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Abstract

This study evaluated the effect of biochar on the soil nutrients, soil enzyme activity, and rice yield in a heavily saline-sodic paddy
soil using a 2-year field experiment conducted in Jilin province in the northeastern part of China. The soil was amended with
biochar at 0 biochar (B0), 33.75 tha ' (B1), 67.5 tha ' (B2), and 101.25 t ha ' (B3). The field experiment was arranged in a
randomized complete block design. Each treatment was replicated three times. The results show that the addition of biochar
significantly increased the availability of soil total N, available P, and available K, while it remarkably reduced the content of the
soil’s alkali-hydrolysable nitrogen, among which NH,4-N and NOs-N were reduced significantly in 2 years. Biochar applications
significantly increased the soil organic matter and soil C/N ratio. The soil Na™/K* ratio was significantly reduced after biochar
application in both 2 years. All of the biochar amendment applications improved the soil catalase activity, soil alkaline phos-
phatase activity, soil urease activity, and soil sucrose activity. The rice biomass, grain yield, and harvest index were significantly
increased. Biochar applications can improve the soil nutrient status, decrease Na*/K* concentration in soil, promote rice growth,
and increase the rice yield in heavily saline-sodic paddy soils. It is anticipated that the study results will be useful for formulating

novel management ways for improving crop production on saline-sodic soil.
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1 Introduction

Saline-sodic soils with a high electrical conductivity of soil
saturation extract (ECe), pH, and sodium adsorption ratio
(SAR) are an important type of salt-affected soils (Chi et al.
2012). This type of soil seriously inhibits plant growth and soil
fertility in arid and semi-arid regions (Aikaraki 1997). Salt-
affected soils are prone to nutrient deficiencies and ionic tox-
icity because of the degradation of the soil’s physicochemical
and biological properties (Qadir and Schubert 2002). Munns
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and Tester (2008) reported that the essential nutrient availabil-
ity and acquisition were inhibited in salt-affected soils due to
the direct competition between the sodium ions and mineral
nutrients; moreover, the mass flow of mineral nutrients to
plant root system was greatly decreased due to the raise of
solution osmotic pressure in salt-affected soils as a result of
excessive Na*. Lakhdar et al. (2009) reported low levels of
nitrogen, phosphorus, and potassium in the salt-affected soil
because of the lower organic matter input from the plant bio-
mass and higher losses of organic matter. Furthermore, the
solubility of organic matter in saline-alkali soils increased
due to the limiting of soil microorganism activities by high
pH, and so the loss rate of mineral nutrients was also increased
(Nelson and Oades 1998; Saifullah et al. 2018). Rengasamy
(2010) reported that the soil microbial population growth and
activity were adversely affected by salt-affected soils, which
indirectly influenced the conversion of nutrients and their ac-
cessibility to crops (Fageria et al. 2011). The volatilization
losses of NH; and N,O in salt-affected soils were accelerated
because of the high level of salinity and sodicity, thus causing
an increase in the proportions of nitrogen fertilizer losses from
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these soils (Ghosh etal. 2017; Li etal. 2017; Chen et al. 2020).
Therefore, increasing the soil fertility is essential for restoring
and utilizing saline-sodic soils.

Soil enzyme activity is strongly connected with the soil’s
physicochemical characteristics, pH, soil organic matter, and
soil nutrient cycling (Gaskin et al. 2010; Song et al. 2012; Qi
et al. 2016). Moreover, excessive salt accumulation in salt-
affected soils adversely influences enzyme activities (Karlen
et al. 2008; Shi et al. 2019). A thorough understanding of the
variation of the soil enzyme activities is necessary for the
exploitation and utilization of saline-alkali soils (Shi et al.
2019). However, there are no studies on the effect of biochar
on the soil enzyme activity in heavily saline-sodic paddy soil.

Recent research shows that biochar applications could de-
crease the loss of nutrients in salt-affected soils by increasing
the soil organic carbon content, nutrient availability, soil CEC,
and soil surface area, as well as by stabilizing the soil structure
(Chaganti and Crohn 2015; Esfandbod et al. 2017). Moreover,
biochar could provide a habitat for soil microorganisms and
enhance their activity, thus indirectly improving the nutrient
status of salt-affected soils (Saifullah et al. 2018). Our previ-
ous studies showed that biochar could significantly lower the
Na* content of the rhizosphere soil, reduce the Na* accumu-
lation in crops, decrease the saline-alkali stress on crops, and
improve crop growth (Jin et al. 2018; Ran et al. 2019).

Although many studies of biochar applications on salted
soil have been reported, most of the studies have been con-
ducted under laboratory or glasshouse conditions utilizing
small pails; most studies focused on dryland crops. To date,
there are few reports on the effect of biochar on soil nutrients,
soil enzyme activities, and rice yield in a heavily saline-sodic
paddy field. And the potential mechanism needs to be clarified
urgently. In the present study, we hypothesized that biochar
application may improve the nutrient statue of saline-sodic
paddy field and alleviate the detrimental effects of saline-
sodic on rice growth and soil enzyme activities. Therefore,
our study aimed to evaluate the response of the soil nutrients
and chemical properties, soil enzyme activities, and rice yield
to biochar applications in a heavily saline-alkali paddy field
and explore the underlying mechanisms of action. It is prog-
nosticated that the research finding will be helpful to improve
the health parameters of saline-sodic paddy field and promote
the rice production in saline-sodic lands.

