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Abstract

Saline acid sulphate soils are commonly ameliorated using traditional amend-
ments like lime and cow manure. Biochar, derived from crop residues, is another
potential remedy for this type of soil. Their combined use may create syner-
gistic effects, necessitating further investigation. This study aims to assess the
combined impacts of biochar with traditional amendments on soil quality, prop-
erties and rice yield. A field experiment was established with six treatments: no-
amendment (control), lime, cow manure, biochar, combined lime and biochar,
and combined cow manure and biochar with rice (Oryza sativa) planted in four
replicates. The study revealed that the effects of these amendments on soil prop-
erties were driven by their inherent characteristics and secondary processes, such
as neutralization. Combining biochar with lime significantly increased soil pH
(6.2), and exchangeable calcium (648.6 cmol(+) kg'l), while reducing exchange-
able aluminium (11.83 cmol(+) kg™") and iron (37.5 cmol(+) kg™*), compared to
the control. Meanwhile, combining biochar with cow manure notably enhanced
Mehlich-1 phosphorous (3.4mgkg™), organic carbon (4.99%), ammonium
(27.Omgkg_1) and cation exchange capacity (17.2 cmol(+) kg_l). Biochar com-
bined with cow manure exhibited greater synergetic effects on soil quality than
when combined with lime. Consequently, these combinations improved the soil
quality index, which exhibited a strong correlation with rice yield and biomass
when its value was below 0.4. This finding indicates that these combinations ex-
hibit insignificant synergistic effects on rice yield and growth. Further research
is needed to elucidate these findings and explore the optimal application rates

concerning soil properties for improved management practices.
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1 | INTRODUCTION acid-sulphate soils, which result from the oxidation of
pyrite into sulfuric acid (FAO, 1988). Mainly located in
coastal regions, acid-sulphate soils may become saline
acid-sulphate soils due to seawater intrusion (Morton

et al., 2023). These soils are characterized by low pH, high

Salt-affected soils are defined as soils with elevated salt
levels, which can adversely impact crop growth and
yield (FAO, 2023). Notably, salt-affected soils encompass
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acidity, excessive salt content, potential toxicity of alumin-
ium (Al) and iron (Fe) and deficiencies in essential nutri-
ents such as phosphorus (P) (Morton et al., 2023; Nguyen,
Dinh, et al., 2022; Nguyen & Nguyen, 2023b). Given the
increasing global demand for food (van Dijk et al., 2021),
it is imperative to reclaim the soil for better agricultural
productivity.

Some amendments have been commonly used to
reclaim the soils, including lime and animal manure
(Farooqi et al., 2023; Islam et al., 2021; Loan et al., 2022).
Lime is a traditional amendment with a proven track
record in addressing acidic soils (Gomes et al., 2002;
Shangguan et al., 2019). Its high alkalinity content can ef-
fectively mitigate acidity-related issues, including alumin-
ium (Al) and iron (Fe) toxicity, which are major challenges
in saline acid-sulphate soils (Nguyen, Dinh, et al., 2022;
Rosilawati et al., 2014). In addition, the soils are deficient
in some essential nutrients such as available P, and micro-
nutrients, such as zinc and copper (Sarangi et al., 2022). In
response, animal manure is applied to provide nutrients to
the soils, leading to improved crop productivity (Kalanaki
et al., 2020). However, a potential risk associated with the
use of animal manure is the salinization of the treated
soils (Li-Xian et al., 2007), exacerbating the challenges
posed by saline acid-sulphate soils.

Recently, biochar, a carbon-rich material produced
from crop residues, has gained attention for its use in
reclaiming salt-affected soils (Amini et al., 2016; Liu
et al., 2023). The addition of biochar can offer multiple
benefits, including lowered exchangeable Na, increased
organic carbon (OC) content, increased soil pH, reduced
acidity, and improved soil properties resulting in enhanced
crop yields (Knoblauch et al., 2021; Koide et al., 2018;
Nguyen et al., 2019; Yang et al., 2020). These findings indi-
cate that biochar, alongside lime and animal manure, can
be valuable amendments to ameliorate the constraints of
saline acid-sulphate soil, depending on their specific char-
acteristics. These insights lead to our first hypothesis that
biochar, lime and cow manure can exert varying effects
on the properties and quality of saline acid sulphate soil,
driven by their unique characteristics.

Biochar is known for its low nutrient content, espe-
cially nitrogen, relative to its high carbon content (Phillips
et al., 2022). Consequently, its positive effects on crop yield
are amplified when used in conjunction with nitrogen
fertilizers (Sun et al., 2023). Meanwhile, animal manure,
like cow manure, is commonly rich in nutrients (Almeida
et al., 2019). A combination of biochar and cow manure
may lead to synergistic effects, the phenomenon where the
combined impact of two or more factors is greater than the
sum of their individual effects, for remediating the con-
straints of salt-affected soils. However, leaching salts from
the soil is a common method to reclaim salt-affected soils

(Shaygan & Baumgartl, 2022). The effectiveness of this
method relies on how water migrates through the topsoil
layer, carrying salts downward. Lime, with its great calcium
content, competes with H* and some toxic elements such
as Al and Fe for binding sites in soil components such as
organic matter and clay materials. This competition pushes
these elements into the soil solution when lime is ap-
plied. Meanwhile, biochar, a porous material, can increase
porosity and reduce the bulk density of the soil (Singh
et al., 2022), promoting salt leaching from saline soil (Xiao
& Meng, 2020; Yue et al., 2016). The combined application
of lime and biochar can potentially exhibit synergistic ef-
fects in ameliorating salinity and mitigating the availability
of toxic elements. The synergistic effects can be achieved
through the displacement of exchangeable H", Al, and Fe
by lime, followed by the subsequent leaching of these dis-
placed elements facilitated by biochar. The above findings
indicate that combining biochar with lime or cow manure
is a promising strategy for improving soil quality and ad-
dressing the challenges of saline acid-sulphate soils. This
leads to our second hypothesis that the combination of bio-
char with lime or cow manure exhibits synergistic effects in
enhancing the quality of the saline acid-sulphate soil.

