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To clarify the effects of co-application of rice-straw biochar and different chemical fertilizer
doses on paddy soil properties and japonica rice production in Northeast China, a located-
field experiment was adopted for 5 years. The treatments included fertilization (F, no
biochar, control) and rice-straw biochar (7.5 t ha−1) combined with different chemical
fertilizer doses (100, 80, and 60% that of F) set as CF, CF1, and CF2, respectively. The
results showed that the co-application of biochar and chemical fertilizers after 5 years
reduced soil bulk density, increased soil total and capillary porosity, changed the soil
solid–liquid–gas ratio (increased the liquid and air ratios and decreased the solid ratio), and
increased soil macroaggregates (>0.25 mm) and aggregate stability, which enhanced the
soil’s physical properties. Furthermore, the co-application improved soil pH and soil
enzyme activity (urease, sucrase, and catalase) and had a significant effect on
promoting SOM. The soil total N, P, and K of CF and CF1, were 23.48, %, 47.28%,
and 26.59% and 9.47%, 43.98%, and 27.87% higher than those of the control,
respectively. The soil available nutrients (N, P, and K) increased in the co-application
treatment, shown as the nitrogen was promoted higher in the early growth of rice, while
phosphorus and potassium were exhibited greater in the late growth. With the soil
amendment, the co-application increased the rice plant height and dry matter
accumulation, and the CF and CF1 increased yields by 5.78 and 2.41%, respectively,
by increasing the rice effective panicles, grains per panicle, and seed-setting rate. The co-
application of biochar and chemical fertilizers could significantly amend soil properties and
reduce chemical fertilizer use to ensure rice–grain output, which has an important
significance for enhancing sustainable soil and crop productivity.
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INTRODUCTION

Rice is one of the major food crops in China and even the world. The rice cultivation area in northeast
China (Liaoning, Jilin, and Heilongjiang Provinces) was 5.229 × 106 ha, accounting for 17.4% of the
rice cultivation area in China, and the rice production center had significantly shifted to the north
(Xu et al., 2021). For a long time, rice production in northeast China has made important
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contributions to ensuring Chinese food security. However, with
increasing crop yield, the input of chemical fertilizers has become
higher. According to statistics, the chemical fertilizer use in China
has increased significantly since 1980, and the contribution rate of
fertilizer-to-crop yield increased significantly from 1988 to 2017,
but this yield-increasing trend has gradually weakened (Han
et al., 2019), indicating that large chemical fertilizer inputs
have reduced the sustainable productivity of soil and crops
and has had a negative impact on the environment. Therefore,
reducing fertilizer application and improving fertilizer utilization
efficiency have become important challenges for sustainable
agriculture development in China. In addition to a large
amount of fertilizer input, the traditional high-intensity
cultivation measures have made the once vast black soil layer
thinner, soil acidification intensified, and organic matter
decreased, resulting in a decreased fertilizer utilization rate
and other issues that are increasingly prominent. Protecting
the black soil “panda” in China has become an important
strategy. Therefore, how to reduce chemical fertilizer input,
improve soil fertility, and promote sustainable crop production
has become a more important challenge in China.

In Northeast China, a large amount of agricultural waste such
as straw was produced annually, most of which is burned or
discarded. There is no doubt that straw returning is the most
direct and effective way to use straw and maintain soil fertility.
However, the climate is cold in Northeast China, and the straw
was difficult to decompose, which often affected cultivation
operations in the forthcoming year, such as transplanting,
accompanied by increasing pest infestation and weeds (Zhang
et al., 2019). Using biomass-carbonization technology to
transform straw and other agricultural wastes into biochar
could amend soil structure, improve soil physicochemical
properties, and promote crop growth and yield increases,
while providing a new way to solve soil degradation and crop
cultivation problems (Macdonald et al., 2014; Lehmann and
Joseph, 2015; Chen et al., 2019; Agbede and Adekiya, 2020).
Many studies have shown that biochar could affect the nutrients
(N, P, K, etc.) for crops by release (nutrients of biochar) and
adsorption (nutrients of the soil and fertilizer), affecting pathways
(Atkinson et al., 2010; Major et al., 2010; Alkharabsheh et al.,
2021). Biochar could adsorb NH4

+-N and NO3
−-N in the soil,

reduce the leaching loss of N, promote the transformation of soil
organic nitrogen, and increase soil-available nitrogen (Lehmann
et al., 2003; Bai et al., 2015). Biochar could also adsorb PO4

3- in
the soil solution, reducing the leaching of soil-available
phosphorus and the competition of Al and Fe oxide colloids
in the soil for the closed-state fixation loss of available
phosphorus (Laird et al., 2010; Hossain et al., 2020). The K
availability in biochar is high, which could enhance the number of
ions exchanged after application to the soil, thus reducing the
leaching loss of potassium (Lehmann et al., 2003; Hossain et al.,
2020). The co-application of biochar and chemical fertilizers
could retain the nutrients in soil, thereby reducing nutrient
loss and improving soil nutrients for crops (Morales et al.,
2013; Cissé et al., 2021). The high ion adsorption-exchange
capacity of biochar could balance the amount of anion and
cation exchange in the soil, thereby improving soil fertility

(Liang et al., 2006; Sun et al., 2017). In addition, the retention
of soil nutrients by biochar was closely related to the
improvement of the soil’s physical properties, such as
increased soil porosity and water retention capacity and
decreased soil bulk density, etc. (Lu et al., 2014). Co-
application of biochar and chemical fertilizers could improve
soil nutrients and fertilizer-use efficiency, which was considered a
low-carbon cultivation technology in rice production systems
(Dempster et al., 2012; Zhou et al., 2016; An et al., 2022).