2 Materials and Methods

2.1 Study Site Description and Soil Sampling Analysis
The field experiments were conducted in 2017 and 2018 in
Sheli Country, Baicheng City, Jilin Province, north-eastern

China (45° 35" N, 123° 50" E), where the average annual air
temperature, precipitation, and evaporation are 4.7 °C,
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413.7 mm, and 1696.9 mm respectively. The main soil in
the experiment is of the solonchak type according to the
World Reference Base for Soil Resources (IUSS Working
Group 2014). The experimental field was cultivated for 3 years
before the test. The physicochemical characteristics of the trial
soil were determined as shown in Table 1.

2.2 Biochar Characteristics

The biochar used for this field experiment was provided by the
Jihefu Agricultural Development Company, Liaoning, China.
The feedstock of the biochar was peanut shells. The biochar
was made from pyrolysis of peanut shells at a temperature of
approximately 350-550 °C for 4 h. The biochar was ground
and then filtered through a 2-mm sieve before use. The bio-
char characteristics and peanut shell properties are given in
Table 2.

2.3 Experimental Setup

By adding 0 g, 15 g, 30 g, and 45 g per kilogram of soil in the
plow layer (0-15 cm), the field experiment was set up at four
biochar applied rates. Zero-biochar application served as the
control (BO), 33.75 t ha ! of biochar applied served as Bl,
67.5tha ' of biochar applied served as B2, and 101.25 t ha™'
of biochar applied served as B3. Biochar was applied on only
one occasion in the spring of 2017. Each treatment was repli-
cated three times. The experiment was conducted using 12
field plots, which were arranged in a randomized complete
block design. Each plot in this experiment was 5 m X 6 m
(30 m?). The individual plots were separated by buffer rows
(0.6 m in width), and each plot had an irrigation and drainage

Table 1 Physicochemical properties of the soil

PSoil properties (025 c¢m soil layers) Value

Sand content (%) 23.13 £ 1.11
Silt content (%) 38.14 £ 1.31
Clay content (%) 37.60 £ 2.09
Bulk density (g cm ) 1.61 £ 0.02
ECe (us m ) 24.08 £ 0.71
pH 10.10 £ 0.03
SARe (mmolc L)' 368.11 + 4.03
ESP (%) 71.11 = 1.58
Organic matter (%) 0.64 + 0.04
Total N (g kg™ 027 + 1.11
Alkali-hydrolyzale N (mg kg ") 16.30 + 1.11
Available P (mg kg ") 9.13 + 0.68
Available K (mg kg ™) 107.25 + 5.68

ECe electrical conductivity of soil saturation extract, SAR sodium adsorp-
tion ratio, ESP exchangeable sodium percentage, N nitrogen, P phospho-
rus, K potassium
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Table 2 Basic properties of biochar

pH and elemental component Peanut shell
Raw material Biochar

pH 556 +0.11 7.94 + 032
Cmggh 429.19 + 13.05 540.64 + 26.58
N(mgg" 10.85 + 0.61 15.93 = 1.01
S(mgg™h 2.58 + 0.05 6.85 + 034
P(mggh 0.29 + 0.00 0.74 + 0.03
Mg (mg g 1) 1.46 + 0.01 0.25 + 0.00
K(mgg" 551 +0.21 12.53 + 0.51
Ca(mgg ") 6.32 +£0.43 2.01 +£0.02
Fe (mg g ") 2.77 £ 0.09 2.07 £ 0.00
Be(mgg ') 0.14 £ 0.00 1341 +1.22
Mn (mg g ") 0.09 £ 0.00 0.06 + 0.00
Ni (mg g 1) 0.00 + 0.00 0.00 + 0.00
Cu(mg g ") 0.01 + 0.00 0.01 + 0.00
Zn (mg g ") 0.02 + 0.00 0.15 + 0.00
B(mggh) 0.02 £ 0.00 0.01 £ 0.00

C carbon, N nitrogen, S sulfur, Mg magnesium, P phosphorus, K potas-
sium, Ca calcium, Fe: ferrum, Be beryllium, Mn manganese, Ni nickel,
Cu copper, Zn zinc, B boron

outlet. In May 2017, biochar was thrown on the surface of the
saline-sodic paddy soil, thoroughly incorporated into the soil
by a wooden rake, and then plowed to a depth of over 15 cm.
The rice variety Changbai 9 was cultivated for the field exper-
iment. The rice seeds were sown in trays in a greenhouse for
seeding on 10 April 2017 and 9 April 2018. Forty-day-old
seedlings were transplanted into the field plots on 20
May 2017 and 19 May 2018, respectively. The spacings of
the hills and rows were 30 cm and 16.5 cm, respectively, and
three seedings were planted per hill. The rice was harvested at
the mature stage (30 September 2017 and 1 October 2018).
The base fertilizer before transplanting included 300 kg of
(NH4)>SOy4 per hectare, 150 kg of diammonium phosphate
per hectare and 75 kg of K,SO, per hectare. At the tilling
stage, N fertilizer as urea was applied at 150 kg per hectare.
Sixty kg ha™' urea and 50 kg ha ' K,SO, were applied at the
panicle stage. Other types of field management followed local
practices.