The soil quality typically correlates positively with
rice (Oryza sativa L.) yield (Liu et al., 2015) but this re-
lationship can vary, depending on the characteristics
of the tested soil and amendments (Behera et al., 2012).
Enhancing soil quality and properties through the com-
bination of biochar, lime, and cow manure can lead to
improved crop yields. For example, combining lime with
biochar led to a substantially higher corn yield than sin-
gle amendments in acid-sulphate soil (Loan et al., 2022).
Similarly, the combination of biochar and lime was found
to enhance corn yield, relative to sole lime application
(Mosharrof et al., 2021). Consequently, our third hypothe-
sis posits that the synergistic effects of combining various
soil amendments are evident in enhanced rice yield and
growth in saline acid sulphate soil. Therefore, the current
study was conducted to assess the combined impacts of
biochar with lime or cow manure on quality, properties
and rice yield in saline acid sulphate soil.

2 | MATERIALS AND METHODS
2.1 | Study site and experimental
materials

The research was conducted on a 500-square-meter area
of paddy field located at 10°38'19” N, 106°46’5” E, in Binh
Khanh commune, Can Gio District, Ho Chi Minh City,
Vietnam. The land falls within a coastal region with a sub-
equatorial tropical monsoon climate, characterized by
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two distinct seasons: a rainy season spanning from May
to October and a dry season extending from November to
April of the following year. The average monthly tempera-
tures range from 25°C to 29°C, with the highest recorded
at 38.2°C and the lowest at 14.4°C. The soil in the experi-
mental paddy field, which undergoes a rotation of one rice
crop and one shrimp crop, falls under the classification of
salic thionic fluvisols (WRB, 2015). The biochar used in
the current study was produced from rice husk using slow
pyrolysis at 400°C a few weeks before the experiment.
Other materials, such as cow manure, quick lime and
the local rice variety (Ba Bui), were obtained from nearby
stores in Binh Khanh commune. Lime was generated by
heating limestone at elevated temperatures, converting
calcium carbonate into calcium oxide, which has a high
level of alkalinity (pH=13). The properties of biochar,
cow manure, and the examined soil are shown in Table 1.

2.2 | Experimental setup

Lime and organic manure can be considered as traditional
amendments for the reclamation of salt-affected soils be-
cause they are commonly used to treat such soils (Shaygan
& Baumgartl, 2022). Meanwhile, crop residue-derived bio-
char has been identified as a promising amendment for
mitigating salt-affected soils (Liu et al., 2023). The com-
bination of these two types of soil amendments may yield
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synergistic impacts, leading to improved soil quality and
enhanced productivity. The current study was set up as a
randomized complete block design with two experimen-
tal factors and four replicates. Factor 1 was a biochar-
related factor, which was applied at two levels of 0 and
10 tons ha™! (Linh et al., 2023) and factor 2, referred to
as the traditional amendment, included no amendment,
lime, and cow manure. Lime was applied at 1 ton ha™' and
cow manure was applied at 10 tons ha™* (Nguyen, Sasaki,
et al., 2021). The combination of these two experimental
factors resulted in six treatments, which included: no-
amendment (control), lime, cow manure, biochar, biochar
combined with lime and biochar combined with cow ma-
nure. The experiment consisted of 24 experimental plots
(six treatments X 4 replicates), each having a size of 12m*
(4mx3m) (Nguyen, Tran, et al., 2022). Between the field
plots, a drainage ditch (about 1 m wide) was built to sepa-
rate the field plots and serve for rice irrigation. Biochar,
lime and cow manure were weighed following the specific
treatment requirements, evenly distributed over the ex-
perimental plots, and then manually incorporated into the
top 15cm of soil layer. These amendments were applied
once at the beginning of the rice crop for a season. The ger-
minated rice grains were directly sown into experimental
plots in July 2022. No inorganic fertilizers were utilized
in the experiment, and all other agricultural practices, in-
cluding weeding, pest management, and irrigation, were
carried out by the local farmers' traditional methods.

TABLE 1 Some basic properties of the experimental materials (saline acid sulphate soil-SASS, biochar and cow manure).

Soil parameter Unit Biochar Cow manure SASS

pH N/A 8.15+0.03 7.11+0.02 4.98+0.03
SO, gkg™ 5.53+0.21 594.58 +42.34 3.18+0.14
Exchangeable acidity cmole(+) kg™ 1.38+0.30 5.21+0.11 2.43+0.10
Exchangeable H' cmole(+) kg™ 1.17+0.29 3.46+0.09 1.76+0.16

EC dSm™ 0.40+0.01 1.41+0.03 1.43+0.05

Cl gkg! 1.52+0.04 5214.79 +53.95 0.26+0.02
Mehlich-1 P mgkg™! 231.59+8.91 692.63 +23.29 5.69+0.31

oC % 37.83+0.48 34.91+0.66 4.39+£0.09
NH,* gkg™! 3.57+0.08 145.94 +8.33 110.65+17.96
CEC cmole™ kg™! 21.38+0.32 36.09+0.70 15.49+0.22
Exchangeable Al mgkg™ 20.44+2.03 331.10+12.08 27.16+1.31
Exchangeable Fe mgkg™ 49.65+3.13 62.05+2.43 70.19+2.84
Exchangeable Mn mgkg™! 64.14+1.05 8890.08 +399.6 35.14+1.25
Exchangeable Ca mgkg™ 2780.02 +86.55 622.66 +34.43 572.63+26.02
Exchangeable K mgkg™ 11,094.03 +£94.78 9094.87 +152.42 921.54+20.30
Exchangeable Mg mgkg™" 447.75+3.23 23342351 1044.72+32.22
Exchangeable Na mgkg™ 1968.30+70.70 934.49+18.27 1598.74 +51.84

Note: Data are presented as mean + SE (standard error of the mean) of four replicates.

