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Abstract

There have been many studies on soil quality and crop yield using different biochar application amounts, but few
studies have focused on the combination of different methods and amounts of biochar application in moderately
degraded Mollisols. In this study, the methods of mixing biochar evenly with the soil of the plough layer (0-20 cm
depth) [homogeneous biochar application (HO)] and burying biochar above the soil plow pan (under 20 cm depth)
(heterogeneous biochar application (HE)) were used to reveal how biochar application methods influenced soil
quality, crop yield and agronomic characteristics in moderately degraded Mollisols (soil organic matter (SOM),

30.33 g kg™ "). The biochar application amounts were 0 (control), 10 (level 1), 20 (level 2), and 40 (level 3) t ha="in
both the HO and HE treatments. The results showed that, compared with control, HO3 significantly increased maize
yield in the first year, and HO2, HO3, HE2 and HE3 continuously increased maize yield in the next three years but not
significantly. HO1 and HE1 had the lowest maize yield. HO2 tended to delay maize leaf senescence. There was a posi-
tive linear relationship between soil quality index (SQI) and biochar application amount in HO. Compared with other
treatments, the pH, EC, SOM, available phosphorus, sucrase and catalase activities were highest in HO3. However, the
effects of HE on soil quality and crop productivity were limited at first but gradually increased with time. Overall, HO3
was beneficial for improving the soil quality and crop productivity in Mollisols for short-term cultivation (3-year), while
HE showed an effect over time.

Highlights

+ Biochar application improved the overall quality of moderate degraded Mollisols but did not have a consistent
effect on maize yield.

+ High amounts of homogeneous biochar (HO) tended to delay the maize leaf senescence.

+ Heterogeneous biochar (HE) gradually influenced soil quality and crop productivity with time.
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1 Introduction

Intensive cultivation without soil protection has caused
serious soil degradation in arable land (Guo et al. 2010; Ju
et al. 2006) and further degradation of soil quality result-
ing in low crop yield, and this process has been severely
accelerated by soil erosion in slope fields (Huang et al.
2005; Meng and Li, 2009; Zhang et al. 2006). Biochar,
as a carbon-rich amendment material, has been widely
used to improve soil properties, reduce nutrient loss,
and promote agricultural production (Cui et al. 2020).
This has attracted much attention in various fields and
is considered an effective measure to solve the crisis of
soil degradation and sustain soil quality. However, it is
still inconsistent that biochar application maintains and
improves the soil quality and productivity in arable land
of various soil types, especially in soils with different deg-
radation levels (Hardy et al. 2017).

The inherent structural characteristics and physico-
chemical properties of biochar can effectively improve
soil structure (Gul et al. 2015; Kluepfel et al. 2014),
directly or indirectly affect water and heat transport
and the microecological process in the soil, and further
change nutrient transformation, leaching and availabil-
ity in the soil (Biederman and Harpole 2013). Xie et al.
(2020) reported that biochar reduced soil bulk density
(BD) by enhancing the formation and stability of soil
aggregates, thereby improving soil water-holding capac-
ity. Paz-Ferreiro et al. (2014) found that biochar relied

on its uniform and dense pores to form a large number
of micropores in the soil, thereby adsorbing and stor-
ing substances of different types and components. This
provides a sufficient reaction substrate for the microbial
community and promotes the activity of soil enzymes.
Additionally, biochar application reduced the volatiliza-
tion of nitrogen and the loss of phosphorus in the soil
through the strong adsorption capacity of ammonium
ions and phosphate ions and the increase in exchange-
able cations (K*, Na™, Ca®*, Mg?") in the soil, and also
reduced toxic elements (such as active aluminum) (Miz-
uta et al. 2004; Steiner et al. 2007, 2008b; Van Zwieten
et al. 2010; Solomon et al. 2016). However, these benefits
were rarely seen in the soil with higher fertility in existing
publications (Jones et al. 2011).

