*
(MRBU), 30 t magnetic rice straw
biochar hal intercalated with urea at 40,
60 and 80 kg N ha! (UMRB1-3).
Fifteen-day-old rice (FARO 52)
seedlings raised from seeds obtained
from the Africa Rice Center, IITA,
Ibadan, Nigeria, were transplanted into
pots filled with 3 kg air-dried, 4 mm -
sieved soil that had been mixed
according to treatments. The soils were
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wetted and allowed to wait for 24 hours
prior to transplanting. Application of
treatments involving sole urea was done
in two splits: at planting and panicle
formation stages. The experiment was
replicated three times and laid out in a
completely randomized design. The pots
were maintained at water level of 5 cm
above the soil surface throughout the
experiment. Soil samples were collected
at 0, 7 and 14 days after rice trans-
planting to determine urease activities.
Further, soil samples were collected
across treatments after rice harvest for
the determination of the following
chemical and biological soil health
indicators: soil pH, OC, TN, available P,
exchangeable cations (Na, K, Ca, Mg and
Fe), urease activity, microbial biomass C
and N, and dissolved organic C and N.

Analytical techniques

The following soil chemical properties
were determined following standard
procedures: soil particle size analysis, pH
(0.01 M CaCly), organic carbon (Walkley
and Black 1934; Allison 1965), TN using
micro-Kjeldahl digestion, distillation, and
titration processes (Bremner, 1996),
available P extracted using the Bray-1
method and colorimetrically determined
at 660 nm wavelength after the develop-
ment of the molybdenum blue color
(Bray and Kurtz 1945); exchangeable
cations extracted using 1 N neutral
ammonium acetate solution (Soil Survey
Staff 2003) and the concentrations of Na
and K determined using S-935/ Micro-
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processor Flame Photometer while Ca,
Fe and Mg were determined using
230ATS Atomic Absorption Spectro-
meter (AAS). The DOC and DON were
determined following the procedures of
Ciavatta et al. (1991) and Kolthoff and
Sandell (1952), respectively. The MBC
and MBN were determined as described
by Witt et al. (2000). Urease enzyme
analysis was determined by the method
of Tabatabai and Bremner (1972).

Statistical analyses

The data obtained from the study were
subjected to Analysis of Variance
(ANOVA) using SAS statistical package
(SAS System 9.0). Treatment means
were separated using the Duncan’s
multiple range test at 0.05 probability
level.

Results

Chemical properties of the soil after rice
harvesting

Although the soil pH after plant
harvesting ranged from very strongly
acid to moderately acid, slight improve-
ment was observed with biochar applica-
tion except in pots treated with UMRBL1,
UMRB2 and UMRB3 and Urea, where
the pH slightly reduced compared with
the control (Table 1). All the treated soils
containing biochar in any form had
higher organic C content than the sole
urea-treated soil and the control. The
increases in the OC contents of the
biochar-based treatments over those of
urea and the control ranged from 14—
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107% and 7-93%, respectively, with the
MRB-treated soil having the highest
value of OC (2.9% higher than the
control). It was also observed that
introduction of magnetism (Fe) into the
biochar enhanced the soil OC compared
with the non-magnetic biochar e.g., soils
treated with UMRB1 and UMRB2 had
significantly higher organic C values than
those treated with URB1, URB2 and
URB3 (p<0.05). The results on soil TN
showed that it was increased in the
various treatments over the control by
23-79%, with the highest increase
obtained with URB1 and UMRBL1. The
available P in the soil was increased by
the treatments (except RB) over the
control by between 12 and 41%.
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The exchangeable cation concentrations
after rice harvesting, as presented in
Table 2, were increased by some of the
soil amendments over the control. The
soil Na concentration was increased over
the control mostly in the soils treated
with sole urea or biochar/magnetic
biochar co-applied or intercalated with
urea. While the treatments did not
significantly affect the K concentrations
in the soils, magnetic biochar with or
without urea intercalation increased Ca
(33-106%) and Mg (14-57%) concentra-
tions compared with the control. Fe
concentration was, however, increased by
all amendments (except UMRB1) by
1-263% over the control.