2.4 Analysis of Soil Nutrients and Soil Enzyme Activity

After the rice harvest, the soil samples of each plot were gath-
ered from the 0-20 cm stratum of the heavily saline-sodic
paddy soil with an auger in five randomly selected places,
and then the residues of the biomass and roots were removed.
The soil samples were divided into two groups. In the first
group, the soil sample was stored in a refrigerator at 4 °C at
field moisture after being filtered through a 2-mm sieve. In

another group, the soil sample was ground after being air-
dried and then passed through a 2-mm sieve. The total organic
carbon and nitrogen were measured by the dry combustion
method (Jin et al. 2015) using an Elementar Vario Max CNS
Analyser (Elementar Company, Germany), and we then cal-
culated the C/N ratio. The alkali-hydrolysable nitrogen con-
tent was determined using the alkali-hydrolysed diffusion
method (Liang et al. 1997). The contents of ammonium nitro-
gen (NH4-N) and nitrate-nitrogen (NO3-N) were measured by
the method of Cabrera and Beare (1993) with a continuous
flow analyzer (Auto Analyzer 3, Seal Analytical, Germany).
The contents of available P and available K were determined
by adopting the Egner-Riechm method (Egner et al. 1960). The
flame meter method (M410 Sherwood England) was used to
determine and quantify the ion contents of Na* in the soil after
nitric-perchloric acid (1%) digestion (Bastias et al. 2004).
Catalase activity in the saline-sodic paddy soil was assessed
by back titration residual H,O, added to the soil with 0.1 M
KMnOQy,, as described by Jin et al. (2009). Alkaline phospha-
tase activity was measured by spectrophotometry at 400 nm of
the p-nitrophenol released from 1.0 g of soil after a 60-min
incubation at 37 °C with a 0.025 M p-nitrophenyl phosphate
substrate, in 4 ml of 0.17 M universal buffer at pH 11
(Tabatabai and Bremner 1969). Urease activity was deter-
mined by spectrophotometry at 578 nm as the NH4-N released
from 1.0 g of soil after 24 h incubation at 37 °C with 10%
(W/v) urea solution, in 20 ml of 1 M citrate buffer at pH 6.7
(Klose and Tabatabai 1999). The activity of sucrase in the
saline-sodic paddy soil was assayed on the basis of the release
and quantitative determination of products of glucose (Guan
1986). Soil samples were incubated for 24 h at 37 °C with
15 ml 8% sucrose solution, 5 ml phosphate buffer at pH 5.5,
and 0.1 ml toluene, and spectrophotometric measurements
were performed at 508 nm.

2.5 Analysis of the Rice Yield

All of the rice plants within 5 m? from each trial plot were
harvested at the mature stage. These rice plants were desiccat-
ed at 105 °C for 45 min and then dehydrated to a constant
weight at 60 °C (Jin et al. 2018). The biomass yield was
recorded. The grain yield was calculated by measuring the
remaining plants from every plot after side rows were re-
moved, and then it was converted into kilograms per hectare
with a water content of 14%. The harvest index is equal to the
ratio of the grain yield to the biomass yield.

2.6 Statistical Analysis
Descriptive statistics were used to test the mean and standard
deviation of the measured parameters. The effects of biochar

on the measured parameters were evaluated using one-way
ANOVA (analysis of variance). The two-way ANOVA was
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employed to identify the interactive effects of biochar treat-
ment and planting year on the measured parameters.
Significant differences among means were detected using
the least significant difference (LSD) test at P <0.05. All of
the statistical analyses were performed by SPSS 18.0
software.

3 Results

3.1 Effect of Biochar on Soil Nutrient and Chemical
Properties

3.1.1 Soil Nitrogen Content

Biochar treatment significantly affected soil total nitrogen and
alkali-hydrolysable nitrogen (Table 3). Compared with B0
(zero-biochar), the soil total nitrogen was significantly en-
hanced, while the soil alkali-hydrolysable nitrogen content
was decreased significantly in both years. In 2017, the total
nitrogen content was increased by 120% under B3, increased
by 95% in B2, and increased by 50% under B1, compared
with B0. In addition, a significant difference was found among

Table 3

the biochar treatments. Moreover, a significant interactive ef-
fect of biochar treatment and planting year on soil total nitro-
gen content was observed. The content of alkali-hydrolysable
nitrogen was reduced by 8.72% in B1, 19.01% under B2, and
24.98% in B3, compared with that of B0, but there was no
significant difference among the biochar treatments. Similar
results were observed in 2018, in which the three biochar
treatments B1, B2, and B3 exhibited increased total nitrogen
contents by 33.33%, 66.67%, and 123.81%, respectively,
while the reduced the alkali-hydrolysable nitrogen contents
were reduced by 26.20%, 32.70%, and 43.28% compared
with BO.