Abbreviations: CEC, cation exchange capacity; EC, electrical conductivity; OC, organic carbon.



SoilUse

NGUYEN ET AL.

4 0f 16
—I—WI LEY

2.3 | Measurements and chemical
analysis

and Management

At the end of the rice season in December 2022, grain
yield, straw, and root in individual basic plots were de-
termined. Rice grain yield was measured over the entire
area (12m?) of each basic plot. Rice straw was collected
from four 1-m? frames (1 m x 1 m), which were placed ran-
domly across each field plot after grain harvest. The above-
ground biomass within each frame was collected, washed,
air-dried, and weighed for assessment. Root biomass from
each field plot was obtained using eight 0.04-m?* frames
(0.2m x0.2m), two of these smaller frames placed within
each of the 1-m? frames. Bulk soil was gathered from the
top 0.2cm layer within individual 0.04-m* frames (Chen
et al., 2019). The root mass obtained from this bulk soil
was carefully washed with tap and distilled water, air-
dried and subsequently weighed for assessment. Soil sam-
ples were taken from each of the experimental plots at the
end of the crop season using a stainless steel sampler for
the top 0-20cm layer (Jayasekara et al., 2022). For each
of the 24 experimental plots, 10 sub-soil samples, taken
from 10 points randomly distributed over one experimen-
tal plot, were mixed well into one composite sample. A
total of 24 composite soil samples from 24 experimental
plots were air-dried, passed through a 2-mm sieve, and
then stored for subsequent chemical analyses. In addition,
before the experiment, four composite soil samples were
collected from the experimental paddy field, which was
divided into four sections. Each section had one compos-
ite soil sample collected from ten randomly distributed
points.

The four pre-experiment soil samples and the 24 soil
samples collected after the experiment were analysed for
various parameters, including pH, electrical conductivity
(EC), Mehlich-1 phosphorous (P), organic carbon (OC),
ammonium (NH,"), chloride (C17), sulphate (SO42_), ex-
changeable acidity, exchangeable hydrogen (H"), cation
exchange capacity (CEC), exchangeable aluminium (Al),
calcium (Ca), iron (Fe), potassium (K), magnesium (Mg),
manganese (Mn) and sodium (Na). These soil properties
were selected to be analysed for assessment because they
effectively reflect the primary attributive constraints of
saline acid sulphate soils, including acidity (pH, SO42_,
exchangeable acidity and exchangeable H™), salinity
(EC, CI~ and Na™) toxicity (Al, Fe and Mn) and nutri-
ent status (Mehlich-1 P, OC, NH,", CEC, Ca, K and Mg)
(Morton et al., 2023; Nguyen, Dinh, et al., 2022; Nguyen
& Nguyen, 2023b). To determine pH and EC values, the
sieved soil was added with distilled water in a 1:5 (w/w)
ratio and the resulting extracts were measured using a
pH meter and an EC meter after 1h of shaking (Carter
& Gregorich, 2008). The concentrations of exchangeable

cations were determined using the barium chloride
method (Carter & Gregorich, 2008), and the extracts were
quantified using inductively coupled plasma optical emis-
sion spectrometry (ICP-OES). The concentration of Cl™
was quantified using the titration method (Hajrasuliha
et al., 1991), and the level of SO42_ was determined using
the turbidimetric method (Rice et al., 2017). Other param-
eters, such as Mehlich-1 P, OC, NH4+, exchangeable acid-
ity, exchangeable H" and CEC, were determined using the
associated methods described in Chapter I1I-Soil Chemical
Analysis of Soil Sampling and Methods of Analysis book
(Carter & Gregorich, 2008).

2.4 | Statistical analyses
All experimental data were subjected to statistical analy-
ses using a two-way analysis of variance (ANOVA) for a
randomized complete block design with four replicates.
The ANOVA model is represented as y;;,=u + f;+ a;+ af;
+ &, Where y;, denotes the response of individual com-
binations of two experimental factors (biochar and tra-
ditional amendment); p signifies the overall mean of the
entire dataset; f; symbolizes the effect of the ith biochar
level; a; embodies the effect of the jth traditional amend-
ment treatment; aﬂij indicates the interaction effect be-
tween biochar and traditional amendment; &, signifies
the random error with a mean of zero and normal distri-
bution (Akhtar & Memon, 2009). When ANOVA results
yielded a significant effect with p<.05, the Tukey's Honest
Significant Difference test was employed to categorize
mean values.

The soil quality index (SQI) was computed based on
the principal component analysis/factor analysis (PCA/
FA) approach using Equation (1).

SQI= ) ws; (1)
i=1

where n represents the number of soil properties; w; stands
for the weightage of the ith parameter; and s; represents the
score of the ith parameter. w; was calculated using the result
from PCA/FA, and s; was determined based on the measured
data of individual properties after transformation (Nguyen,
Le, et al.,, 2021). PCA/FA was implemented to reduce the
multiple dimensions of variation in the data set, which con-
tained numerous interrelated variables, into a few primary
dimensions known as latent factors. These latent factors
represented the key soil features and were used to calculate
the weightage (w;) for individual soil properties (Nguyen,
Le, et al., 2021). All 17 measured soil properties were in-
corporated into the PCA/FA model already built in JMP
pro 17 (SAS Institute Inc, North Carolina, USA) to identify
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and isolate the latent factors. Factors having an eigenvalue
greater than one were retained for weightage estimation of
soil parameters, which had a high loading value (>0.5) with
the associated factor (Nguyen & Nguyen, 2023b). The esti-
mated factor weights are shown in Table 2 and more details
about the PCA/FA method can be found in Mukherjee and
Lal (2014). The computed SQI was also subjected to statis-
tical analysis using the same two-way ANOVA procedure
as the other soil parameters. The relationship between SQI
with rice yield and total biomass was examined using a non-
linear exponential-rise-to-maximum model.