Table 1: Some chemical properties of soil amended with rice straw biochar, rice straw
magnetic biochar and their urea intercalated derivatives after rice harvest in the

screenhouse
Treatments pH (0.01 M CaCly) OC (%) TN (%) Avail. P (mg
kg?)
Control 433 1.5i 0.43d 179
Urea 3.99 1.4j 0.53cd 21e
RB 5.10 2.5b 0.63bc 179
MRB 4.38 2.9a 0.53cd 21e
RBU 5.18 1.79 0.63bc 19f
MRBU 4.36 2.2d 0.57bc 19f
URB1 4.06 1.6h 0.77a 21e
URB2 4.12 1.9f 0.64b 22¢c
URB3 4.02 2.0e 0.53cd 24a
UMRB1 3.16 2.3c 0.77a 22d
UMRB2 3.33 2.5b 0.67ab 23b
UMRB3 3.76 1.6h 0.67ab 2le
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Means in a column with the same
alphabet(s) are not significantly different
from each other at probability level (o) of
0.05. OC - organic carbon, TN — total
nitrogen, Avail. P — Available phos-
phorus, Control-No RB, Urea at 80 kg
Nha, RB-Rice straw biochar at 30 t ha,
MRB-Magnetic rice straw biochar at 30
t ha, RBU-Rice straw biochar (30 t ha™®)
+ two split applications of urea at 80 kg
N ha', MRBU-Magnetic rice straw
biochar (30 t ha*) + two split applications
of urea at 80 kg N ha!, URB1-Rice straw
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biochar (30 t ha) intercalated with urea
at 40 kg N ha!, URB2-Rice straw
biochar (30 t ha) intercalated with urea
at 60 kg N ha!, URB3-Rice straw
biochar (30 t ha) intercalated with urea
at 80 kg N ha, UMRB1--Magnetic rice
straw biochar (30 t ha?) intercalated with
urea at 40 kg N ha*, UMRB2--Magnetic
rice straw biochar (30 t ha) intercalated
with urea at 60 kg N hat, UMRB3-

Magnetic rice straw biochar (30 t ha™)
intercalated with urea at 80 kg N ha™.

Table 2: Exchangeable cations in soil amended with rice straw biochar, rice straw magnetic
biochar and their urea intercalated derivatives after rice harvesting in the screenhouse

Treatments Na K Ca Mg Fe
(cmol kg™) (mg kg™)
Control 0.01c 0.02f 1.8i 0.7d 8.7k
Urea 0.02b 0.03e 1.9h 0.8c 24.9c
RB 0.01c 0.08b 2.0g 0.9b 19.8e
MRB 0.01c 0.07c 2.4d 0.9b 26.8b
RBU 0.02b 0.09a 1.7 0.9b 20.7d
MRBU 0.02b 0.07c 2.8c 0.8c 31.6a
URB1 0.03a 0.03e 1.8i 0.7d 10.1h
URB2 0.02b 0.02f 2.1f 0.8c 9.0i
URB3 0.02b 0.03e 2.2e 0.7d 12.7f
UMRB1 0.03a 0.02f 3.7a 1l.1a 6.91
UMRB2 0.03a 0.04d 2.4d 0.9b 8.8j
UMRB3 0.03a 0.02f 2.9b 0.8c 11.99
Means in a column with the same straw biochar (30 t hal) + two split

alphabet(s) are not significantly different
from each other at probability level (a) of
0.05. Na- Sodium, Mg- Magnesium, Ca-
Calcium, Fe-lIron, K-Potassium, Control-
No RB, Urea at 80 kg Nha?, RB-Rice
straw biochar at 30 t ha!, MRB-Magnetic
rice straw biochar at 30 t ha, RBU-Rice

applications of urea at 80 kg N ha?,
MRBU-Magnetic rice straw biochar (30 t
hat) + two split applications of urea at 80
kg N ha, URB1-Rice straw biochar (30 t
hal) intercalated with urea at 40 kg N
ha, URB2-Rice straw biochar (30 t hal)
intercalated with urea at 60 kg N ha®,
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URB3-Rice straw biochar (30 t ha™)
intercalated with urea at 80 kg N ha®,
UMRB1-Magnetic rice straw biochar (30
t hal) intercalated with urea at 40 kg N
ha!, UMRB2-Magnetic rice straw
biochar (30 t ha') intercalated with urea
at 60 kg N hal, UMRB3--Magnetic rice
straw biochar (30 t ha'l) intercalated with
urea at 80 kg N ha™.

Urease activity in soil under application
rice straw biochar, rice straw magnetic
biochar and their urea intercalated
derivatives

The urease activity in the soil from day 0
to 14 after transplanting the rice seedling
are presented in Table 3. The urease
activity was significantly lower in the
amended soils than the control at day 0.
At days 7 and 14, however, the various
amendments when compared with the
control, significantly increased the soil
urease activity by 9-57% and 8-54%,
respectively (p<0.05), with the urea-
intercalated magnetic biochar giving the
highest values in the order of UMRB2 >
UMRB1 > UMRBS3.

