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Abstract: To address the low productivity of sandy farmlands, our study aimed to conduct a
comparative study on the effects of different organic amendment (OA) inputs for the potential
improvement of crop yield and soil quality in sandy alkaline farmlands through the selection of a
suitable OA. This study set up straw (ST) returning as control and chemical fertilizer (CF) treatment
as a side control, and chose three OAs returning as treatments, including pig manure (PM), biogas
residue (BR), and straw biochar (BC), for improving soil fertility, with all amendments having
matched doses of nitrogen (N). The experiment was conducted at the Wugiao Experimental Station
(37°41 N, 116°37 E) of China Agricultural University in Hebei Province, China, from October 2012
to September 2016. The cropping rotation was the winter wheat (Triticum aestivum L.)-summer
maize (Zea mays L.) rotation system. Through a consecutive four-year field experiment, the principal
results showed that three types of OA application significantly increased soil organic carbon from
1.46 g kg~ ! to 8.24 g kg~ !, soil total N from 0.21 g kg~ ! to 0.64 g kg ™!, soil available potassium from
55.85 mg kg ! to 288.76 mg kg1, and soil available phosphate from 4.86 mg kg~ to 65.00 mg kg~
in the 0-20 cm soil layer. The BR was the most effective in improving soil nutrients as compared with
the ST. The PM and BR treatments were more conducive to promoting crop yield by 6-20% than ST,
and the BC treatment significantly reduced the yield of winter wheat by 19% and summer maize by
8%. As the BR and PM treatments improved the soil nutrient content and significantly increased crop
yield, these were the top choices for transforming the low-yield sandy farmlands.

Keywords: medium- and low-yield farmland; alkaline sandy soil; organic amendments; soil chemical
properties; yield

1. Introduction

There has been an increase in the land application of organic amendments (OA) such
as manure, biosolids, green wastes, and composts because of their potential to boost
soil carbon (C), improve fertility, help mitigate climate change, support soil health, and
for regenerative agriculture [1-5]. China has been facing enormous pressure caused by
conflicts among land resources, population resources, and the environment for a long
time [6]. Under similar climatic conditions, the grain yield of most cultivated lands is much
lower than the potential productivity of high-yield farmlands, and most cultivated lands
can close yield gaps through water management and nutrient application [7,8]. With grain
yield as one of the main factors that restrict agricultural land productivity, medium- and
low-yield farmlands occupy as much as 79% of the limited cultivation areas in China [9].
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Therefore, the input of OA into agricultural ecosystems could be used to control soil quality
and to make rational use of agricultural wastes, consequently, closing yield gaps.

The transformation of medium- and low-yield farmlands is mainly achieved using
feasible agricultural measures to improve the level of farmland production, so that these
farmlands could gradually become high-yield croplands. Land productivity of the middle-
and low-yield fields in China could be increased by 19% and 24%, respectively, through
one prediction method by using the Moderate Resolution Imaging Spectroradiometer [9].
Analyses through the spatial autocorrelation analysis and the geographical information
system (GIS) technology show that the potential grain yield of the Huang-Huai-Hai (3H)
plain could reach 33.05 million tons, of which the transformation of medium- and low-yield
fields accounted for 73.04% of the increase in grain yield [10]. It can be seen that middle-
and low-yield farmlands in China have great potential to increase production and income
through an effective transformation using currently feasible technological processes. The
best way to develop high-quality soils is to manage crops and grounds to promote build-up
and maintenance of high organic matter levels, specifically, the right amount of active
organic matter using OA [11]. The OA can provide high concentrations of essential plant
nutrients and help increase soil quality [2,12], which is very suitable for the improvement
of medium- and low-yield farmlands. Modification of medium- and low-yield farmlands
by improving soil quality can alleviate the shortage of agricultural cultivation land and
improve total grain yield.

With the increasing interest in using OA, its application for fertility and productivity
to restore or improve farmland is also growing, and the demand possibly increases with the
challenges posed by global changes. The use of OA benefited yields and enhanced resilience
of agricultural systems as shown by an exhaustive meta-analysis including 132 long-term
(>10 years) studies in the world [13]. The OA offered some environmental benefits such as
increasing soil carbon, aboveground net primary productivity, soil water holding capacity,
and plant tissue nitrogen (N), and a global meta-analysis of 92 studies included some of
the environmental harms caused by OA [1]. The OA provided 25% to 80% additional C
input to the soil, and there was no or slightly significant difference in physicochemical
and biological soil properties among OA adopting a 37-year field experiment [14]. A
combination of organics and fertilizers is the most effective way to build up soil organic
matter, produce more food, and enhance sustainability, especially in dryland farming
systems, as shown by an analysis of 32 long-term experiments in China [15]. Organic waste
recycling through the application of OA which can reduce the environmental burden and
mitigate environmental impacts arising from discharge of OA-derived pollutants could be
effective in using nutrient resources and ameliorating soil quality, thus enhancing farmland
productivity and increasing crop yield. This is of great importance for the improvement of
medium- and low-yield fields and food security in China [1,4,12].