For the positive effects of biochar on the soil and fertilizers,
biochar is most likely to increase crop yield by improving the soil
fertility that replaces some chemical fertilizer effects, leading to
use of less chemical fertilizers and maintaining soil fertility in
cultivation. However, for a long time, the biochar was found to
play positive-going effects, and the effects combined with
chemical fertilizers on crop productivity are still unclear.
Therefore, we carried out a long-term (5 years) field
experiment in Northeast China. The experiment aimed to
study the effects of co-application of biochar and different
chemical fertilizer doses on paddy soil properties and japonica
rice production and explore new cultivation measures for paddy
soil and rice sustainable production.

MATERIALS AND METHODS

Site Description and Biochar
Characterization
The experimental site was located in the suburb of Xiuyan
County, Liaoning Province, China. The climate is temperate
monsoon in a humid northern temperate zone, with a mean
annual rainfall of 824.8 mm and a mean annual temperature of
8.5°C. The field location of the experiment has been cultivated for
5 years (2017–2021), and this study was carried out in 2021. The
tested soil was paddy soil, which had been cultivated for several
decades, and its basic physicochemical property is shown in
Table 1. The rice variety is japonica rice (Beigeng 2).

The biochar used was produced from rice straw at a
temperature of 450°C. The biochar was granular with particle
size 0.2–0.4 cm, and the basic nutrient properties are shown in
Table 2, provided by Liaoning Jinhefu Agricultural Technology
Development Company.

Experimental Design and Performance
The experiment adopted a randomized block arrangement
design, which set up four treatments: 1) chemical
fertilization: the chemical fertilization application was
adopted from the plant cultivator recommended by the
local government, with no biochar, set as F (control); 2) co-
application of biochar and chemical fertilizers: the biochar
application dose was 7.5 t ha−1, and mixed chemical fertilizer
doses were 100, 80, and 60% of the F treatment, set as CF, CF1,
and CF2, respectively. The specific application dose is shown
in Table 3. Each treatment was replicated three times. The
biochar application dose was calculated according to the
average biochar production ratio of the straw (straw:
biochar = 3: 1, the local average output of rice straw was
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22.5 t ha−1·year−1), which was equivalent to the rice straw of
one season all carbonized to biochar returned in the field. Rice
was planted once a year, and the co-application of biochar and
chemical fertilizer was applied each year.

Each experimental plot covered an area of 30 m2. Before the
experiment began, the biochar and chemical fertilizers were
weighed according to the co-application dose (Table 3).
Fifteen days before rice transplantation, the biochar and
fertilizers were mixed evenly by a rotary tiller machine in the
topsoil layer (20 cm). Rice seedlings were planted in a greenhouse
and transplanted (May 21), with three seedlings per hole. During
the rice growth stages, the irrigation, pest control, and other
cultivation measures were the same as those of the local plant
cultivator.

Soil samples were collected at key growth stages of rice
(tillering stage, June 22; filling stage, September 22; and
maturing stage, October 21). For each treatment plot, three
random soil cores were taken at a depth of 20 cm and shipped
to the laboratory. A portion of the sample was air-dried and
screened by 20 mesh and 100 mesh sieves,, filled into sealed
storage bottles to test the soil properties, and the other part was
stored at 4°C for determination of soil enzyme.

Rice plant samples were collected at the tillering stage,
filling stage, and maturity stage, with five representative
plant samples selected in each plot. Then, the samples were
shipped to the laboratory for the determination of growth
indicators.

Experimental Method
Soil bulk density and porosity were determined by using the ring-
knife method (Bao, 2000; Quesada et al., 2010), and the soil solid-,
liquid-, and air-phase ratios were measured by a soil phase
analyzer (DIK-1150, Japan) at the maturity stage.

The following indicators were determined using rice mature
soil samples:

Determination of total soil nutrients: Soil total nitrogen
content was determined by an element analyzer (Vario
MACRO Cube, Elementar, Germany). The contents of total
phosphorus and total potassium in the soil were determined
by using a sodium hydroxide melting-molybdenum antimony
colorimetric method and sodium hydroxide melting-flame
photometric method, respectively (Bao, 2000). Soil organic
matter (SOM) was determined by using the hydrothermal
potassium dichromate oxidation-colorimetric method (Bao,
2000). Determination of soil enzyme activity: the potassium
permanganate oxidation method was used to determine soil
catalase activity. Soil sucrase activity was determined by 3,5-
dinitrosalicylic acid colorimetry. Determination of soil urease
activity was carried out by using the indophenol blue method
(Lin, 2010).