Table 3 shows that biochar treatment and planting year
significantly decreased the soil NH4-N content in the saline-
sodic paddy field. The effect of the biochar treatments showed
the order of B3 < B2 < Bl < B0 in both years, and the differ-
ence among the treatments reached a significant level. For
each biochar treatment, the soil NH4-N content was observed
to decrease with planting year. Compared with B0, the content
of NO;-N greatly decreased after the biochar was employed in
both years (Table 3). The order was as follows: B3 < B2 < B1
< BO. The difference among the biochar treatments reached a
significant level, while no significant difference between

Soil nutrient and chemical properties during different planting years in a field experiment with soil treated with different rates of biochar

Soil nutrients and chemical parameters Years Treatments

ANOVA*

Biochar rates (ton ha ')

Treat. Year Treat. x season

0 (B0) 33.75 (B1) 67.50 (B2) 101.25 (B3)
Total N (g kg™ 2017 0.23+0.02d 0.30+£0.03 ¢ 0.39+£0.02b 044+0.02a *# NS *
2018 0.21+0.02d 0.28+0.03 ¢ 0.35+0.04 b 047+0.03 a
Alkali-hydrolysable N (mg kg ") 2017 2632+094a 2421+0.67b 22.11+£0.58b 21.06+1.01b #%k NS NS
2018 30.92+1.07a 24.50+0.75b 23.33+0.64b 21.58+0.99b
NH4-N (mg kg ") 2017 13.96+0.62a 8.60+0.32b 7.28+0.38¢ 5.57+0.75d ok ok wk
2018 10.09+024a 6.52+0.05b 5.89+0.06 ¢ 475+£0.20d
NO;-N (mg kg ") 2017 2.41+029a 1.52+0.27b 1.34+020 ¢ 1.00£0.15d #% NS Hk
2018 2.03+0.09 a 1.80£0.07 b 1.58+0.05¢ 1.37+£0.03d
Organic matter (%) 2017 0.71+0.03d 1.14+0.11 ¢ 1.63+0.10b 2.68+021 a k% *% NS
2018 0.86+0.02d 1.14+0.06 ¢ 1.94+0.07b 277+0.14a
C/N ratio 2017 17.63+1.17d 2230+227c¢ 24.12+1.72b 3547+1.34a *ek *ek wok
2018 19.53+0.20d 24.83+1.07c¢ 34.00+044b 38.17+047a
Available P (mg kg ") 2017 7.29+031d 9.84+0.40 ¢ 13.51+1.00b 21.33+£1.79a * NS NS
2018 5.20+0.72d 10.16+137¢c 15.18+099b  19.20+3.66 a
Available K (mg kg’l) 2017 123.68+1439 179.96+544c¢ 303.82+30.40 416.79+31.16 Hok * NS
d b a
2018 10527+9.06d 170.54+14.93 269.76+18.13  390.96+24.70
c b a
Na*/K* ratio 2017 10.54+123a 3.07+029b 2.06+0.50 ¢ 1.55+0.11d Hok ok ok
2018 936+1.123a 3.22+051b 2.09+031¢ 149+023d

Different letters indicate significantly different between biochar application rates (P < 0.05)

NS not significant; * and **, significant at P <0.05 and P < 0.01, respectively

# Analysis of variance
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planting years was found. In addition, biochar treatment and
planting year exhibited obvious interactive effects on soil
NHy4-N content and soil NO5-N content.

3.1.2 Soil Organic Matter and C/N Ratio

There was a positive effect of the biochar treatment and plant-
ing year on the soil organic matter content (SOM) and soil C/
N ratio in the saline-sodic paddy field in 2017 and 2018, while
no significant interaction between biochar treatment and
planting year was detected (Table 3). SOM showed a trend
of B3 > B2 > B1 > B0 in both years. In 2017, the SOM of B1,
B2, and B3 was enhanced by 60.56%, 129.58%, and
277.46%, respectively, compared with BO. In the three bio-
char treatments, B1, B2, and B3, SOM increased by 32.56,
125.58, and 222.09%, respectively, compared with BO in
2018. The differences among all treatments reached a signif-
icant level in both years. The SOM values were higher in 2018
than in 2017. Both biochar treatment and planting year signif-
icantly increased the soil C/N ratio (Table 3). A higher soil C/
N ratio was found when biochar application was combined
with planting year, and the effect increased with increasing
biochar application rate and planting year. A significant dif-
ference was observed among all treatments in both years. The
soil C/N ratios of the three biochar application treatments in
2018 were 17.09% higher than those in 2017 on average.