Based on the background of the transformation of medium- and low-yield alkaline
sandy farmlands and OA use, this study selected straw (ST), pig manure (PM), biogas
residue (BR), and biochar (BC) by equal nitrogen input. Currently, there are many studies
on the effects of OA such as BC, ST, BR, PM, and cow manure on soil quality and yield.
However, there are relatively few experiments involving medium- and low-yield alkaline
sandy farmlands and the comparison of various OAs at the same time. Therefore, this
experiment carried out a comparative study on the effects of different OA inputs for the
potential improvement of crop yield and soil quality in sandy alkaline farmlands. The
experiment selected winter wheat-summer maize as the object under study, conventional
ST as the control, and chemical fertilizer (CF) as the side control. This study aimed to screen
out suitable OAs for the improvement of soil quality and crop yield in alkaline sandy
farmlands, which is of great practical significance for medium- and low-yield farmland
transformation and food security in China.
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2. Materials and Methods
2.1. Site Description, Climate, and Soil

The experiment began in October 2012 at the Wugiao Experimental Station, China
Agricultural University (37°41 N, 116°37 E) in Hebei Province, China. The total precip-
itation was 562 mm y !, and the mean annual temperature was 12.9 °C. The soil was
classified as sandy soil, composed of 84.09% sand, 9.73% silt, and 6.18% clay (World Refer-
ence Base for Soil Resources). The soil total nitrogen (STN) for 0-20 cm was 0.21 g kg~ !,
soil available phosphate (SAP) was 4.86 mg kg™, soil available potassium (SAK) was
55.85 mg kg !, soil organic carbon (SOC) was 1.46 g kg~ !, and soil pH was 8.71. The SOC
content was determined by the K,Cr,O; oxidation method using an exogenous thermal
process [16]. The STN concentration was measured by the semi-micro Kjeldahl method and
through an automatic nitrogen analyzer [17]. The SAP concentration was measured by the
Olsen method by extraction with sodium bicarbonate [18] and SAK was determined using
ammonium acetate and measured by flame photometry [19]. The planting pattern was
classified as the conventional winter wheat-summer maize rotation system. Jimai-22 is the
winter wheat variety and zhengdan-958 is the summer maize variety. The monthly average
precipitation and temperatures during the experimental period are shown in Figure 1.
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Figure 1. Monthly Precipitation and temperature during the period of 2012/10-2016/9 at the Wugqgiao Experimental Station
of China Agricultural University.

2.2. Experimental Design

Based on the principle of equal nitrogen input, PM, BR, and BC were returned to the
field with ST returning as the control and CF as the side control. Five treatments were
performed using a random block design. Each treatment was repeated three times, and
the field plot size was 5.1 m x 4 m. BR was produced. In an anaerobic environment, BR
is the residue after biogas produced by microbial fermentation of organic matter such as
pig manure, cow manure, and straw. Biochar is obtained by crushing wheat straw into
semi-closed biomass carbonization furnace and pyrolysis carbonization at 500 °C. The
chemical properties of OA are listed in Table 1.

Table 1. Nutrient contents and pH of organic amendments.

Treatments C (%) N (%) P (%) K (%) C/N pH
Maize straw 43.00 0.70 0.20 2.05 61.43 6.14
Wheat straw 37.80 0.56 - - 67.50 6.12

Biogas residue 17.40 1.90 1.69 0.60 9.16 7.20

Pig manure 18.20 1.96 3.42 0.90 9.29 7.08

Biochar 38.70 1.34 0.20 3.70 28.88 9.36

Note: The nutrients and pH in the organic amendments were mixed analyses performed using the composite
samples. The nutrient contents were expressed on a dry weight basis through calculation.
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In this experiment, a winter wheat yield of 7500 kg ha~! and a summer maize yield
of 9000 kg ha~! were used as objectives, and the amount of crop straw produced on this
basis was returned to the field as the standard. Based on the carbon content of the returned
ST, the carbon-nitrogen ratio (C/N) of the other materials, and the actual situation of OA
application in the farmland, the BC was fully returned to the field with the carbon content
of ST. In contrast, PM and BR were returned to the field with half of the carbon content
of the returned ST. The treatment with the highest nitrogen content (BR) was used as the
standard to return an equal amount of nitrogen to the field, and the missing part was
supplemented by CF. The specific nitrogen fertilizer scheme is shown in Table 2.