The following indicators were determined using soil samples
at the key growth stages of rice (tillering stage, filling stage, and
maturity stage):

Using precision pH meter (HI2210, Italy), soil: distilled water
(CO2 removal by boiling) = 1: 2.5, determination of soil pH

TABLE 1 | Soil basic physicochemical property.

pH Bulk
density

Available
nitrogen

Available
phosphorus

Available
potassium

Total
nitrogen

Total
phosphorus

Total
potassium

Soil
organic
matter

(g·cm−3) (mg·kg−1) (mg·kg−1) (mg·kg−1) (g·kg−1) (g·kg−1) (g·kg−1) (g·kg−1)

6.01 1.26 72.06 17.69 79.34 1.32 0.33 11.07 12.59

TABLE 2 | Biochar basic nutrient property.

pH Total carbon Total nitrogen Total phosphorus Total potassium

(%) (g·kg−1) (g·kg−1) (g·kg−1)

9.28 54.21 11.24 7.79 9.68

TABLE 3 | Experiment treatment.

Treatment Chemical fertilizer application dose (kg·ha−1) Biochar application dose
(t·ha−1)N P2O5 K2O

F 198.0 97.5 282.0 —

CF 198.0 97.5 282.0 7.5
CF1 158.4 78.0 225.6 7.5
CF2 118.8 58.5 169.2 7.5

Nitrogen fertilizer was urea, N content was 46%, phosphorus fertilizer was calcium superphosphate, P2O5 content was 18%, potassium fertilizer was potassium sulfate, and K2O content
was 50%.
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(Quesada et al., 2010). Soil-available nitrogen was determined by
using the alkali diffusion method, soil-available phosphorus was
determined by using the sodium bicarbonate method, and soil-
available potassium was determined by the ammonium acetate
extraction method (Bao, 2000).

Plant height and dry matter accumulation were measured at
the rice tillering stage, filling stage, and maturity stage. Dry
matter accumulation after killing green at 105°C, dried at 80°C
until constant weight, cooled to room temperature, and
weighted.

At the mature stage of rice, the plants with uniform growth
vigor were selected from each plot (five plants) and air-dried to
study the yield traits, such as effective panicle number, panicle
length, grain number per panicle, 1000-grain weight, biomass
yield, and seed setting rate. The rice yield was actually
harvested.

Soil aggregates were determined by the wet sieve method
(Sun et al., 2020). The specific method was as follows: the 3-
point sampling method was used to collect soil samples from
each plot at the mature stage of rice, small shovels were used to
remove impurities and debris on the surface of the straw, and
special in situ soil samples were used to shove undisturbed soil.
In the process of collection and transportation, soil
disturbance should be avoided as much as possible to keep
it undisturbed. After the soil was collected, 40 g air-dried soil
was taken and placed in the uppermost part of the aggregate
sieve (XY-100, China) and immersed in distilled water for
5 min. The instrument duration was set to be 15 min, and the
power was set to be 100 r·min−1. After completion, the sieve
was taken out in turn, and the aggregates on each sieve were
washed into the aluminum box to obtain four aggregates with
different particle sizes: large macroaggregates (>2 mm), small
macroaggregates (2–0.25 mm), microaggregates (0.25–0.053 mm),
and silt and clay parts (<0.053 mm), which were dried at 60°C for
48 h. Weighed and stored in bags, we calculated the proportion of
different particle size aggregates in the soil; the formula is as
follows.

Mean weight diameter (MWD), geometric mean diameter
(GMD) (Mazurak, 1950; Van Bavel, 1950), and >0.25 mm
aggregate content (R0.25) were used. The calculation formula is
as follows.

MWD � ∑n

i�1Wi
�Xi

GMD � exp(∑n

i�1WiLn �Xi)

where Xi is the average diameter of a certain level of aggregates.
The average diameter of the aggregates at all levels in this study is
large macroaggregate (2 mm), small macroaggregate (1.125 mm),
microaggregate (0.1515 mm), and silt and clay components
(0.053 mm), and Wi is the mass of the i-level aggregates.

R0.25 � 1 − MX< 0.25

MT

where MX<0.25 is the mass of aggregates with particle size
<0.25 mm and MT is the total mass of aggregates.

Data Processing and Statistical Analysis
Excel 2019 was used for preliminary data processing, SPSS 18.0
analysis software was used for variance and multiple comparison
analyses and GraphPad Prism 5 software was used for drawing.

RESULTS

Effects of Co-application of Biochar and
Chemical Fertilizer on Paddy Soil Physical
Properties
Soil Bulk Density
The soil bulk density of different treatments was CF<CF1<CF2<F
(Figure 1). CF, CF2, and CF1 decreased by 5.61, 4.81, and 4.55%,
respectively, compared with that of the control. In general, the co-
application of biochar and chemical fertilizers reduced soil bulk
density, and CF had the greatest effect.

FIGURE 1 | Effect of co-application of biochar and chemical fertilizer on
soil bulk density. Note: the histogram in the figure represents the average value
and standard deviation of each treatment; Lowercase letters represent
multiple comparisons of different treatments (p < 0.05), the same below.

FIGURE 2 | Effect of co-application of biochar and chemical fertilizer on
soil porosity.
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Soil Porosity
As shown in Figure 2, the soil total porosity showed
CF2>CF1>CF>F. CF2, CF1, and CF increased by 7.49, 7.31,, and
7.18%, respectively, compared with that of the control, and the
difference was significant. Among the treatments of biochar and
chemical fertilizers, the soil porosity of CF2 was the highest.

Soil capillary porosity showed CF>CF1>CF2>F. CF, CF1, and
CF2 significantly increased by 10.01, 9.54,, and 5.36%, respectively,
with an average increase in 8.30%. Among the combined biochar
and chemical fertilizer treatments, CF and CF1 had higher values
than CF2, and the differences were significant.