Most of the above studies have found that the impact of
biochar application on soil physical and chemical prop-
erties and crop yield is not only affected by the amount
and type of biochar application but also closely related
to the methods of biochar application (Jeffery et al.
2011; Wu et al. 2018). Currently, most studies mainly
focus on the effect of biochar evenly mixed with soil on
soil physicochemical properties and crop yield. How-
ever, the effects of biochar not mixed with soil (biochar
is applied between two layers of soil) are poorly under-
stood. Concentrated application of biochar (biochar is
not mixed with soil) can effectively filter a wide range
of the contaminants often found in urban stormwater
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(total suspended solids, nutrients, heavy metals, polycy-
clic aromatic hydrocarbons, and pathogens) (Reddy et al.
2014). In addition, some studies have shown that the
application of biochar mixed with soil is relatively toxic
to earthworms, inhibiting growth and reproduction,
inducing DNA damage, and even causing death (Zhang
et al. 2019). Compared with biochar mixed with soil, bio-
char not mixed with soil has a small contact area with
soil and may have fewer negative effects on soil organ-
isms. Therefore, based on the above study, we suppose
that the method of biochar directly buried at a depth of
20 cm above the soil plow pan and then backfilling soil,
could effectively filtrate and hold soil water and nutrients
and further increase crop yield while reduce the biochar
loss during the tillage process. A study of these two appli-
cation methods may be an important guide to maintain
the stability of soil ecosystems.

Mollisols cover a large area of 916 million hectares
worldwide and are mainly distributed in regions with
native prairie ecosystems and gentle slopes in Northeast
China, Southeast Europe, Central North America and
South American Pampas (Liu et al. 2012). Mollisols in US
Soil Taxonomy (USST) was close to black soil in the Chi-
nese Soil Taxonomy (CST) and to Phaeozems in World
Reference Base for Soil Resources (WRB) (Zhang et al.
2016). In Northeast China, Mollisols are distributed over
32 million hectares of area and most of them have been
cultivated (Kang et al. 2016a; Wu et al. 2018). The Harbin
region is located in the central part of the belt of Mol-
lisols, where the soil organic matter (SOM) was 8-10%
before reclamation, while the mean value of the SOM was
4.32% according to an investigation in the 1980s (Zhang
et al. 2013). Shen et al. (2006) classified the degree of land
degradation in China as slight, moderate, severe and very
severe according to soil organic matter declines of<10,
10-30, 30-50, and > 50%, respectively. In this study, Mol-
lisols with a SOM value of 3.03% were considered moder-
ately degraded soils compared to the SOM of the 1980s.
An experiment under farmland conditions was carried
out to investigate the effects of different amounts and
methods of biochar application on maize productivity
and overall soil quality in moderately degraded Mollisols
areas by simultaneously measuring soil properties, crop
yield and plant agronomic characteristics.

2 Materials and methods

2.1 Description of the site and experimental materials

The experiment was carried out at the Xiangyang
experimental station of Northeast Agricultural Univer-
sity (45°42' N, 126°36’ E) from October 2017 to Octo-
ber 2020, in Harbin, Heilongjiang Province, China. The
region has a typical temperate continental monsoon
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climate with a mean annual sunshine duration of 2600 h
and mean annual precipitation of 500—600 mm. The soil
type is Mollisols with a BD of 0.92—-0.95 g-cm™3, satu-
rated water content of 60.2%, field water holding capac-
ity of 30.8%, SOM of 30.3 g kg™!, and total nitrogen
(TN) of 2.37 g kg™ . Soil particles < 20.00 pm, 2.00-20.00
pm and > 20.00 pm in size were 5.8%, 65.7% and 25.8%,
respectively.

The biochar raw material was made up of corn stalks
heated at 450 °C in anaerobic conditions, and the reten-
tion time of the pyrolysis process was 1 h. Biochar was
provided by Liaoning Jin Hefu Agricultural Develop-
ment Co., Ltd in China. The biochar has a particle size of
1.5-2 mm, total pore volume of 0.0054 ml g~}, micropo-
rous pore volume of 0.0006 ml g~!, pH of 9.25, TN of
15.12 g kg™, total phosphorus (TP) of 7.93 g kg™?, and
total potassium (TK) of 16.51 g kg™,

2.2 Experimental design

The experiment was arranged in a randomized com-
plete block design. Two methods of biochar application
were used, including biochar mixed evenly with soil
at 0-20 cm depth of the plough layer (HO), the soil at
0-20 cm depth was stripped, the biochar directly buried
at a depth of 20 cm above the plow pan, and then the soil
was backfilled (HE) in autumn 2017. The biochar applica-
tion amounts were 0 (control), 10 (level 1), 20 (level 2),
and 40 (level 3) t ha™! in both the HO and HE treatments.
There were a total of 7 treatments, and three replicates
were adopted for each treatment. The area of each plot
was 4 m? (2 m x 2 m).