3.1.3 Soil Available P and Available K

Table 3 shows that the content of soil available P increased
with increasing biochar application rates in the saline-sodic
paddy fields in both years. On average, compared to the
zero-biochar (BO0), the addition of biochar at different rates
(33.75, 67.50, and 101.25 t ha_l) increased soil available P
by 36.21-192.59% in 2017 and by 95.38-269.23% in 2018.
The content of soil available K was influenced by biochar
treatment (P <0.01) and planting year (P < 0.05). However,
no significant interaction between biochar treatment and
planting year was observed (Table 3). The content of soil
available K significantly increased after biochar application
in the saline-sodic paddy field in both years and increased with
increasing biochar application rate. An obvious difference was
found between the biochar treatments and B0, and the differ-
ences among the biochar treatments were also significant. In
2018, the soil available K was lower than that in 2017, while
no interactive effect was observed.

3.1.4 Soil Na*/K* Ratio

Biochar treatment and planting year significantly affected
the soil Na*/K™* ratio (Table 3). The application of biochar
significantly decreased the soil Na*/K™ ratio in the saline-
sodic paddy soil (Table 3). The soil Na*/K" ratio was

reduced by 70.89% in B1, reduced by 80.41% under B2,
and reduced by 85.30% in B3, compared with that of BO in
2017. In addition, a significant difference was found
among the biochar treatments. A similar result was ob-
served in 2018, in which the three biochar treatments
(33.75, 67.50, and 101.25 t ha_l) decreased the soil Na*/
K* ratio by 68.23%, 79.05%, and 86.52% compared with
the zero-biochar treatment (B0), respectively. A significant
interactive effect of biochar treatment and planting year on
the soil Na*/K* ratio was observed. Averaging over 2017
and 2018, the addition of biochar at different rates (33.75,
67.50, and 101.25 t ha™!) decreased the soil Na*/K™ ratio
by 69.56%, 79.73%, and 85.91%, respectively. A decrease
in soil Na*/K* ratio is very helpful to reduce saline-sodic
stress.

3.2 Effect of Biochar on Soil Enzyme Activities

Biochar treatment and planting year significantly affected
catalase activity and alkaline phosphatase activity
(Table 4). The catalase activity and alkaline phosphatase
activity increased with increasing biochar application rates.
The order was B3 < B2 < Bl < B0 in both years. On
average, compared to BO (zero-biochar), the addition of
biochar alone at different rates (33.75, 67.50, and
101.25 t ha ') increased catalase activity by 20-54.76%
and alkaline phosphatase activity by 17.54-21.13%. For
the biochar treatment, the catalase activity and alkali-
phosphatase activity were observed to increase with ex-
tended planting year. The results of two-way ANOVA
showed that there were significant interactions between
biochar treatments and planting years on catalase activity
and alkaline phosphatase activity; namely, the effect of
biochar application rate on catalase activity and alkali-
phosphatase activity showed differences among different
planting years. Biochar treatment and planting year had
significant effects on urease activity, but showed no inter-
active effect on urease activity (Table 4). The urease activ-
ity of B2 was the highest, that of B3 was second highest,
and that of BO was the lowest in both years. A significant
difference was found between the 0 biochar treatment. The
addition of biochar at different rates (33.75, 67.50, and
101.25 t ha ") increased urease activity by 40.00-53.33%
in 2017 and by 47.06-58.82% in 2018. For the biochar
treatment, the urease activity significantly increased with
planting year. The sucrase activity was significantly im-
proved by biochar application (Table 4); it showed a trend
of B3 > B2 > B1 > BO0. The values for B3, B2 and B1 were
enhanced by 52.19%, 40.98%, and 14.75% in 2017, re-
spectively, compared with BO. In 2018, the sucrase activity
in the three biochar treatments B3, B2, and B1 increased
by 110.34, 68.97, and 43.45%, respectively, compared
with BO.
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Table 4  Soil enzyme activities during different planting years in a field experiment with soil treated with different rates of biochar

Soil enzyme activities Years  Treatments ANOVA?
Biochar rates (ton ha ') Treat.  Year  Treat. X year
0 (B0) 33.75 (B1) 67.50 (B2) 101.25 (B3)
Catalase (mg g ' min ") 2017 030+0.04d 036+0.02c 042+0.04b 0.53+001a o o *
2018 029+0.02d 042+0.02¢ 049+0.03b 0.61+0.02a
Alkaline phosphatase (mg g ' ") 2017 028+0.0lb 031+0.02a 032+0.0la 032+0.02a Hok ok Hok
2018 029+£00lb 036+0.0la 0.39+0.02a 040+0.03a
Urease (mg g ' d”") 2017 0.15£0.02b 021+0.02a 023+0.0la 0.22+0.02a ok ok NS
2018 0.17+0.01b  025+0.02a 0.28+0.00a 0.27+0.01a
Sucrase (mg g ' d ") 2017 3.66+0.19d 420+020c 5.16+021b 557+032a i NS NS
2018 373+£022d 452+031c¢  539+£0.19b 576+0.27a

Different letters indicate significantly different between biochar application rates (P < 0.05)