3 | RESULTS

3.1 | Properties of the tested soil and
amendments

3.1.1 | The properties of the soil and
amendments before the experiment

The initial properties of biochar, cow manure and the
tested soil are summarized in Table 1. The pH values of

and Management

biochar, cow manure and soil were 8.15, 7.11 and 4.98 re-
spectively. The EC values of biochar (0.40 dS m™') were
much lower than those of cow manure (1.41 dS m™*) and
the soil (1.43 dS m™"). Cow manure had the highest con-
centration of Mehlich-1 P (692.63mgkg™), followed by
biochar (231.59mgkg™) and the soil (5.69mgkg™). The
concentrations of OC in biochar and cow manure were
similar, varying from 34.91% to 37.83%, which were no-
tably higher than that in the soil, 4.39%. The NH," con-
centration varied considerably, with biochar having
3.57gkg™!, cow manure at 145.94gkg™" and the soil at
110.65gkg™". The SO,*” concentration in cow manure
(594.58 gkg ™) was much higher than that in the other ma-
terials (5.53 gkg ™" for biochar and 3.18 gkg™" for the tested
soil). Cow manure had the highest value of CEC (36.09
cmole(+) kg ™), followed by biochar (21.38 cmole(+) kg ™),
and the soil (15.49 cmole(+) kg™). For the other soil prop-
erties, biochar had the highest contents of exchangeable
Ca (2780.02mgkg ™), exchangeable K (11,094.03mgkg™),
and exchangeable Na (1968.30mgkg™"), while cow ma-
nure exhibited the highest level of exchangeable Al
(331.10mgkg™ ") and exchangeable Mn (8890.08 mgkg ™).
The concentration of exchangeable Fe in the tested soil

TABLE 2 Loading value and weightage of measured parameters estimated using PCA/FA.

Soil parameter Factor 1 Factor 2 Factor 3
Exchangeable Fe 0.87 —0.17 0.08
Exchangeable acidity 0.78 0.08 0.31
Exchangeable Al 0.64 —0.64 0.05
Exchangeable Ca —0.86 0.17 —0.08
pH -0.75 0.20 0.21
oC —0.16 0.80 0.16
CEC —0.03 0.79 —0.38
Exchangeable K —0.26 0.75 —0.14
NH," 0.15 0.63 0.55
Mehlich-1 P —0.38 0.54 0.21
ClI” 0.08 —0.08 0.92
Exchangeable H* 0.08 —-0.19 0.59
Exchangeable Mg —0.25 —0.01 —0.13
Exchangeable Mn 0.14 0.34 0.48
Exchangeable Na 0.11 —0.08 0.42
SO, 0.08 —0.06 —0.04
EC —0.03 0.15 0.10
Eigenvalue 4.85 2.92 1.97
Percent 28.51 17.16 11.60
Cumulative percent 28.51 45.67 57.27
Factor weightage 0.354 0.213 0.144

Note: Bold numbers are those having absolute values greater than 0.5.

Weightage of
Factor 4 Factor 5 Factor 6 parameters
—-0.11 —0.02 0.07 0.097
0.04 —0.01 —0.26 0.097
—0.02 0.22 —0.10 0.097
0.39 0.02 —0.03 0.097
—0.37 -0.23 -0.17 0.097
—0.14 0.26 0.21 0.058
0.10 —-0.14 0.17 0.058
0.04 —0.23 —0.13 0.058
0.15 0.11 —0.05 0.058
0.37 —0.20 0.05 0.058
—-0.01 —-0.10 0.07 0.039
0.00 0.59 0.19 0.039
0.88 —0.12 -0.13 0.034
0.64 0.02 0.02 0.034
0.51 —0.49 0.26 0.034
—0.09 0.84 —0.01 0.024
—0.05 0.01 0.93 0.022
1.69 1.20 1.08
9.97 7.03 6.37
67.23 74.26 80.64
0.124 0.087 0.079

Abbreviations: CEC, cation exchange capacity; EC, electrical conductivity; OC, organic carbon.
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was the highest (70.19mgkg™"), followed by cow manure
(62.05mgkg™") and biochar (49.65mgkg™).

3.1.2 | Soil properties after the experiment

An interaction between biochar and the traditional
amendments was observed in the levels of pH and ex-
changeable acidity of the tested soil after the experiment
(Figure 1a,c). In the two treatments where no traditional
amendments (cow manure and lime) were applied, soil
added with biochar exhibited a higher pH value (6.04) than
that added without biochar (5.24). In the three treatments
without biochar, soil added with traditional amendments
had higher pH values compared to soil without these ad-
ditives. Figure 1a also showed that soil applied with ei-
ther biochar or traditional amendments had considerably
higher pH levels than unamended soil after the experi-
ment. Similarly, soil without biochar and no traditional
amendment displayed the highest exchangeable acidity
(2.30 cmol(+) kg™"), while the soil with lime and no bio-
char had the lowest exchangeable acidity (1.44 cmol(+)
kg™!) (Figure 1c). In the two treatments with cow ma-
nure, the soil added with biochar presented much lower

exchangeable acidity (1.68 cmol(+) kg'l) than the soil
without biochar (2.26 cmol(+) kg_l). Soil added with bio-
char and traditional amendments, except for that added
with cow manure and no biochar, had a lower exchange-
able H* concentration than the control (Figure 1d). The
biochar and the two traditional amendments did not show
significant effects on the levels of SO,*~ (Figure 1b), EC
(Figure 1e) and Cl™ (Figure 1f). After the experiment,
the tested soil had SO,*~ levels varying from 1.67 to 2.13
(gkg™), EC values between 1.02 to 1.11 (dS m™") and CI~
concentrations ranging from 1.27 to 1.39 (gkg™).