Before sowing maize in the autumn of 2017, each rep-
licate plot was separated by polyethylene polypropylene
polyester waterproof cloth that was buried vertically at
a depth of 1 m and did not disturb the soil in the plot.
Subsequently, the biochar was applied uniformly at once
(no additional biochar application was used again in the
following years) according to different application meth-
ods and amounts, and all treatments were completed in
the autumn of 2017. The fertilization and seeding in each
plot were the same (Additional file 1: Table S1). The spac-
ing of the ridge/furrow was 0.67 m, and the plant spac-
ing was 0.28 m (planting density of 52,000 plants-ha™?).
Weeds were controlled by spraying herbicides first in
the spring, and then manually removed in the summer.
Meteorological data during the maize growth cycle were
provided by the China Data Meteorological Network
(http://data.cma.cn/) (Additional file 1: Fig. S1).

2.3 Plant growth and development parameters

The agronomic characteristics of maize plants were
determined at different growth periods from 2018 to
2020. Three uniform plants were selected from each plot,
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and the leaf chlorophyll relative content (SPAD) and leaf
nitrogen content (leaf N-content) were monitored using
a chlorophyll meter (TYS-4 N, Zhejiang, Topu instru-
ment, China). Simultaneously, the plant height was meas-
ured with a measuring tape from the ground to the top
of the newly emerged and flattened leaves. In addition, in
early October of 2018, 2019 and 2020, the aboveground
biomass and yield of the plants were measured. All
plants were harvested in each plot, and the field weigh-
ing method was used to obtain the above-ground bio-
mass. All maize in each plot was exposed to the sun and
threshed to measure the yield, which was converted into
a hectare yield. The 100-grain weight was measured after
the seeds were air-dried into constant weight.

2.4 Soil properties and overall soil quality assessment

Soil samples were collected from the 0-5 and 10-15 cm
soil layers using a ring belt with 100 cm? cylinders for the
determination of BD and soil moisture (SM) in 2019—
2020 (Bao 2000). A five-point sampling method was
adopted to collect soil samples in the 0—-15 cm soil layer
with soil drills in each plot after the corn harvest in mid-
October 2020. The residues and rocks in the soil samples
were removed, and the soil was air-dried and then passed
through a 2-mm sieve for testing. Parts of the soil sam-
ples were used for pH, electrical conductivity (EC), SOM,
available nitrogen (AN), TP and available phosphorus
(AP) analysis, and the others were used for catalase,
phosphatase, urease and sucrase activity analysis.

The soil’s natural moisture content was determined
by the drying method. Soil pH and EC (1:5 soil to water
ratio) were analyzed using a pH meter (PHS-25, LeiCi,
China) and an EC meter (DDSJ-308F, LeiCi, China),
respectively. SOM was measured by the dichromate
oxidation and titration method (Kalembasa and Jenkin-
son 1973). AN was measured by the alkaline solution
diffusion method (Dorich and Nelson 1984). TP was
measured by the HCIO,-H,SO, digestion-molybdenum
antimony colorimetric method. AP was measured by the
0.5 mol L™! NaHCOj, extraction-molybdenum antimony
colorimetric method (Bao 2000).

Soil catalase, phosphatase, urease and sucrase were
determined by the potassium permanganate titration
method (substrate: hydrogen peroxide), disodium phenyl
phosphate colorimetric method (substrate: phenyl phos-
phate), indophenol blue photometry (substrate: urea),
and 3, 5-dinitrosalicin acid colorimetric determination
(substrate: sucrose), respectively (Guan et al. 1991).