The soil non-capillary porosity showed CF2>CF1>CF>F. CF2,
CF1 and CF increased by 12.45, 2.13, and 0.61%, respectively,
compared with that of the control. The difference between CF2
and the control was significant.

In conclusion, co-application of biochar and chemical
fertilizers could improve soil total porosity and capillary
porosity to a certain extent, improve soil aeration and
permeability, and improve soil water holding capacity.

Soil Solid–Liquid–Air Phase Ratio
The soil solid ratios of CF, CF1, and CF2 were 6.98, 7.12, and
7.29% lower than those of the control, respectively, indicating that

the soil solid ratio increased with the decrease of chemical
fertilizer application (Figure 3). The soil liquid ratios of CF2,
CF, and CF1 increased by 7.74, 7.64, and 6.57%, respectively. The
soil air-phase ratio was CF1>CF2>CF>F, and the air-phase ratio
of CF1 was the highest, which was 8.17% higher than that of the
control.

In general, co-application of biochar and decreased chemical
fertilizer changed the soil solid-, liquid- and air-phase ratios,
reduced the soil solid-phase ratio, and increased the soil liquid-
and air-phase ratios, indicating that the co-application of biochar
and chemical fertilizer reduction could improve soil ventilation
and water retention.

Soil Aggregate Distribution and Stability
Soil Aggregate Particle Size Distribution
From the soil aggregate size distribution results (Figure 4),
combined biochar and chemical fertilizers increased the soil
with >2 mm aggregate content; the CF and CF1 increased by
16.77 and 10.57%, respectively, compared with those of the
control, and the difference was significant. For particle sizes
of 2–0.25 mm, the CF, CF1, and CF2 increased by 17.45,
15.45, and 12.23%, respectively, compared with those of the
control, with an average increase of 15.08%, among which CF
and CF1 were significantly different from those of the control.
In the 0.25–0.053 mm range, the order was CF1>CF2>CF. For
<0.053 mm, the values of CF1, CF, and CF2 decreased by
20.99, 10.4, and 8.51%, respectively, compared with those of
the control.

In general, biochar combined with chemical fertilizers
increased the content of soil macroaggregates (>0.25 mm), and
the effects of CF and CF1 were significant.

Soil Aggregate Stability
The MWD and GMD of CF, CF1, and CF2 were 14.55, %,
12.73%, and 9.09% and 14.81%, 18.52%, and 11.11% higher
than those of the control, respectively (Table 4). CF and CF1
were significantly higher than those of control. The content
of soil water–stable macroaggregates (R0.25) followed the
order CF>CF1>CF2>F, where the CF and CF1 increased
by 17.30 and 15.01%, respectively, and the difference was
significant.

The aforementioned results showed that the combined
biochar and chemical fertilizers could improve the stability
of soil aggregates, and the effects of CF and CF1 were
obvious.

FIGURE 3 | Effects of co-application of biochar and chemical fertilizer on
the soil solid-liquid-air ratio.

FIGURE 4 | Effect of co-application of biochar and chemical fertilizer on
particle size distribution of soil aggregates.

TABLE 4 | Effects of co-application of biochar and chemical fertilizers on soil
aggregate stability.

Treatments MWD (mm) GMD (mm) R0.25 (%)

F 0.55b 0.27b 37.29b
CF 0.63a 0.31a 43.74a
CF1 0.62a 0.32a 42.89a
CF2 0.60ab 0.30ab 41.56ab

Lowercase letters in the same column represent the significance of differences between
different treatments (p < 0.05), the same below.
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Effects of Co-application of Biochar and
Chemical Fertilizer on Soil Fertility and
Enzyme Activities
pH
As shown in Figure 5, the soil pH of CF, CF1, and CF2 was
significantly higher than that of the control at the tillering stage,
filling stage, and maturity stage of rice. At the tillering stage, CF,
CF1, and CF2 increased by 5.24, 4.58, and 3.93%, respectively. At

the filling stage, soil pH showed CF>CF2>CF1>F, and the pH of
CF, CF2, and CF1 increased by 8.23, 8.12, and 7.30%, respectively.
At the maturity stage, the pH of CF, CF1, and CF2 increased by
6.93% on average compared with that of the control.

Overall, the co-application of biochar and chemical fertilizers
could effectively improve the pH of paddy soil, and the difference was
greater in the late growth stage than in the early growth stage of rice.

Soil Available Nutrient
As shown in Figure 6, at the tillering stage, the soil-available
nitrogen content showed the order CF1>CF>CF2>F. The
contents of CF1 and CF significantly increased by 18.42
and 16.77%, respectively, with an average of 17.60%. At
the filling stage, the values of CF and CF1 were 13.26 and
12.79% higher than those of the control, respectively, with an
average increase in 13.03%. At the maturity stage, the content
of CF significantly increased by 10.14% compared with that of
the control. In the key growth stages of rice, the co-
application of biochar and chemical fertilizers can improve
the soil-available nitrogen content, especially in the early
growth stage.