NS not significant; * and **, significant at P <0.05 and P <0.01, respectively

# Analysis of variance
3.3 Effect of Biochar on Rice Yield

Table 5 shows the changes in the rice yield. The biomass
yield, grain yield, and harvest index were increased by
biochar addition in both years, and an obvious difference
between the biochar treatments and B0 (0 biochar) was
observed, while no significant difference was found among
the biochar treatments. The biomass yield showed the trend
of B3 > B2 > B1 > BO; the grain yield showed the trend of
B2 > B3 > Bl > BO0; and the harvest index showed the
trend of B2 > Bl > B3 > B0. In addition, planting year
significantly affected grain yield. On average, the grain
yield of the biochar treatments in 2018 was 7.06% higher
than that in 2017.

4 Discussion

4.1 Effect of Biochar on Soil Nutrient and Chemical
Properties

Due to the degradation of soil’s physicochemical and biolog-
ical characteristics, nitrogen availability and utilization in
saline-sodic soils decrease significantly (Qadir and Schubert
2002). Biochar application can improve the nitrogen status of
salt-affected soil directly by releasing nitrogen and can indi-
rectly affect the abundance and activities of bacteria that can
promote N transformations and enhance nitrogen status
(Bhaduri et al. 2016; Ye et al. 2020). Consistent with this, a
significant increase in the soil total nitrogen content was

Table 5 Biomass production during different planting years in a field experiment with soil treated with different rates of biochar

Years Biochar rates (ton ha ') Biomass yield (t hm 2) Grain yield (t hm ?) Harvest index (%)

2017 0 (B0) 740+1.11b 2.65+0.19b 36.19+£1.59b
33.75 (B1) 13.06+2.46 a 6.47+0.68 a 50.06+5.16 a
67.50 (B2) 13.21+140a 6.71+048 a 51.80+1.34a
101.25 (B3) 13.57+1.54a 6.51+£040a 4842+4.11a

2018 0 (BO) 828+1.76 b 3.40+0.16 b 41.06+147b
33.75 (B1) 13.76 £2.08 a 6.86+£0.55a 49.13+£234a
67.50 (B2) 14.48+1.09 a 7.13+0.68 a 49.24+2.61 a
101.25 (B3) 14.84+£0.62 a 7.11+£048a 4791+£3.07a

ANOVA?

Treat. ko Hk ok

Year NS * NS

Treat. X year NS NS NS

Different letters indicate significantly different between biochar application rates (P < 0.05)

NS, not significant; * and **, significant at P < 0.05 and P <0.01, respectively

 Analysis of variance
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observed in the heavily saline-sodic paddy field over at least
2 years, and these increases were directly related to the amount
of biochar added (Table 3). This result suggests that adding
biochar will enhance the soil nutrient retention of saline-sodic
paddy soil, especially at higher application rates. However, in
contrast to the effect on the increased total N content, biochar
application in the heavily saline-sodic paddy field significant-
ly reduced the alkali-hydrolysable nitrogen content and the
contents of NH4-N and NO3-N (Table 3). Similar results were
also reported by Agbna et al. (2017), who found that over
25 t ha ' wheat straw biochar application significantly re-
duced both the nitrate N and ammonium N contents. The
underlying reason may be that (i) adding biochar can improve
the rhizosphere environment, promote root growth (Bruun
et al. 2014; Xiao et al. 2016), and increase crop yield
(Table 5), thus improving the alkali-hydrolysable nitrogen ac-
quisition capacity and uptake of crops, and (ii) biochar appli-
cation significantly increased the soil C/N ratio (Table 3) and
the abundance and activity of soil microbes (Bhaduri et al.
2016; Chen et al. 2020), thus accelerating the absorption of
soil microorganisms for alkali-hydrolyzale nitrogen.
Compared with 2017, soil alkali-hydrolysable nitrogen con-
tent increased in 2018 because the biochar contained available
nitrogen, which was subsequently released to the soil more
effectively in the second season (Hua et al. 2014; Agbna
et al. 2017; Chen et al. 2020). Furthermore, biochar has been
proven to be capable of changing the rate of nitrogen cycling
and reducing nitrogen loss in soil (Bhaduri et al. 2016; Li et al.
2017).

Saline-sodic soils have little organic matter because of the
degraded soil’s physicochemical and biological properties,
high pH, and salt content. The decomposition of soil organic
matter could accelerate the development of saline-sodic soil
due to the swelling and dispersion of soil aggregates (Nelson
and Oades 1998). A decrease in soil organic matter negatively
affects soil nutrient availability and microbial activity (Jin
et al. 2019). An emerging pool of knowledge shows that bio-
char can improve the soil structure and nutrient state, increase
soil organic carbon, and maintain organic matter balance
(Demisie et al. 2014; Liu et al. 2017; Bohara et al. 2018). In
this study, biochar application greatly increased the soil or-
ganic matter content, which increased significantly with an
increase of the amount in biochar application in both years
(Table 3) and increased with the time of application. An in-
crease in soil organic matter in heavily saline-sodic paddy soil
helps to promote the increase in inorganic nutrients (Table 3)
and provides a carbon source for soil enzyme and microor-
ganism activities (Table 4). In experimental research carried
out by Kim et al. (2016), biochar application significantly
decreased the Na* content in the root zone, improved soil
aggregation, and increased the soil microbial population and
soil organic matter. On the other hand, the increase in soil
organic matter in the second planting year may indicate that

biochar increases soil organic matter with time. This is sup-
ported by results from Hua et al. (2014), who reported that the
potential of biochar to increase the organic carbon content is a
function of incubation time.