To evaluate the overall quality of the soil, a soil quality
index (SQI) was calculated by integrating key soil quality
indicators (KSQIs) using the method described by Zhang
et al. (2020). Briefly, soil quality-related parameters (i.e.
pH, EC, nutrients and enzymes) were selected to
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establish a minimum dataset (MDS) of soil quality based
on Pearson correlation analysis (Pearson) and principal
component analysis (PCA) (Gong et al. 2015). The norm
was calculated using the equation Ny =1/ Zle (,u?k - Ak),
where N, represents the norm value of the first k-princi-
pal components with a characteristic value>1 for the
i-index, p; represents the load of the i-index on the k
principal component, and A, represents the characteristic
value of the kg, principal component. The SQI was calcu-
lated using the equation SQI=Y) " ,S;W;, where W; and
S; are the PC weighting factor and the indicator score for
variable i, respectively. It was assumed that a higher SQI
indicated better overall soil quality.

2.5 Statistical analysis

Statistical analysis and graphs were plotted with SPSS
21.0 (SPSS Inc., Chicago, USA) and Origin 2019b. Each
data point was summarized by calculating the average
value and standard deviation (S.D.). Quantitative data of
the soil properties and plant parameters were screened
for normal distribution using the Shapiro—Wilk test,
and homogeneity of variance was determined by using
Levene’s test. One-way analysis of variance (ANOVA)
was used to test the differences between the control and
biochar treatments. When the ANOVA indicated a sig-
nificant F value (P <0.05) for treatments, multiple com-
parisons using Duncan’s test were performed. The single
linear and nonlinear regression analyses were tested via
ANOVA at P<0.05. Multiway ANOVA was used to
reveal the effects of biochar application methods (A),
application amount (B) and the interaction of A x B on
soil physicochemical properties and enzyme activities.

3 Results

3.1 Soil properties and overall soil quality assessment
HO3 had the lowest BD but it was not significant in the
0-5 cm soil layer (Fig. 1a); however, the BD significantly
decreased in the 10-15 c¢m soil layers and SM increased
in the 0-5 cm and 10-15 cm soil layers (Fig. 1b—d) in
2019. The linear models can be used to depict SM and BD
changes with different biochar application amounts in 2019
(Fig. 2). BD gradually decreased in the 10-15 cm soil layers
in HO and HE (Fig. 2a), and SM gradually increased with
biochar application (P<0.05) in the 0—5 cm and 10-15 cm
soil layers in HO (Fig. 2b and c). It is worth mentioning that
the influence of HO on BD was stronger than that of HE
in the 1015 cm soil layer (R>=0.47 vs. R>=0.36) (Fig. 2a),
and the influence of HO on SM was stronger in the
10-15 cm soil layer than in the 0-5 cm soil layer (R*=0.76
vs. R*=0.34) (Fig. 2b and c). Additionally, a high biochar
content (HO3) significantly increased the average SM in
the 10-15 c¢m soil layers (Fig. 1d), and the average SM at
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HO increased with biochar application (Fig. 2d) (P<0.05).
Two-way multivariate analysis of variance (MANOVA) for
SD and SM in the two cropping seasons (2019 and 2020)
is shown in Additional file 1: Table S2. SM was signifi-
cantly affected by biochar application methods (A) in the
10-15 cm soil layer in 2019. BD and SM were significantly
affected by biochar application amount (B) in the 10-15 cm
soil layer in 2019. The average SM was significantly affected
by B in the 10-15 c¢m soil layer (P<0.05).

Soil physicochemical properties and soil enzymatic
activities under different treatments are shown in
Table 1. In general, biochar application improved most
soil physicochemical properties and soil enzymatic
activities compared to the control. pH, SOM, urease,

sucrase, and activities were significantly affected by
the A, B and A x B interactions (P <0.05). HO3 had the
highest soil pH and EC (P<0.05), providing the most
suitable environment for crop growth and preventing
soil acidification. In addition, compared to control, HO3
had the highest SOM, AP, sucrase and catalase activities
(P<0.05), and HO1 and HET1 significantly decreased AP
(P<0.05). This indicated that high biochar content had
more advantages in Mollisols conservation.