Microbial biomass and dissolved organic
matter in soil under application of rice
straw biochar, rice straw magnetic
biochar and their urea intercalated
derivatives

The MBC and MBN were significantly
increased majorly by UMRB3, UMRBL,
UMRB2 and MRB over the control
(p<0.05, Fig. 1). The increases recorded
by the specified treatments over the

e -
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control ranged from 420-481% for MBC,
and 425-625% for MBN. No consistent
trend was observed in the DOC and DON
values for the various treatments relative
to the control, except that the highest
values of DOC and DON were obtained
with URB3 and UMRB?2, respectively.

Table 3: Urease activities in soils amended
with rice straw biochar, rice straw magnetic
biochar and their urea intercalated
derivatives at days 0, 7 and day 14 after rice
transplanting in the screenhouse

Treatment Day0 Day7 Day
14
mg NHs*N gid?
Control 8.74a 5.96l 6.24l
Urea 859 6.52k  6.73k
RB 6.37i 6.99i 7.02j
MRB 6.87d 7.12h 7.36i
RBU 6.79 6.82] 7.57h
MRBU 6.93c 7.56g  7.90g
URB1 5.90l 8.05f 8.11f
URB2 6.70f 8.10e 8.23e
URB3 6.65g 8.36d  8.60d
UMRB1 599k  9.28b  9.36b
UMRB2 6.56h 9.35a 9.63a
UMRB3 6.05j 8.69¢c 8.76¢C
Means in a column with the same

alphabet(s) are not significantly different
from each other at probability level (a) of
0.05. Control — No RB, Urea at 80 kg
Nha?, RB-Rice straw biochar at 30 t ha™?,
MRB-Magnetic rice straw biochar at 30 t
ha!, RBU-Rice straw biochar (30 t ha™)
+ two split applications of urea at 80 kg
N hal, MRBU-Magnetic rice straw
biochar (30 t ha*) + two split applications
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of urea at 80 kg N ha!, URB1-Rice straw
biochar (30 t ha') intercalated with urea
at 40 kg N ha', URB2-Rice straw
biochar (30 t ha') intercalated with urea
at 60 kg N ha', URB3-Rice straw
biochar (30 t ha') intercalated with urea
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straw biochar (30 t ha®) intercalated with
urea at 40 kg N ha!, UMRB2-Magnetic
rice straw biochar (30 t ha) intercalated
with urea at 60 kg N ha?!, UMRB3--
Magnetic rice straw biochar (30 t ha™)
intercalated with urea at 80 kg N ha.

at 80 kg N hal, UMRB1-Magnetic rice
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Fig. 1: The MBC (a), MBN (b), DOC (c) and DON (d) in soil amended with rice straw
biochar, rice straw magnetic biochar and their urea intercalated derivatives in the
screenhouse. Values are means of three replicates. Treatments that share common
alphabet(s) are not significantly different from each other at probability level (a) of
0.05. MBC-Microbial biomass carbon, MBN- Microbial biomass nitrogen, DOC-
Dissolved organic carbon, DON- Dissolved organic nitrogen, Control-No RB, Urea at
80 kg Nha, RB-Rice straw biochar at 30 t ha!, MRB-Magnetic rice straw biochar at
30 t hal, RBU-Rice straw biochar (30 t ha') + two split applications of urea at 80 kg N
hat, MRBU-Magnetic rice straw biochar (30 t ha) + two split applications of urea at
80 kg N hal, URB1-Rice straw biochar (30 t hal) intercalated with urea at 40 kg N ha-
1 URB2-Rice straw biochar (30 t ha!) intercalated with urea at 60 kg N ha, URB3-
Rice straw biochar (30 t ha®) intercalated with urea at 80 kg N ha?!, UMRBI1--
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Magnetic rice straw biochar (30 t ha?) intercalated with urea at 40 kg N ha'*, UMRB2-
-Magnetic rice straw biochar (30 t ha?) intercalated with urea at 60 kg N ha?,
UMRB3--Magnetic rice straw biochar (30 t hal) intercalated with urea at 80 kg N ha™.

Discussion

The slight improvement observed in the
soil pH of pots treated with biochar with
the exception of URMB, could be due to
the presence of high ash content in
biochar, and hydrolysis of soluble
minerals (e.g., K and Na oxides) which
favored a high electron activity and low
free H" level (Yin et al. 2017). Biochar-
based treatments, except the urea
intercalated magnetic rice straw biochar
and sole wurea, increased soil pH
compared with the control, indicating
their potentials for soil pH management
(Rinklebe et al. 2016). The higher
organic C in biochar than sole urea
treatments could be attributed to the
carbonaceous  nature  of  biochar
(Lehmann et al. 2007a, b). Further, the
significantly higher organic C content in
pots treated with UMRB than those with
URB could arise from the capacity of Fe
metal in biochar to reduce the conversion
of carbon to methane in waterlogged
soils. The higher value of total N
concentrations observed with UMRB
could be as a result of an improvement in
the absorptive potential of biochar due to
the presence of Fe (Glierefa et al., 2013;
Zhao et al., 2014). Biochar has high
adsorptive surface for nutrient retention,
while magnetic biochar has also been
reported to possess higher surface area