At different rice growth stages, the soil-available phosphorus
of the combined biochar and chemical fertilizer treatments was
higher than that of the control. At the tillering stage, the order was
CF>CF1>CF2>F, and the values of CF, CF1, and CF2 increased
by 36.37, 31.98, and 8.79%, respectively. At the filling stage, the

FIGURE 5 | Effect of co-application of biochar and chemical fertilizer on
soil pH.

FIGURE 6 | Effect of co-application of biochar and chemical fertilizer on soil-available nutrients.
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CF1, CF, and CF2 were 53.70, 49.50, and 5.35% higher than those
of the control, respectively, with an average increase of 36.18%. At
the maturity stage, the CF, CF1, and CF2 increased by 62.40,
50.90, and 16.77%, respectively, compared with those of the
control, with an average increase of 43.36%. The
aforementioned results indicated that combined biochar and
chemical fertilizers could effectively improve the soil-available
phosphorus content, especially in the late rice growth stage, and
the effects of CF and CF1 were notable.

In the key growth period of rice, the soil-available
potassium contents of the biochar and chemical fertilizer
treatments were higher than those of the control. At the
tillering stage, the order was CF>CF1>CF2>F. The CF,
CF1, and CF2 increased by 28.27, 20.67, and 2.95%,
respectively, compared with F, with an average increase of
17.30%. At the filling stage, the CF, CF1, and CF2 increased by
52.94, 48.87, and 41.62%, respectively, compared with those
of the control, and the difference was significant. At the
maturity stage, the CF, CF1, and CF2 increased by 30.07,
24.81, and 18.04%, respectively, with an average increase of
24.31%. The results showed that co-application of biochar
and chemical fertilizers could increase the soil-available
potassium at the key growth stages of rice, especially at the
later stages.

In general, the co-application of biochar and chemical
fertilizers had a significant effect on improving soil-available
nitrogen, phosphorus, and potassium nutrients. The
promotion of nitrogen was greater in the early stages of rice
growth, and the effect of phosphorus and potassium was more
obvious in the later stage.

Soil Total Nutrient
Co-application of biochar and chemical fertilizers significantly
increased the soil total nitrogen content (Figure 7). The CF, CF1,
and CF2 treatments increased the content by 23.48, 9.47, and 8.71%,
respectively, comparedwith those of the control. CFwas significantly
different from CF1 and CF2. Combined biochar and chemical
fertilizers played an important role in improving the soil total
nitrogen content. The total phosphorus content of the soil
followed the order CF>CF1>CF2>F. The CF, CF1, and CF2
increased by 47.28, 43.98, and 6.59%, respectively, compared with
those of the control. CF and CF1 were significantly different from
those of the control. Thus, biochar and chemical fertilizer treatments
can significantly improve the soil total phosphorus content, and the
CF and CF1 treatment effects were greater; the total potassium of the
combined biochar and chemical fertilizer treatments was higher than
that of the control. The CF, CF1, and CF2 increased by 26.59, 27.87,
and 20.76%, respectively.

FIGURE 7 | Effect of co-application of biochar and chemical fertilizer on soil total nutrient in the paddy soil.
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In conclusion, the CF and CF1 significantly promoted soil
total N, P, and K nutrients. This indicates that over time, biochar
could slowly release its fixed nutrient elements and played a role
in replacing the part of chemical fertilizers.

Soil Organic Matter
The SOM of CF, CF1, and CF2 was significantly increased by
36.55, 44.29, and 30.57%, respectively, compared with that of the
control (Figure 8). There were significant differences between the
biochar and chemical fertilizer treatments, with the order
CF1>CF>CF2. Co-application of biochar and chemical
fertilizer applications could improve the SOM.

Soil Enzyme Activity
As shown in Figure 9, soil urease showed CF>CF1>CF2>F. CF, CF1
and CF2 increased by 10.33, 9.72, and 6.64%, respectively, compared
with those of the control. The soil sucrase content decreased with
decreasing fertilizer application. The values of CF, CF1, and CF2
significantly increased by 3.43, 3.19, and 1.79%, respectively,
compared with those of the control. The soil catalase contents of
CF1, CF, and CF2 significantly increased by 27.39, 24.09, and
22.35%, respectively, compared with those of the control.

The aforementioned results indicated that the co-application
of biochar and chemical fertilizers could increase soil enzyme
activities (urease, sucrase, and catalase) and promote soil nutrient
transformation and organic matter formation.

FIGURE 8 | Effect of co-application of biochar and chemical fertilizer on
soil organic matter.

FIGURE 9 | Effect of co-application of biochar and chemical fertilizer on soil enzyme activity.
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Effects of Co-application of Biochar and
Chemical Fertilizer on Japonica Rice
Growth
Plant Height
As shown in Figure 10, the plant height of rice showed the order
CF>CF1>CF2>F at the tillering stage, and the CF and CF1 increased
by 17.12 and 9.49%, respectively, comparedwith those of the control.
Among the treatments, CF andCF1were significantly different from
CF2 and F, indicating that in the early stages of rice growth, biochar
and chemical fertilizers (CF, CF1) had a promoting effect on rice
plant height. At the filling stage, the CF, CF1, and CF2 increased by
5.56, 2.94, and 0.65%, respectively, compared with those of the
control, and CF and CF1 were significantly different from those of
the control. At the maturity stage, the same trend was maintained.
The CF, CF1, and CF2 increased by 6.17, 3.24, and 0.97%,
respectively, compared with those of the control. CF and CF1
were significantly different from CF2 and F.