To further evaluate the response of overall soil qual-
ity to biochar, the SQI was assessed by comprehensively
selecting appropriate soil quality indicators. Ten soil
quality parameters were used for PCA (Additional file 1:
Table S3), and then the correlation between indicators
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was analyzed (Additional file 1: Table S4). After com-
paring the correlation coefficients between two indica-
tors in the same group, the minimum dataset (MDS)
of soil quality evaluation indicators of sucrase, EC and
TN were finally determined in this study. The soil qual-
ity and biochar application amount can be depicted
as a linear model in HO-related treatments (Fig. 3a)
(P<0.001). Each treatment significantly increased the
SQI compared with the control (P<0.001), and the
HO3 treatment had the highest (Fig. 3b). It is worth
noting that although HE-related treatments improved
the SQI, they did not reach a significant difference
(P>0.05) (Fig. 3b). These results indicated that biochar
application can improve soil quality, and HO was better
than HE.

3.2 Plant height

Biochar application influenced maize plant height differ-
ently during growth stages (Fig. 4). Compared with the
control, HO1 significantly decreased the plant height at
the maturing stage in 2018 (P<0.05) (Fig. 4a). HE3 signifi-
cantly increased the plant height at the bell mouth stage
in 2019 (P<0.05) (Fig. 4c). HO2 had the highest constant
plant height during most growth stages in 2019 (Fig. 4b
and d). Each treatment had no significant effect on plant
height at seeding in 2020 (Fig. 4e). HO3 had the highest
plant height at the jointing stage (P<0.001) (Fig. 4f). It
was interesting that the plant height decreased with bio-
char application amount in HE treatments at the maturity
stage of 2018 (Fig. 4a) and can be depicted as linear mod-
els (Fig. 5a) (P<0.05), while the plant height increased
with biochar application amount at the bell mouth stage

in 2019 (Fig. 5b) and jointing stage in 2020 (Fig. 5c¢)
(P<0.05). Generally, both the HO and HE methods were
helpful to accelerate the maize growth, especially HO2
and HO3, which had better performance in all treatments,
and HE gradually showed a positive effect over time.

3.3 SPAD and leaf-N content

Except for the control, SPAD and leaf-N content showed
an upward trend with the biochar application during the
grain filling stage of 2019 (Additional file 1: Fig. S2a and
¢). This indicated that biochar application could delay
leaf senescence in the late growth stage of maize and
contribute to the accumulation of photosynthetic prod-
ucts, and HO3 and HE3 were the most obvious in delay-
ing leaf senescence. Additionally, except for the control,
it could be clearly seen that HO2 and HE2 were more
conducive to the growth of plants during the vegetative
growth period at the seedling and jointing stages of 2020
(Additional file 1: Fig. S2b and d). Generally, the biochar
application amount might greatly influence the leaf pho-
tosynthetic index, and the application method had less
effect on it.

3.4 Crop productivity

Biochar application contributed to the increase in crop
productivity. Compared with the control, the above-
ground biomass, air-dried weight of 100 grains and yield
of the HO3 treatment were the highest (1.58 t ha™l,
36.33 g and 10.80 t ha™'), and those of the HO1 treat-
ment were the lowest (1.45 t ha™!, 30.67 g, 7.86 t ha™!)
in 2020 (Fig. 6a—c). HO3 significantly increased the yield
in 2018 (P<0.05) (Fig. 6¢c). HE3 had the highest yield in
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2019 and 2020, but the difference was not significant
(Fig. 6¢). Additionally, the relationship between the yield
of HO-related and HE-related treatments and biochar
application can be described as a quadratic function
in 2018 and 2019, respectively (P<0.05) (Fig. 7a and b).
This indicated that regardless of the method of biochar

application, higher amounts of biochar application can
increase crop productivity, while less biochar application
tends to reduce crop productivity.

In addition, HO1 significantly decreased the aver-
age aboveground biomass in the three continuous crop-
ping seasons (CSs) compared with the control (P<0.05)
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(Fig. 6d). Each treatment had no significant effect on the
average air-dried weight of 100 grains of the three CSs
(Fig. 6e). The total yields of the HO3 and HE3 treatments
increased by 18.50% and 14.35% compared with the con-
trol, respectively, and were significantly higher than those
of HO1 and HE1 (P<0.05) (Fig. 6f). The relationship
between the average aboveground biomass of the HO
treatments, the total yield of the HE treatments and bio-
char application amounts can be described by a quadratic
function and a linear model (Fig. 7c and d). This indi-
cated that the average aboveground biomass was more
sensitive to the increased amount of biochar application
under the HO treatment, and the total yield was more
sensitive to the increased amount of biochar application
under the HE treatment.