Biochar addition showed no significant effect on the
Mehlich-1 P concentration, while traditional amendments
exhibited greatinfluences on the level of this soil parameter
(Figure 2a). On average, the two treatments without tradi-
tional amendment showed the lowest Mehlich-1 P concen-
tration, averaging 2.42mgkg™', while the two treatments
with added cow manure showed the highest Mehlich-1 P
concentration, averaging 3.26mgkg~". Figure 2b showed
that adding biochar to the soil increased the OC concen-
tration of the tested soil, compared to the soil without
biochar. Soil treated with both biochar and cow manure
showed the highest OC concentration (4.99%), while that
with no biochar and no traditional amendment had the

8 3.0 3.0
@) ion =+ (b) e Withoutbiochaf ~ [(€©)
q eraci 1(in = With biochar jf In_teractlon =
7 { Biochar = * Interaction = NS — Biochar = *
Traditional amendment = * 2.5 {Biochar =N % 2.5 { Traditional amendment = *
a Traditional amendment=NS | S
6 a a A T:D £ a
E 2 2
g s 220 520 abe ab
jas) IS 3]
z ¢ Q ac
2 2 c
) 1.5 § S
. an 1.5
3 g
o
>
&S]
2 1.0 1.0
\! 1mMe (9 \! 1mMe e \8 e (9
No aﬁ‘e“dme“ L“E‘OW ot 0 ame“dme“ U“C\o\"’ ot o aﬁ‘eﬂdme“ D?ow mantt
Traditional amendment Traditional amendment Traditional amendment
2.5 1.4 2.0
(d) (e) === Without biochar )
T,;D Interaction = NS . Y\/lth biochar 1.8 | Traditional amendment[= NS
= Biochar = * Iqteractl(in =NS Interaction = NS
+2.0 | Traditional amendment = * 1.2 | Biochar = NS 1.6 {Biochar = NS
% Traditional amendment 3 NS
=] a a —
= ab g
+ %)
o 1.5 b b <) 1.0
] O
% 53]
en
£1.0 0.8
S
=
5]
0.5 0.6
ent OGRS ent NS e ent e e
No amend™ Vil ow No amend™ M Cow e o amend™ M Cow e

Traditional amendment

Traditional amendment

Traditional amendment

FIGURE 1 The levels of pH (a), SO,*” (b), exchangeable acidity (c), exchangeable H* (d), electrical conductivity (EC, e) and CI~ (f)
in the soil after the experiment as affected by two experimental factors, biochar and traditional soil amendment (lime and cow manure).
Error bars indicate the standard error of the mean calculated from four replicates. * and NS indicate the associated effects are statistically

significant and insignificant at p<.05 respectively.
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FIGURE 2 The levels of Mehlich-1 P (a), organic carbon (OC, b), NH,*(c) and CEC (cation exchange capacity, d) in the soil after the
experiment as affected by two experimental factors, biochar and traditional soil amendment (lime and cow manure). Error bars indicate
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lowest OC concentration (4.35%). The concentration of
NH," in the soils was greatly affected by the traditional
amendment, but not by the biochar (Figure 2c). The two
treatments with cow manure showed the greatest NH,"
concentration (26.8mgkg™"'), while the other four treat-
ments had lower NH,* concentration, varying from 20.3
to 21.9 (mgkg™"). CEC value was strongly influenced by
the interaction between biochar and traditional amend-
ments (Figure 2d). The treatment of biochar combined
with cow manure resulted in the highest CEC level (17.21
cmol(+) kg_l), and the treatment of lime alone led to the
lowest CEC value (15.18 cmol(+) kg_l).

The concentrations of exchangeable Al and Fe were no-
tably influenced by the addition of biochar and the tradi-
tional amendments (Figure 3a). Soil without biochar and
no traditional amendment had the highest exchangeable
Al concentration (19.44mgkg™), while soil treated with
both biochar and lime or cow manure exhibited the low-
est exchangeable Al concentration (11.8 and 11.7mgkg™"
respectively). The two treatments with lime exhibited the
lowest levels of exchangeable Fe, with values of 48.01

and 37.54mgkg ™', while the two treatments without tra-
ditional amendment had the highest concentrations of
this soil parameter, ranging from 70.19 to 66.61 mgkg™".
Biochar addition strongly lowered the exchangeable Fe
concentration of the tested soil, compared to the no bio-
char treatment. On average, the three no-biochar treat-
ments had an exchangeable Fe concentration of 60.90
(mgkg™), while the three biochar-added treatments
showed a concentration of 51.65 (mgkg™"). The addition
of biochar and traditional amendment had no significant
effect on the exchangeable Mn concentration, which var-
ied from 28.38 to 30.24 (mgkg_l) (Figure 3c).

Overall, biochar addition greatly increased the concen-
tration of exchangeable Ca (Figure 4a) and K (Figure 4b),
compared to soil added with no biochar. The exchange-
able Ca concentration increased from 543.18 (mgkg™") in
the control treatment to 559.46 (mgkg™") in the treatment
with no traditional amendment but with biochar. In the
two treatments with lime, the exchangeable Ca concentra-
tion increased from 639.9 (mgkg™") when applied without
biochar to 648.6 (mgkg™) when combined with biochar.
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Particularly, in the two treatments with cow manure, the
addition of biochar strongly increased this soil parameter
from 550.6 to 646.0 (mgkg ™). The exchangeable Ca concen-
trations were the highest in the two treatments with the lime
application (averaged 644.2mgkg™"), but the lowest in the
two treatments without traditional amendment (averaged
551.3mgkg ). Similarly, the exchangeable K concentra-
tion increased from 726.64 to 885.76 (mgkg™) in the two
treatments without traditional amendments, from 761.51 to
898.89 (mgkg ™) in the two treatments with lime, and from
791.19 to 936.41 (mgkg™) in the two treatments with cow
manure if the soil added without and with biochar respec-
tively. Both biochar and traditional amendments had no
considerable effects on the levels of exchangeable Mg, vary-
ing from 834.8 to 909.0 (mgkg ™) (Figure 4c), and exchange-
able Na, ranging from 1818 to 1918 (mgkg ™) (Figure 4d).