(up to 12 folds) and contribute to increase
of around 10-fold in CEC than the non-
magnetic biochar (Silva et al. 2020).
Hence, the added biochar and the
magnetic biochar in the current study
increased the available P and
exchangeable cation (Na, Ca, Mg and Fe)
contents of the soil.

The urease enzyme activity indicates the
nutritional status of the soil and the
efficiency of N mineralization in soil
(Mierzwa-Hersztek et al. 2018). Specifi-
cally, urease is responsible for the
conversion of urea to ammonia (NHz3)
and carbon dioxide (COz2) (Kogak 2020).

At day O after rice transplanting, the
microbial mineralization of nutrients,
especially N in the amended soils was not
yet conspicuous. There might also be
temporary nutrient (N) immobilization
from the soils, arising from the addition
of biochar — a highly carbonaceous
material with high C:N ratio, resulting in
low urease activity. However, the sharp
increase in urease activity at days 7 and
14 indicated active microbial mineraliza-
tion of N from the added non-magnetic
biochar, magnetic biochar and their urea-
intercalated derivatives. Previous study
had reported an increase in the rate of
urease activity in soil, following the
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application of biochar, thus leading to an
increase in the availability of soil NH4*-
N for plant uptake (Teutscherova et al.
2018; Khan et al. 2019; Wu et al. 2020;
Lopes et al. 2021). The highest values of
urease activity recorded with urea-
intercalated magnetic biochar in the
current study indicated that intercalating
urea on magnetic biochar further
enhanced N release in the soil. The
significantly high microbial biomass C
and N contents observed in pots treated
with urea intercalated rice straw magnetic
biochar (UMRB1, UMRB2 and
UMRB3), could be attributed to positive
effect of the amendments on soil
microbial community, which could
trigger their diversities, population and
activity, resulting in increased assimila-
tion of C and N and other nutrients into
their cells (Mierzwa-Hersztek 2020; Wu
et al. 2023). Microbial biomass carbon is
an important component of soil carbon
dynamics with medium to long mean
resident time. Liu et al. (2019) suggested
co-application of biochar with fertilizer
for increasing soil microbial biomass.
The lower contents of DOC and DON
with many of the amendments than the
control could be due to the recalcitrant
nature of biochar, reducing DOC and
causing temporary microbial N immobi-
lization and consequently, low DON.
Since DOC and DON are a labile organic
matter source readily available for
microbial uptake (Farrell et al. 2014),
their concentrations could reduce due to
the heightened microbial diversity and
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activity in the biochar-based treatments
than in the control. The reduction in the
DOC could also mean that much of the
carbon in the biochar-based amendments
was not metabolized by the soil microbial
community, indicating that biochar
addition could enhance soil organic
carbon sequestration (Prommer et al.
2014).

In conclusion, soils receiving rice straw
biochar, magnetic rice straw biochar and
their  intercalated derivatives had
significantly higher organic C content in
comparison with those receiving sole
urea and no amendment. Introduction of
magnetism (Fe) into the biochar further
increased the soil organic C content when
compared with the non-magnetic biochar.
Similarly, soil total N content was
significantly increased by the biochar-
based amendments, with the highest
increases obtained with rice straw
biochar and magnetic rice straw biochar
each intercalated with 40 kg N ha* urea.
While the soil available P and Fe
concentration were increased by most of
the treatments, the Ca concentrations
were mainly increased by magnetic
biochar with or without intercalation with
urea, when compared with the
unamended control. The soil urease
activity was also markedly increased by
the rice-straw-biochar-based amend-
ments. The highest values of urease
activity as well as of soil microbial
biomass C and N were obtained with
urea-intercalated magnetic biochar. The

107



highest values of DOC and DON were
similarly obtained with rice straw biochar
intercalated with urea at 80 kg N ha* and
magnetic rice straw biochar intercalated
with urea at 60 kg N ha?, respectively.
While rice straw biochar, magnetic rice
straw biochar and their urea-intercalated
derivatives have been primarily targeted
towards improved nitrogen use efficiency
and rice yield in lowland rice production,
soil incorporation of these organic
amendments inadvertently enhances soil
health, and should therefore, be consi-
dered for soil health management in
sustainable lowland rice cultivation.
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