4 Discussion

Because of the low inputs, high outputs, and unbal-
anced fertilization in the farming process, constrain-
ing soil degradation and maintaining soil quality have
become a research focus worldwide (Guo et al. 2010).

The methods to solve soil degradation include straw
amendment, application of organic fertilizer and plant-
ing green manure; however, biochar as a soil carbon-rich
amendment to improve degraded soil is still debated
(Hardy et al. 2017). Additionally, the Mollisols in North-
east China, where the experiment in our study was con-
ducted, also have the problem of soil degradation. Soil
quality is severely degraded, threatening crop production
in Mollisols due to long-term high-intensity cultivation,
and the amount of chemical fertilizer application sharply
increases without organic fertilizer (Zhou et al. 2016).
Our study clearly showed that biochar application meth-
ods had different performances, and influenced crop
growth, crop yield and soil physicochemical properties.

4.1 Response of soil properties to biochar application
after 3 years

Biochar interactions within soils can have a direct or an

indirect impact on the plant -soil interface (Lehmann

et al. 2015). BD is one of the important indicators to

characterize soil physical properties, and it affects the
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diffusion of nutrients in the soil and the absorption of
nutrients by crops (Costa et al. 2013). Similar to a pre-
vious report (Zhao et al. 2019), in our study, more bio-
char application (HO3) tended to decrease the BD while
increasing the SM (2019) (Fig. 1). This can be attrib-
uted to the fact that, compared with soils, biochar has a
lower density and looser structure due to its higher cel-
lulose, pure carbon and carbon compounds (Bird et al.
2008; Spokas et al. 2009; Downie et al. 2012). However,
this study also found that the influence of HO treat-
ment on BD was stronger than that of HE treatment in
the 10-15 cm soil layer (Fig. 2a), and the influence of
HO treatment on SM was stronger in the 10-15 cm soil
layer than in the 0-5 cm soil layer (Fig. 2b—d). Therefore,
compared with HE, HO was more effective at reversing
soil compaction. In addition, the small effect of biochar

on the upper SM content could be attributed to the fact
that surface soil is susceptible to experiencing evapora-
tion by wind flow, and biochar does not play a dominant
role. (Zhao et al. 2021). Thus, in the moderately degraded
Mollisols, HO had a better performance than HE in the
early stage of maize growth by mediating both BD and
SM.

Previous studies indicated that 1 t ha™! of biochar
application significantly increased soil pH but did not
obviously increase the EC in both nutrient-poor and
nutrient-rich soils (Kang et al. 2016b). In this study, more
biochar application significantly increased soil pH and EC
(Table 1), which provided the most suitable environment
for crop growth. This could be due to higher amounts
of biochar application containing greater amount of ash
and mineral elements such as Na, K, Mg, Ca, etc., which
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are alkaline after being dissolved in the solutions of soils
(Kimetu and Lehmann 2010). Additionally, Mollisols had
a relatively higher content of SOM (3.03%) and clay parti-
cles (sizes of 2.00—20.00 pm, 65.7%), which could moder-
ate the alkalinity caused by biochar. Thus, the addition of
Na, K, Mg, and Ca to ash accelerates the activity of iron
in soils. Therefore, in the moderate degradation of Mol-
lisols, biochar application was slightly different from the
previous results. The higher amount of biochar applica-
tion not only significantly increased soil pH, but also
significantly increased soil EC, which could balance soil
acidity, especially alkalinity.

In the present study, HO3 significantly increased SOM,
AP, sucrase and catalase activities (Table 1). This can be
explained by the fact that (1) biochar is an additional
source of SOM and AP, which can directly increase soil
nutrient levels (Antal and Grenli, 2003), and (2) biochar
has a high capacity for soil cation exchange and surface
area, which can adsorb more substances, especially P with
the mode of “deposition cycling” in soils, and increase
the soil nutrient levels (Dahlawi et al. 2018; Zhang et al.
2020). In addition, the AP increase is partially explained
by the increase in enzyme activities (such as phosphatase,
sucrase, and catalase), which increases the transfor-
mation of non-available P, especially soil phosphatase,
sucrase and catalase, which are specific and crucial to the
P and C cycles (Frankenberger and Bingham 1982). Thus,
more HO had more obvious effects on improving SOC,
available nutrients, and enzyme activities.