Lakhdar et al. (2009) reported that the available P content
was reduced in salt-affected soils due to their high pH value
and low organic matter content. Many prior studies have in-
dicated that biochar can increase the effectiveness and absorp-
tion of P in salt-affected soils directly by acting as a source of
P and indirectly by improving the soil texture (Lashari et al.
2013; Drake et al. 2016; Saifullah et al. 2018). Consistently, a
significant increase in available P content was found in the
heavily saline-sodic paddy field in both years (Table 3). The
availability of phosphorus is considered a key factor for
inhibiting crop growth in saline-alkali soils (Munns and
Tester 2008). This increase in the available P in heavily
saline-sodic paddies is an important factor for improving rice
yields and soil alkali-phosphatase activity. Liu et al. (2017)
showed that biochar application could increase phosphate-
solubilizing bacteria and phosphatase abundance and activity.

Excessive accumulation of Na and the impairment of K in
plants are the principal limiting factors for plant growth in salt-
affected soil (Akhtar et al. 2015; Chakraborty et al. 2016). Our
previous research found that improving the K*/Na™ ratio in
different rice organs by using biochar to enhance K availabil-
ity was a useful way to improve growth in saline-alkali paddy
soil (Ran et al. 2019). Lashari et al. (2013) found that in-
creased soil K* content was considered a key mechanism for
offsetting salinization or/and alkalinization stress and encour-
aging crop growth. Consistent with this, the available K con-
tent (Table 3) significantly increased after biochar application
in the heavily saline-sodic paddy field. In addition, we found a
higher K* concentration and lower Na*/K* ratio in the soils
with biochar treatments compared to that of zero-biochar con-
trol; such conditions can the improve soil water status and
reduce osmotic stress (Table 3). Therefore, it can be concluded
that the soil available potassium content effectively increased,
while the Na*/K™ ratio significantly decreased after biochar
addition in the heavily saline-sodic paddy field, which indi-
cates that biochar addition not only helped reduce Na* stress
and improve cellular function and structural integrity (Ran
et al. 2019) but also offset the problem of potassium deficien-
cy and Na* toxicity caused by saline-alkali stress. On the other
hand, the peanut shell biochar contained certain contents of
Ca**and Mg?" (Table 2), which directly reduced the soil SAR
and increased the soil cation exchange capacity, thus decreas-
ing the Na* content in the soil solution (Akhtar et al. 2015).

4.2 Effect of Biochar on Soil Enzyme Activities
Soil enzyme activities play an important role in the decompo-

sition of soil organic matter and nutrient cycling (Song et al.
2019), and they are considered important potential indexes of
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soil quality (Liu et al. 2017). However, few studies are avail-
able on the effect of biochar on enzyme activity in heavily
saline-sodic paddy soils. Liang et al. (2005) reported that sa-
linity significantly decreased enzyme activities in the rhizo-
sphere. In this field experiment, our results demonstrated that
adding biochar had a positive effect on the soil enzyme activ-
ity in a heavily saline-sodic paddy field in both years
(Table 4). Catalase is considered an indicator of aerobic mi-
croorganisms and reflects the redox ability in soils, and it is
closely related to soil fertilizer and aerobic microorganism
abundance (Liu et al. 2017). In this study, we found that soil
catalase greatly increased after biochar was applied in the
heavily saline-sodic paddy field (Table 4) and increased sig-
nificantly with increasing biochar application amount, which
is in agreement with the results of Masto et al. (2013). Many
prior studies have shown that the addition of biochar can ac-
celerate soil nitrogen and carbon cycling, improve soil quality,
and then promote the activity of catalase (Amini et al. 2016;
Yang et al. 2016). Similarly, here biochar application in heavi-
ly saline-sodic paddy field significantly increased the soil or-
ganic matter content and C/N ratio (Table 3). Soil phosphatase
can convert organic phosphorus into inorganic phosphorus
because it is involved in P cycling, which provides available
P for plants and microorganisms (Bhaduri et al. 2016). The
amount of soil alkali-phosphatase significantly increased with
the amount of applied biochar in the heavily saline-sodic pad-
dy field (Table 4); this may be one reason for the biochar
increasing the available P (Table 3) in the saline-sodic paddy
field. Similar to our results, existing studies have indicated
that biochar application enhances the soil phosphatase activity
(Liuetal. 2017; Ye et al. 2020). Soil urease participates in the
hydrolysis of nitrogen-containing organic matter and in-
creases the soil available N content, and it is considered an
indicator of soil nitrogen content in soils (Demisie et al. 2014;
Liu et al. 2017). Moreover, high salinity or sodicity has a
significant influence on urease activity. In this study, the ure-
ase activity in heavily saline-sodic paddy field was greatly
improved after biochar application (Table 4). Soil sucrose
provides energy for soil organisms, which can hydrolyze su-
crose, and its activity is considered an indicator of the utiliza-
tion of soluble substances and soil organic matter. In our
study, the soil sucrase activity in the heavily saline-sodic pad-
dy field significantly increased with the addition of biochar
and increased with increasing biochar application amount
(Table 4), which was consistent with the results of Xu
et al.’s (2017) research on paddy soil. In general, biochar
had a positive effect on the soil enzyme activities in the heavi-
ly saline-sodic paddy fields, and biochar may become more
effective in soils in the second planting year. These effects
could promote the formation and degradation of soil organic
matter and nutrient recycling and transformation. This trend
might be explained by the improvements in the soil organic
matter, C/N ratio, soil nutrient status (Table 3 and Bhaduri
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et al. 2016), microorganism diversity, and community struc-
ture (Drake et al. 2016; Li et al. 2018; Saifullah et al. 2018).