3.2 | Rice growth and yield

The addition of three soil amendments alone exhibited
statistically similar root weights compared to the control

treatment (Figure 5a). The three treatments without bio-
char had root weights varying from 0.09 to 0.10kgm ™2,
while the other three treatments with biochar exhibited
root weights ranging from 0.12 to 0.15kgm™2 The com-
bination of biochar and the traditional amendments had
strong interactive effects on straw weight (Figure 5b),
grain weight (Figure 5c) and total biomass of rice
(Figure 5d). In the two treatments without any tradi-
tional amendment, the addition of biochar led to a great
enhancement in straw weight (0.28 kgm™2), grain weight
(0.47kgm™?) and total biomass (0.87kgm™?), compared
to 0.21, 0.36, 0.65kg m~2, respectively, in treatments
without biochar. The application of any amendments
resulted in a significant increase in the weight of straw,
grain and total biomass, compared to the control treat-
ment. The treatments using only biochar, or only lime,
or cow manure resulted in statistically similar outcomes
in terms of root weight, grain weight and total biomass of
rice. Combining biochar with lime or cow manure also
did not significantly enhance straw weight (Figure 5b),
grain weight (Figure 5c¢) and total biomass (Figure 5d),
compared to their single applications.
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3.3 | The soil quality index (SQI) and its
correlation with grain weight and total
biomass of rice

The PCA/FA grouped the whole data set into six factors,
of which factor 1 had high loading values with five soil pa-
rameters, including exchangeable Fe, acidity, Al, Ca and
pH (Table 2). Factor 2 exhibited a strong relationship with
five other soil parameters, namely OC, CEC, exchangea-
ble K, NH," and Mehlich-1 P. Factor 3 displayed a consid-
erable connection with CI~ and exchangeable H*. Factor
4 had notable loading values with exchangeable Mg, Mn
and Na, while Factor 5 was most strongly related to SO,*,
and Factor 6 was primarily associated with EC. Factor 1
explained 28.51% of the total variance of the entire data
set, while factors 2 to 6 contributed 17.16%, 11.60%, 9.97%,
7.03% and 6.37% respectively. Collectively, six factors were
responsible for 80.64% of the total variance of the 17 soil
parameters.

Based on the results from the PCA/FA, the SQI was cal-
culated and shown in Figure 6a. The highest SQI values

were observed when biochar was used in combination with
lime (0.69 units) or when biochar was combined with cow
manure (0.66 units). The lowest SQI was recorded for soil
without any amendments SQI (0.25units). The addition
of biochar led to a significant increase in SQI from 0.24 to
0.50units for the two treatments without traditional amend-
ment, from 0.54 to 0.69units for the two treatments with
lime, and from 0.41 to 0.66 units for the two treatments with
cow manure, as compared to cases where no biochar was
added. Moreover, the application of traditional amendments
greatly enhanced SQI compared to the unamended soil.
Figure 6b showed a strong relationship between SQI and
both grain weight and the total biomass of paddy rice. As
SQI increased from 0.22 to 0.75units, grain weight and total
biomass of rice exhibited substantial growth, flowing an ex-
ponential model with a coefficient of determination () of
.48 and .69 respectively. Within the range of SQI below 0.4,
the grain weight and total biomass rose more rapidly than
for the SQI values above 0.4. The increasing rate in grain
weight and total biomass of rice started to level off when
SQI reached a value greater than 0.4.
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4 | DISCUSSION
4.1 | Single effects of individual soil
amendments

The application of biochar, which exhibited the highest
levels of OC and exchangeable potassium, yielded the
greatest increases in OC, cation exchange capacity (CEC)
and exchangeable potassium when compared to the treat-
ments involving the sole application of lime or cow ma-
nure. Nevertheless, the concentration of exchangeable Al
was found to be lowest in the soil treated with only bio-
char, compared to the soil added solely with lime or cow
manure, as well as the control (no amendment added).
The lowered concentration of exchangeable Al in soil due
to biochar addition has been reported by various stud-
ies (Geng et al., 2022; Wang et al., 2023). The change in
exchangeable Al in the soil is primarily driven by a few
factors, such as pH and complexation with organic mat-
ter in the soil matrix (Li et al., 2022; Li & Johnson, 2016).
High alkalinity, large surface area and great porosity of
biochar (Shetty et al., 2021) could be the reason for the

greatest reduction of exchangeable Al in the sole biochar
treatment compared to the sole lime or cow manure treat-
ments. These typical features promote surface adsorption
of cations, such as Al, thereby lowering its soluble concen-
tration in the soil.

Meanwhile, lime is frequently applied to remediate the
acidity of acidic soils due to its high alkalinity and rich
Ca cations (Hume et al., 2023). With a high Ca level rang-
ing from 93% to 95% and a pH value of 13, the application
of only lime in the current study resulted in the greatest
increase in pH value and exchangeable Ca concentration,
surpassing the effects of biochar or cow manure addi-
tions, as well as the untreated control. The elevated soil
pH by these three individual amendments can also be
attributed in part to the initial low pH levels of the soil
before the experiment. Lime and biochar contain substan-
tial amounts of Ca and K cations, which may displace hy-
drogen ions in soil colloids and consequently elevate soil
pH (Dang et al., 2022). Additionally, exchangeable acidity,
exchangeable H' and exchangeable Fe were also found
to be at their lowest in the soil treated solely with lime,
compared to soils treated with other single amendments.
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Since exchangeable acidity comprises both exchangeable
H* and Al (Nair et al., 2019), the levels of exchangeable
acidity exceeded those of exchangeable H" in the tested
soil. Because two cations H* and AI’* generally maintain
a relatively stable ratio in soils (Li & Johnson, 2016), lime
application to remediate one cation also influences the
other, as observed in the current study.