Most previous studies on biochar application mainly
focused on improving the soil quality of problematic
soils. Our present study emphasized the importance of
the overall soil in the Mollisols area (Fig. 3). Clearly, the
SQI is a valuable index that can reflect the overall qual-
ity of the soil covering a wide range of physicochemical
and microbial properties (Yan et al. 2021). In the present
study, the SQI gradually increased with biochar applica-
tion in HO, and was significantly higher in both HO2 and
HO3 than in the other treatments (Fig. 3a and b). This
indicated that HO had a greater impact on soil quality
than HE. However, when the amount of biochar applica-
tion reached a certain level, the soil quality no longer sig-
nificantly improved. The trends of SQI slowly increasing
with biochar application were obvious in HE in all three
years, but the results were not significantly different.
This may be due to that the amount of biochar applica-
tion is not enough at present. However, the effects of HE
should be focused on in the future because HE has rela-
tively weak negative effects on soil animal diversity and
soil ecosystem health compared to HO (Wu et al. 2021;
Maurer et al. 2017). Therefore, based on the purpose of
production practices, appropriate methods and amounts
of biochar application should be considered in farming
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practices. Interestingly, AN, EC and sucrase were most
closely related to soil quality (Additional file 1: Table S3),
which indicated that these indicators could be used to
coarsely estimate the soil quality after biochar application
in Mollisols.

4.2 Response of crop yield and growth to biochar
application

Previous studies indicated that biochar application can
change the nutrient availability and status in soils, and
further influence crop growth (Sohi et al. 2010; Yuan et al.
2016). Plant height is typically considered an indicator
reflecting the photosynthesis and respiration capacity of
the plant (Guenni et al. 2018). Plants have higher heights,
and more therefore branches and leaves can capture
more solar radiation and carbon dioxide, further increas-
ing crop yields (Chen et al. 2021). In this study, medium
and high amounts of HO and HE promoted crop growth
and delayed leaf senescence, and the effects were slightly
different in different years. This indicated that in the early
stage of biochar application, the influence of HO on crop
height was more significant compared with that of HE,
while HE showed an effect over time. This can be a pos-
sibility due to the fact that the biochar condensing above
the plow pan and below the plough layer (HE) can effec-
tively filter the nutrients and hold water and is further
beneficial to crop growth in all stages (Reddy et al. 2014).
As well, with increasing years, plant roots tend to grow
deeper into the biochar layer with high nutrient filtration
during the leaching process in HE. This results in the root
system absorbing more nutrients from the biochar layer
and promotes crop growth (Li et al. 2014).

Furthermore, both HO3 and HE3 increased the leaf
SPAD value and leaf-N content (Additional file 1: Fig.
S2a and c), delayed leaf senescence during the later stage
of maize growth, and thereby extended the grain-fill-
ing duration of maize. Additionally, HO2 promoted an
increase in the leaf SPAD value and leaf-N content in the
seedling stage of 2020 (Additional file 1: Fig. S2b and d),
which was beneficial to increasing photosynthate accu-
mulation in the early stages of crop growth. This may be
due to the higher content of biochar application promot-
ing the soil nutrient cycling, such as nitrification, through
the holding, adsorption and desorption of nutrients
in the porous structure of biochar (Joseph et al. 2010).
This process increased the soil available nitrogen and
promoted plant nitrogen absorption. Thus, both higher
amounts of HO and HE tend to promote vegetative
growth in the early stage and delay leaf senescence in the
later stage of crops to a certain extent. In contrast, lower
biochar application reduced the plant height (Fig. 4a) and
SPAD (Additional file 1: Fig. S2a, c). It may be due to the
fact that lower amounts of biochar application just filled
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Table 2 Correlation coefficient matrix of indicators for soil quality evaluation

pH EC SOM AN AP TP Phosphatase = Urease  Sucrase  Catalase
Aboveground biomass 0.190  0465*  0.156 —0.215 0326 0276 —0.097 0.128 0.117 —0.178
Air-dried weight of 100 grain — 0089 0011 0.044 —0.173 — 0147 0145 — 0.067 0.092 0.077 0.035
Yield 0242  0659* 0343 — 0406 0.638* 0.175 0.229 0.354 0431 0.025