In general, at the critical growth stage of rice, co-application of
biochar and chemical fertilizers (CF and CF1) had a significant
promotional effect on the plant height of rice.

Dry Matter Accumulation
As shown in Figure 11, at the tillering stage, the dry matter
accumulation of rice followed the order CF>CF1>CF2>F, and
the CF, CF1, and CF2 increased by 19.19, 5.49, and 0.79%,
respectively, compared with those of the control. The difference
between CF and the other treatments was significant. In the filling
stage, the CF, CF1, and CF2 increased by 19.17, 5.50, and 0.78%,
respectively, compared with those of the control, and the difference
betweenCF and the other treatments was significant. At thematurity
stage, the dry matter accumulation showed the order
CF>CF1>F>CF2, and the CF and CF1 significantly increased by
5.04 and 3.21%, respectively, compared with those of the control. In
general, co-application of biochar and chemical fertilizers promoted
dry matter accumulation.

Yield and Its Components
As shown in Table 5, the effective panicle number of rice showed
the order CF>CF1>F>CF2. The CF and CF1 increased by 6.95

and 5.47%, respectively, compared with those of the control, and
the difference was significant. Grains per panicle of CF and CF1
significantly increased by 4.49 and 4.20%, respectively, compared
with those of the control. The biomass was higher in the co-
application of biochar and chemical fertilizers than in the control,
and the CF and CF1 were significantly higher than those in F and
CF2. The seed setting rate of CF was 1.00 and 0.35% higher than
that of F and CF2, respectively, and that of CF1 was 0.79 and
0.15% higher than that of F and CF2, respectively. The yield of
rice followed the order CF>CF1>F>CF2. The yields of CF and
CF1 were 5.78 and 2.41% higher than those of the control,
respectively, and the yield of CF2 was 1.35% lower than that
of the control, but there was no significant difference. In
summary, compared with the conventional fertilization
treatment, the effective panicle number, grain number per
panicle, 1,000-grain weight, biomass yield, and seed setting
rate of rice treated with CF and CF1 increased, while there
was no significant difference between CF2 and F. The seed
setting rate of rice was higher in the co-application of biochar
and chemical fertilizers than in the control, and the differences in
CF and CF1 were significant. The yield of rice followed the order
CF>CF1>F>CF2, among which the values of CF and CF1
increased by 5.78 and 2.41% compared with those of the
control, respectively, and CF2 had no significant difference
from the control.

Overall, CF and CF1 promoted the effective panicle number,
grain number per panicle, biomass yield, and seed setting rate,
thus increasing the rice yield, while CF2 had no significant
difference in the control.

DISCUSSION

Effects of Co-application of Biochar and
Chemical Fertilizer on Paddy Soil Properties
Soil physical property is an important basis that affects soil
fertility and determines soil environmental conditions for crop
growth. This study showed that co-application of biochar and
chemical fertilizers amended the soil’s physical properties,

FIGURE 10 | Effect of co-application of biochar and chemical fertilizer on
rice plant height.

FIGURE 11 | Effect of co-application of biochar and chemical fertilizer on
dry matter accumulation.
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mainly by reducing soil bulk density, improving soil porosity
(total porosity and capillary porosity), reducing the ratio of the
soil solid phase, and increasing the ratio of soil liquid phase
and air phase. The main reason for these results was that
biochar has abundant pore structure, light weight, and low
density (Li et al., 2014; Wu et al., 2014). Therefore, the 5-year
application of biochar reduced the soil bulk density. Moreover,
the porous structure of biochar increased soil porosity by
creating additional pore spaces after application (Yu and
Lu., 2020). Soil porosity as gaseous and liquid materials in
the soil transmission channel determined the transport form
and rate of the material in soil. The effect of biochar on soil
bulk density and porosity will inevitably lead to the change of
the soil three-phase ratio, that is, the soil solid-phase ratio will
decrease, while the ratio of air-phase and liquid-phase will
increase. Due to the large specific surface area and porous
structure of biochar, it has a strong adsorption capacity,
improves the water holding capacity of soil (Jones et al.,
2010), and increases the ratio of the liquid phase to the air
phase, thereby changing the three phases of soil, improving soil
aeration and water permeability, and promoting crop growth
and development. The co-application of biochar and chemical
fertilizers could improve the physical properties of soil water,
gas, and heat, and provide good soil conditions for improving
soil fertility and promoting crop growth.

Soil aggregate is an important basis for soil fertility formation,
which plays an important role in the soil’s physicochemical
properties and biological processes and maintaining soil
property. Its stability is an important indicator of soil
structure and stability (Bronick and Lal, 2004). In this study,
biochar combined with different doses of chemical fertilizers
could increase the content of soil macroaggregates (>0.25 mm)
and improve the stability of soil aggregates. The reason was since
the biochar had strong adsorption capacity, it adsorbed the
surrounding soil particles or other organic matter and may
gradually form soil macroaggregates with “biochar” as the
core. Moreover, biochar had a rich microporous structure that
not only provided habitats and breeding sites for microorganisms
(Seleiman et al., 2019; Karimi et al., 2020) but also provided
“energy” substances for soil microorganisms, enhancing their
activities to secrete soil bio-cements and promoting the formation
of soil macroaggregates. In addition, the aromatic structure of
biochar made it difficult to decompose under soil physical,
chemical, and microbial ways. Therefore, biochar existed stably
in the soil for a long time, forming stable “biochar–soil”
complexes and increasing the stability of soil aggregates

(Fungo et al., 2017; Pituello et al., 2018). This study found
that CF1 also significantly increased the content of soil
macroaggregates because the biochar input for 5 years
improved the distribution of the soil aggregates. Therefore,
even if the fertilizer application rate of CF2 was lower than
that of F, the content of soil macroaggregates was still
significantly increased, and the improvement in soil structures
promoted the performance of soil, water, and fertilizer
conservation, thereby improving soil fertility.