Different from biochar and lime, cow manure is
not only rich in nutrients but also possesses rela-
tively high acidity and contains certain toxic elements.
Consequently, soil added with only cow manure ex-
hibited the highest levels of exchangeable acidity, H",
Mehlich-1 P concentration and NH," concentration
after the experiment, compared to the other single-
amendment treatments. Although the cow manure con-
tained greater levels of CI~ and SO,*” than the tested
soil, its addition to the soil did not result in considerably
increased levels of these two soil parameters. The reason
could be related to the high mobility of the two anions,
which can leach from the top soil layers (Miramontes-
Gutierrez et al., 2021; Nenadovi¢ et al., 2011). Leaching
could potentially account for the similar levels of these
two anions in all six experimental treatments. The high
level of CEC found in cow manure led to soil CEC akin
to that in the soil added with sole biochar. This partic-
ular parameter is influenced by various factors, such as
pH, organic matter and clay composition, in the soil.
While the clay content remained consistent across all
treatments, the addition of either single biochar or cow
manure led to a similar improvement of soil pH and OC
after the experiment, compared to the control treatment,
explaining the observed CEC.

Therefore, these above findings provide strong support
for our initial research hypothesis, which posits that bio-
char, lime and cow manure have distinct effects on the

properties and quality of saline acid sulphate soil, driven
by their unique characteristics. This hypothesis typically
holds when certain soil parameters respond directly to the
effects of the amendments, such as soil pH, OC, exchange-
able calcium and potassium. However, certain soil param-
eters influenced by secondary processes, like aluminium,
manganese, available P, chloride ions and sulphate ions,
may not be adequately explained solely based on the orig-
inal properties of the amendments.

4.2 | Synergistic effects of the soil
amendments

Combining biochar with lime or cow manure resulted
in more substantial changes in Mehlich-1 P, OC, CEC,
exchangeable Al, Fe, Ca and K than applying any sin-
gle amendments. These findings support our second
hypothesis that the synergistic effects of combining
biochar with lime or cow manure enhance soil prop-
erties and the soil quality index. The highest level of
Mehlich-1 P was observed in the soil amended with both
biochar and cow manure, indicating their synergistic
role in enhancing the availability of this soil parameter.
While the addition of lime could potentially reduce soil
P availability due to its adsorption or formation of less
soluble compounds with P (Curtin & Syers, 2001; Liao
et al., 2020), this effect was not distinctly observed in
the current study. Elevating the pH and decreasing the
exchangeable Al in the soil through the use of both bio-
char and cow manure, coupled with the high content of
available P in these amendments, may explain the ob-
served rise in Mehlich-1 P concentration in the soil of
the present study. The finding is in line with the other
studies (Johan et al., 2021; Qi et al., 2023). Although
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cow manure had a higher exchangeable Al level than
the tested soil, its addition to the soil led to a lower
content of this soil parameter, compared to the control
treatment. This suggests that the levels of exchange-
able Al in the soil are co-affected by other factors. As
mentioned above, exchangeable Al status in the soil is
driven by the initial properties of the amendments and
secondary processes, which are related to the neutrali-
zation of soil acidity and surface adsorption. The intro-
duction of the three amendments notably elevated soil
pH, which is the primary factor contributing to the de-
crease in exchangeable aluminium (Fan et al., 2022).
When biochar was combined with cow manure or lime,
the reduction of exchangeable Al persisted without an
additional increase in soil pH. This observation suggests
that other mechanisms, such as the formation of organo-
aluminium complexes between biochar and aluminium
(Paz-Ferreiro et al., 2020), may also co-influence its con-
tent in the soil. Likewise, the exchangeable Fe concen-
tration may be co-determined by multiple factors such
as the initial properties of the amendments, elevated pH
of the soils (Nguyen, Le, et al., 2021; Pouangam Ngalani
et al., 2022) and adsorption on biochar and organic mat-
ter (Kiigler et al., 2019).

While the sole use of lime or biochar resulted in
the lowest levels of exchangeable acidity and H, com-
bining biochar with lime did not lead to a further re-
duction in these two soil parameters, compared to the
control. The finding indicates that the combination of
biochar and lime did not exhibit synergistic effects on
the reduction in these two soil acidity-related parame-
ters. Biochar is known for its strong buffering capacity
(Blok et al., 2016), which can resist changes caused by
the addition of lime. This suggests that biochar, despite
having relatively higher levels of exchangeable acidity,
H* and a lower pH value compared to lime, could po-
tentially counteract the strongly alkalizing impact of
lime. Consequently, this might result in a modest rise
in the exchangeable acidity and H* ion levels in the
soil treated with biochar and lime, relative to the soil
treated with sole lime. Consequently, the combination
of biochar with lime or cow manure in two treatments
notably enhanced the SQI to a greater extent than any
single-amendment treatments, confirming our second
hypothesis. The increased SQI results from the cumula-
tive changes in individual parameters of the tested soil
as discussed earlier. Biochar addition enhanced the SQI
by 0.27 units, compared to the control, suggesting that
the quality of the tested soil is substantially improved by
biochar, in line with other studies (Munda et al., 2023;
Nascimento et al., 2023). Meanwhile, biochar, in com-
bination with lime, contributed to a 0.14-unit increase
in SQI, and in combination with cow manure, biochar

and Management

boosted the SQI by 0.25units. The observed results
suggest a more significant enhancement in SQI when
biochar is combined with cow manure compared to its
combination with lime. Compared to cow manure, lime
shares certain characteristics with biochar, such as high
Ca content, elevated pH level and low nutrient contents
such as NH,". Consequently, the combination of bio-
char and lime leads to relatively weaker synergistic ef-
fects on soil quality compared to biochar combined with
cow manure. This finding is noteworthy, as it addresses
a topic that has received limited attention in the existing
literature. The potential synergistic effects of biochar
and cow manure on SQI are of particular interest for fu-
ture research, as they may hold the key to developing
more effective soil amendment strategies.