*means the significant correlation at P < 0.05. EC electrical conductivity, SOM soil organic matter, AN available nitrogen, AP available phosphorus, TP total phosphorus

the space of the soil pores, and resulted in acceleration
of anoxic conditions which weakened nitrification in the
soil. Therefore, low application of biochar (HO1) reduced
the uptake of soil AN by crops and further constrained
the growth and development of crops (Kammann et al.
2011). In general, both HO and HE had little influence on
plant height, SPAD and leaf-N content, and the influence
of biochar on maize performance had the dose effects.
Previous studies indicated that different types of bio-
char mostly increased the production of crops in various
climates and soils (Major et al. 2010; Uzoma et al. 2011).
This can be attributed to (1) biochar application increas-
ing the abundance of beneficial bacteria in the soils, which
improves the function of the soil ecosystem and provides a
more friendly environment for crop root growth (Beesley
et al. 2010; Steiner et al. 2008a); or (2) biochar improving
the physicochemical properties of the soils, especially the
high adsorption ability of biochar reducing nutrient loss,
while increasing the available nutrient content and pro-
moting crop growth (Wang et al. 2010; Chen et al. 2013);
or (3) the adsorption of biochar slowing the release of
toxic substances when they are confined to biochar and
thus reducing the toxic effects of toxic ions and organic
pollutants on plants (Uchimiya et al. 2011). Hussain et al.
(2017) found that biochar application enhanced the crop
yield in highly degraded or infertile soils based on a sum-
mary of previous publications, but it was not significant
in fertile and healthy soils. This means that biochar does
not always enhance crop yield in cultivated soils. In this
study, we found that HO3 only significantly increased
maize yield in the first year of biochar application (Fig. 6¢).
This was due to biochar application improving soil phys-
icochemical properties such as pH, EC, SOM and AP
(Table 1). Meanwhile, EC and AP were significantly posi-
tively correlated with yield (P<0.05) (Table 2). In addition,
this may be due to biochar application influencing maize
yield, which could be severely affected by weather condi-
tions, such as precipitation and temperature, especially
in extreme weather conditions. For example, hurricanes
made all maize down because maize had a higher height
and wider leaves after biochar application than the control,
while the soil structure was too loose to sustain the crop
upright in August of 2019 and 2020. As well, the ability of
biochar to improve soil quality and microecosystems could

be weakened with increasing time, although biochar is rel-
atively stable in the soil environment (Spokas et al. 2014;
Ippolito et al. 2012). We also found that HE3 had the high-
est yield in 2019 and 2020 but the difference was not sig-
nificant (Fig. 6¢); this can also be attributed to the biochar
layer of HE trapping more nutrients (Hossain et al. 2020).
Thus, the effects of the amount and the method of biochar
application on maize yield should be continuously studied
in the moderately degraded Mollisols in further studies.
Generally, the effect of biochar on soil quality and crop
yield cannot be negated in the moderately degraded Mol-
lisols, and both the higher HO and HE can effectively pro-
mote crop growth and the accumulation of maize yield to a
certain extent, although the effect is determined by various
environmental conditions.

5 Conclusions

The results of the three-year study suggested that the
application of biochar can improve the overall quality of
moderately degraded Mollisols to varying degrees. The
improvement of overall soil quality was conducive to the
growth and development of crops (e.g. delayed leaf senes-
cence), which can increase crop productivity (e.g. crop
yield and aboveground biomass of crops). Higher homo-
geneous and heterogeneous amounts of biochar applica-
tion could promote vegetative growth in the early stage,
delay leaf senescence in the later stage of crops to a certain
extent and improve crop productivity. In general, HO3
was the best soil carbon-rich amendment for improving
overall soil quality and crop productivity for short-term
cultivation (3-year), while HE showed an effect over time.
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