4.3 Effect of Biochar on Rice Yield

Nutrient deficiencies, ionic toxicity, and osmotic stress due to
saline-sodic stress could be the major causes reduced rice
yield (Qadir and Schubert 2002; Chi et al. 2012). Biochar is
known to modify soil physical and chemical parameters
(Huang et al. 2019), optimize root morphology and physio-
logical traits, and then increase crop yield (Bruun et al. 2014;
Xiao et al. 2016). The results of this study indicated that bio-
char application significantly increased the biomass yield,
grain yield, and harvest index of rice in the heavily saline-
sodic paddy field (Table 5). The underlying mechanism can
be attributed to the following three aspects. First, biochar ap-
plication to saline-sodic paddy soil to a large extent alleviates
saline-sodic stress and promotes rice yield by the release of
vital nutrients including K, P, Ca, and Mg (Tables 2 and 3),
which could help reduce the proportion of Na* in the ex-
change complexes (Table 3) and counteract the adverse effects
of saline-sodic stress. In addition, biochar can effectively in-
crease the absorption capacity of soil for NH,*, P*, and K* and
prevent loss from leaching or volatilization, thus facilitating
nutrient absorption, slowing nutrient release, and improving
nutrient utilization efficiency and crops yield (Saifullah et al.
2018). Second, the soil organic matter and C/N ratio signifi-
cantly increased with biochar amendment (Table 3); such ef-
fects can improve soil physiochemical properties (Huang et al.
2019), promote the carbon-nitrogen cycle (Hua et al. 2014),
and enhance soil enzyme activities (Table 4). Finally, our prior
studies showed that biochar application in the saline-sodic soil
can reduce the Na* content, increase the K*/Na™ ratio, de-
crease leaf relative electrical leakage and increase leaf water
status, which can offset saline-sodic stress, improve plant
growth, and increase rice yield (Ran et al. 2019).

On the other hand, the average grain yield with biochar
treatment in 2018 was 7.06% higher than that in 2017. The
yield increase under 101.25 t ha ' biochar amendment was
lower than that under 67.50 t ha ', mainly due to the im-
mobilization of alkali-hydrolysable nitrogen (Table 3).
During the two planting years, the difference in biochar
application rates (33.75, 67.50, 101.25 t hafl) were not
evident. Considering economic issues, 67.50 t ha ! could
be an appropriate biochar application rate for rice produc-
tion in heavily saline-sodic paddy soil. Nonetheless, the
high cost of biochar is still the major obstacle for profits
from biochar application (Jin et al. 2019). Thus, develop-
ing low-cost techniques for biochar production from agri-
cultural waste materials seems to be essential to facilitate
the widespread use of biochar in poor soil, such as saline-
sodic paddy soil.
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5 Conclusion

The results of the current study showed that biochar could
provide beneficial effects on soil total nitrogen, available
phosphorus, available potassium, soil organic matter, C/N ra-
tio, catalase activity, alkali-phosphatase activity, urease activ-
ity, and sucrase activity, which is of great benefit to low-
fertility soils such as saline-sodic paddy soils. In addition,
biochar significantly reduced the soil Na*/K™ ratio by transient
Na* binding due to its high adsorption capacity and by releas-
ing mineral nutrients into the soil solution, and a significant
interaction effect of biochar treatment and planting year on the
soil Na*/K™* ratio was also observed. Furthermore, the greatest
positive effect on rice yield performance was observed in the
treatment with a biochar application rate of 67.5 tha ' in both
planting years. This clearly showed the potential of biochar to
be used to support rice productivity in saline-sodic paddy soil.
However, further investigation is recommended to identify the
long-term effects of biochar applications on soil nutrients, soil
physicochemical properties, and rice yield in heavily saline-
sodic paddy fields.
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