The co-application of biochar and chemical fertilizers could
effectively improve the pH of rice soil because biochar is mostly
alkaline, with negatively charged phenols, carboxyl groups, and
hydroxyl groups on the surface that combined with H+ in the soil
solution (Chintala et al., 2014), thus reducing the concentration
of hydrogen ions in the soil solution and ultimately increasing soil
pH. This study showed that the difference between biochar
treatment and control at the rice filling and maturity stages is
greater than that at the tillering stage. This result may be
primarily due to fresh biochar playing a principal role at the
tillering stage. With the passage of time, biochar aged, and its
surface oxygen-containing acid functional groups increased. The
negative charge carried by acid functional groups neutralized H+

in the soil, further improving soil pH (Nguyen et al., 2017). At the
same time, biochar after continuous input for 5 years was stable in
the soil, which jointly played a role in regulating soil pH.

Soil nutrient is an important factor to measure soil fertility and
determine the nutrient supply of crop growth (Reverchon et al.,
2014). Co-application of biochar and chemical fertilizers not only
improved the soil’s physical properties but also ensured the
supply of soil nutrients to the crops. In this study, co-
application of biochar and chemical fertilizers significantly
promoted the soil-available N, P, and K contents. The result
may be because biochar, as a new carbon source, stimulates soil
microbes to mineralize biochar-labile organic compounds, which
could reduce the loss of fertilizers (Singh and Cowie, 2014). The
co-application of biochar and fertilizers is conducive to the
retention of nutrients in the soil. The large specific surface
area of biochar gives it a strong adsorption capacity, and
biochar and fertilizers exist in a combined state, which
increases the retention of nutrients in the soil, thus reducing
the loss of nutrients in the soil (Steiner et al., 2007; Zhang et al.,
2015). This study showed a great promoting effect on available N
in the early stages of rice growth, while the effects on available P
and K weremore obvious in the later stage. This may be due to the
gradual decrease of nitrogen released by biochar in the later stage.
With increasing time, organic matter is adsorbed on the surface of

TABLE 5 | Effect of co-application of biochar and chemical fertilizers on rice yield and its components.

Treatments Effective panicles Grain per
panicle

1000-grain Biomass Seed setting Yield

(panicle) (number) weight (g) yield (g/plant) rate (%) (kg·ha−1)

F 16.83b 126.33b 24.61a 98.94b 95.75b 9799.50b
CF 18.00a 132.00a 24.62a 103.93a 96.71a 10366.04a
CF1 17.75a 131.64a 24.77a 102.12a 96.51a 10035.87ab
CF2 16.67b 127.67b 24.35a 99.11ab 96.37ab 9666.75b

Frontiers in Environmental Science | www.frontiersin.org June 2022 | Volume 10 | Article 90275210

Gu et al. Biochar Application with Reduced Fertilizer

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


biochar or in soil pores, making it more difficult for
microorganisms to absorb as nutrients, thus decreasing the
mineralization rate (Kuzyakov et al., 2009; Nguyen et al.,
2017). The cation exchange capacity of biochar increased with
time, increased adsorption capacity of potassium in soil, and
reduced loss of potassium in the soil (Liu et al., 2021). In addition,
studies have shown that biochar provides a favorable growth
environment for phosphate-solubilizing microorganisms and
potassium bacteria (Liu, 2016; Hossain et al., 2020; Yan et al.,
2021), The pH in the later stage of rice may be more suitable for
the survival of phosphate-solubilizing microorganisms and
potassium bacteria, thus increasing the content of available P
and K (Atkinson et al., 2010; Anderson en al., 2011). This study
found that the CF2 was lower than CF and CF1 because the CF2
may increase the soil C/N ratio, thus accelerating the fixation of
nitrogen by microorganisms and making the content of available
nitrogen in the soil lower than that of CF and CF1.

Co-application of biochar and chemical fertilizers could improve
soil enzyme activity (urease, sucrase, and catalase activity) and
promote soil nutrient transformation and organic matter
formation. This may be because, on the one hand, the biochar
adsorption reaction substrate helps the enzymatic reaction, thus
improving soil enzyme activity. On the other hand, biochar adsorbs
enzymemolecules to protect the binding sites of enzymatic reactions
and prevent enzymatic reactions (Lehmann et al., 2011). Studies
have shown that the co-application of biochar and fertilizer could
effectively improve the activities of soil urease and catalase, and it is
considered that the available carbon sources contained in biochar
and the nitrogen in the fertilizer jointly accelerate the reproduction of
microorganisms, thereby improving enzyme activity (Meng et al.,
2018). In this study, CF and CF1 significantly increased soil enzyme
activity, whichmay be due to CF andCF1 improving soil fertility and
promoting soil microbial activities, thereby increasing the soil
enzyme activity due to their interaction. However, because many
factors affect the soil enzyme activity and the annual changes are
complex, the effects of biochar and chemical fertilizers on the soil
enzyme activity need to be further explored.