Soil quality exhibited a strong correlation with rice yield
and total biomass, following an exponential model, which
is in line with other studies (Nguyen & Nguyen, 2023a).
A rapid increase in rice yield or total biomass for the
SQI range below 0.4units suggests that SQI levels below
0.4units are more effective in improving rice yield and
total biomass. Beyond this threshold, further increases
in SQI may not lead to considerable improvement in rice
yield and growth. Moreover, rice yield and total biomass
were not significantly different among the five treatments
of amendments. These findings indicate that our third re-
search hypothesis, which posited synergistic effects from
the combination of soil amendments in enhancing rice
yield and growth in saline acid sulphate soil, was not sup-
ported. This implies that the combination of biochar with
lime or cow manure exhibits statistically similar effects on
rice yield and growth as individual amendments. There
can be numerous reasons responsible for the findings. For
optimal yield and growth, rice requires balanced nutrients
such as N, P, K and other micronutrients (Gao et al., 2023).
The plateauing response of rice yield and total biomass,
when the SQI exceeds 0.4, could be due to deficiencies in
some yield-limiting nutrients, which requires more stud-
ies. Furthermore, among the 17 soil parameters measured
in the present study, some that reflect the salinity of the
tested soil, such as Na, CI™ and EC, were not significantly
influenced by the amendments. This suggests that rice
yield and growth could be driven by these salinity-related
parameters when SQI is greater than 0.4. Reducing the sa-
linity can potentially be a solution to enhance rice yield
and growth in saline acid sulphate soil.

4.3 | Implication for sustainable
management

The three soil amendments were applied to remediate
saline acid sulphate soil and the results varied with their
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characteristics. The lime application increased soil pH,
thereby reducing acidity and subsequently decreasing the
presence of potentially phytotoxic elements such as Al
and Fe. However, this amendment has a limitation of low
nutrient content, particularly nitrogen, resulting in low
improvement in soil nutrition. This suggests that lime ap-
plication alone may not create favourable environmental
conditions for plants to grow. Conversely, cow manure,
with its high nutrient levels, enhances the nutrient status
of the soil. Nevertheless, its capacity to remediate acidity-
related properties of the soil is lower than that of lime.
This suggests that the combination of cow manure and
lime may balance the advantages and limitations of both
amendments, optimizing their benefits, though this spe-
cific combination was not explored in the current study
and requires more studies. Biochar possesses intermedi-
ate properties between lime and cow manure, with high
pH levels and nutrient content, such as K, and Ca, as well
as carbon content. Biochar is considered an eco-friendly
environmental treatment material (Srivatsav et al., 2020),
produced from agricultural organic wastes. The biochar
contributes to correcting acidity-related, nutrient-related
and toxicity-related properties in the saline acid sulphate
soil, in addition to carbon sequestration and organic waste
treatment. Nevertheless, these three amendments intro-
duce negligible effects on salinity-related properties of the
soil, necessitating further studies.

Combining biochar with lime or cow manure produces
significant complementary effects on soil properties and
quality but exhibits weak synergistic effects on rice yield
and growth. The findings indicate that soil properties are
directly influenced by the amendments, driven by the
combined characteristics of the amendments. However,
it appears that for crops like rice, its maximal yield and
growth may not be achieved with the application of these
combined amendments. This implies that substantial
improvement in soil quality may not necessarily lead to
a corresponding increase in rice yield and growth in the
examined soil. Consequently, a single application of indi-
vidual amendments, typically biochar, may be sufficient,
and combining these amendments may not additionally
enhance rice yield and growth. However, the improved
soil quality resulting from a combination of three amend-
ments may benefit other crops such as corn and vegeta-
bles, but further study is needed to explore their impacts.
Furthermore, the outcomes of the amendments are greatly
dependent on the specific characteristics of the saline acid
sulphate soil, such as its pH, salinity levels and nutrient
content, as well as the appropriate application rates of
the amendment. The combination of these amendments
may improve soil quality more than that required by rice.
Therefore, it is required to examine the application rate
of individual or combined amendments to ensure that
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desired soil quality can be achieved for improved crop pro-
ductivity while avoiding the over-application of nutrients
or encountering potential issues.

5 | CONCLUSION

This study has revealed that the effects of biochar, lime
and cow manure on soil properties were driven by their
inherent characteristics, which directly improved specific
soil properties such as pH, OC, exchangeable calcium and
potassium. The combination of biochar and lime led to the
greatest increases in soil pH and exchangeable calcium,
and the largest reductions in exchangeable aluminium
and iron, effectively improving acidity-related properties
and reducing the toxicity of the soil. However, the combi-
nation of biochar and cow manure resulted in the great-
est enhancements in Mehlich-1 P, OC, ammonium and
cation exchange capacity, thereby improving the nutrient-
related properties of the tested soil. Consequently, these
two combinations of biochar with lime or cow manure led
to the most sustainable improvement in the soil quality
index. Interestingly, the synergistic effects of biochar on
soil quality were more profound when combined with cow
manure compared to its combination with lime, likely due
to the close alignment of biochar properties with those of
lime rather than cow manure. The applications of both in-
dividual and combined amendments resulted in substan-
tial improvement in rice growth and yield. Rice yield and
total biomass rapidly increased when the soil quality index
rose to below 0.4, but thereafter, the rate of improvement
stabilized. These findings suggested a weak synergistic
effect of combining biochar with lime and cow manure
on rice yield and growth. Further studies are necessary to
elucidate these findings and explore the optimal applica-
tion rates of the amendments tailored to soil properties to
maximize the benefits of the amendments. Such investiga-
tions could pave the way for developing enhanced man-
agement practices that promote sustainable agriculture
and improve crop yields in challenging soil conditions.
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