Organic matter is the main indicator reflecting soil fertility.
This study found that the co-application of biochar and
chemical fertilizers could significantly increase the SOM.
Because biochar is rich in carbon, including the organic
carbon formed by biomass after carbonization, it could
increase soil organic carbon after being added into the soil
and effectively adsorb active organic substances in the soil to
play a protective role, thereby reducing the mineralization of
SOM and improving the SOM and soil carbon storage (Hua
et al., 2010). Biochar input to the soil would change the C/N
ratio of soil and provide rich carbon and nitrogen sources for
soil microorganisms, thus providing nutrients and energy
sources for microbial growth, promoting the survival and
reproduction of soil microorganisms, and changing the
structure of the soil microbial community. The vigorous
growth and metabolism of microorganisms would promote
the formation of SOM and increase the SOM (Atkinson et al.,
2010; Anderson en al., 2011). In contrast to straw and other
biomass amendments, biochar has a stable structure and
properties and strong decomposition resistance to the

physical, chemical, and microbial pathways and can exist in
soil for a long time. Therefore, biochar could stabilize and
improve SOM levels, thereby improving soil fertility. The
treatment order is CF1>CF>CF2, and this is because the
continuous co-application of biochar and chemical
fertilizers may change the community structure of soil
microorganisms, and the co-application of chemical
fertilizers and biochar (CF1) may be more suitable for the
growth of microorganisms related to decomposition and
mineralization, thus accelerating the formation of SOM.

Effects of Co-application of Biochar and
Chemical Fertilizer on Rice Growth
The growth and yield of rice are important indicators that reflect
changes in soil properties. This study showed that the
combination of biochar and chemical fertilizers could
significantly increase the plant height and dry matter
accumulation of rice, which was closely related to the
improvement in soil physical and chemical properties. On the
one hand, the improvement in soil physical properties by biochar
provided a good soil environment for the growth and
development of rice roots. Biochar reduced soil bulk density,
improved the soil’s three-phase ratio, and increased soil porosity
to improve the extension of rice roots. The alkaline effect of
biochar creates a more favorable root-zone environment by
reducing the effects of soil acidity and associated toxicity
(Delhaize and Ryan, 1995; Van Zwieten et al., 2010), thereby
expanding the range of nutrient absorption and utilization and
providing the required nutrients for rice growth as much as
possible. On the other hand, biochar application improves the
chemical properties of paddy soil. Biochar itself contains
abundant nutrient elements that can be absorbed and utilized
by rice and that can be released slowly with the growth process of
rice to supplement the nutrients needed for rice growth of the
different growth stages. The porous structure, large specific
surface area, and rich surface functional groups of biochar give
it a strong nutrient absorption capacity and reduce nutrient
leaching. Biochar improves soil moisture and pH, stimulates
soil mineralization, and improves the availability of nutrient
elements in soil (Saarnio et al., 2013), thereby improving soil
nutrient use efficiency. In this study, CF and CF1 had obvious
effects on improving the plant height of rice because the two
treatments substantially improved soil fertility, thereby
promoting the growth of rice.

The rice yield and yield components showed that co-
application of biochar and chemical fertilizers (CF and CF1)
could increase the number of effective panicles and grains per
panicle and increase rice yield by increasing the 1,000-grain
weight, biomass yield, and seed setting rate. The fundamental
reason is that the application of biochar improves the growth
environment of paddy soil in terms of water, fertilizer, gas, and
heat, resulting in conditions more conducive to the growth of rice
roots and the absorption and transportation of nutrients, thereby
increasing the biomass accumulation of rice and increasing the
yield. There was no significant difference between CF2 and F,
indicating that under continuous cropping for 5 years, the effect
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of 40% reduced chemical fertilizer on soil fertility was not
significantly different from that of the control, indicating that
biochar could replace some of the chemical fertilizers used in rice
production under long-term cumulative effects to use less
chemical fertilizers and maintain the soil fertilizers in cultivation.

Co-application of biochar and chemical fertilizers could
improve soil physical properties (water, gas, and heat) and soil
fertility (nitrogen, phosphorus, potassium, and soil organic
matter), which provides a new method for soil fertility
preservation and fertilization. We also noticed that the
effects of CF and CF1 with biochar and chemical fertilizers
on rice growth and yield were relatively obvious, which further
indicated that combined biochar and chemical fertilizers had a
good application value and potential in promoting rice growth
and increasing the yield and proved a new cultivation measure
by using less chemical fertilizers, meanwhile amending the
paddy soil properties a rice-sustainable production in
Northeast China.

CONCLUSION

Over the long term, rice straw recycling use for biochar and co-
application with different chemical fertilizer doses on paddy soil
did not reduce the japonica rice yield, meanwhile amending soil
properties (reduced bulk density, increased porosity, soil
macroaggregates and aggregate stability, soil enzyme activity,
soil nutrients (N, P, and K), and SOM). It contributed a
priming sight for new cultivation by using less chemical
fertilizer to guarantee yield output and soil sustainable

productivity, which has important significance for soil fertility
increasing and rice green-production.
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