Table 2. Experimental design of fertilization.

Application Inorganic N-Based

Rate Added C Added N Application Rate (kg Total N
Treatments (kg ha1 (kg haj (kg haj ha—1year1) (kg ha;l CIN

year—1) year™) year™) Wheat Maize year™)

maize 9000 3870 63
Straw wheat 7500 2835 4 442 419 966 6.94
Biogas residue 19,267 3352 366 300 300 966 347
Pig manure 18,420 3352 361 305 300 966 3.47
Biochar 17,326 6705 232 434 300 966 6.94
Chemical fertilizer - - - 300 300 600 -

During the four-year experiment from 2013 to 2016, soil fertility was observed in real
time. In this experiment, nitrogen fertilizer was divided into base fertilizer and topdressing
fertilizer. The ratio of base fertilizer for the wheat season (sowing date) to topdressing
fertilizer (jointing stage) was 6:4, and the ratio of base fertilizer of maize season (sowing
date) to topdressing fertilizer (jointing stage) was 4:6. Phosphorus fertilizer was applied
at a dose of 150 kg ha~! of P supplied as diammonium phosphate, and 150 kg ha~! of K
fertilizer supplied as potassium sulphate during the wheat and maize seasons, respectively,
on the sowing date. In accordance with the characteristics of sandy-loam soils and climate,
the irrigation method was adopted several times and adjustable. The irrigation scheme of
wheat was 75 mm at sowing, 50 mm at turning-green, 50 mm at flowering, and 50 mm at
grain filling. The irrigation scheme of maize was 75 mm at sowing, and 45 mm at flowering.
The tillage method was carried out once before wheat sowing. The OA and CF were
applied before sowing and were mixed with the topsoil through tillage, in which wheat
straw was returned to the field at the maize seedling stage and was covered on the soil
surface [12,20,21].

2.3. Soil Sampling and Analysis

After the summer maize harvest (October) from 2012 to 2016, soil samples were
collected from two layers, 0-10 cm and 10-20 cm from the surface, according to the W-
shaped five-point sampling method. The five-point soil samples from the same layer
and plot were mixed evenly to obtain a soil sample. Soil samples were taken back to the
laboratory to remove impurities such as residual plant roots and gravel, and then divided
into two parts and air-dried naturally. One air-dried soil sample was sieved through a
1 mm filter for the determination of SAP and SAK, and the other was sieved through a
0.25 mm filter for the determination of SOC and STN. We calculated the bulk density by
drying the soils at 105 °C. Finally, the SOC stock (SOCs), STN stock (STNs), SAP stock
(SAPs), and SAK stock (SAKs) were calculated using the following formula [22]:

SOCs =Y " SOCi x Bi x Di x 10 (1)

STNs =Y " STNi x Bi x Di x 10 2)
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SAPs =Y " SAPi x Bi x Di x 10 (3)
STNs =Y " STNi x Bi x Di x 10 (4)

where SOCs (tha™!), STNs (tha™'), SAPs (kg ha~1), and SAKs (kg ha~!) are the stocks of
SOC, STN, SAP, and SAK. The SOCi is the SOC concentration on the ith layer (g kg™}),
STNi is the STN concentration on the ith layer (g kg '), SAPi is the SAP concentration on
the ith layer (mg kg~!), and SAK:i is the SAK concentration on the ith layer (mg kg~!). Bi is
the bulk density of the ith layer (g cm~2), and Di is the thickness of this layer (cm). The
bulk density of this experiment is specified in Table S1.

The upside plants of the winter wheat and summer maize were taken at the maturity
stage. The aboveground biomass was first dried at 105 °C for 1-2 h, and then at 80 °C
to constant weight. In the winter wheat harvest period, a 1.5 m x 3 m sample without
disruption was selected to calculate the yield and yield components. In the harvest period
of summer maize, 3 m x 1.8 m plants without disruption were selected. All sampling was
not carried out at the edge of the plot.

2.4. Statistical Analysis

The results were initially collated using Excel 2016 (Microsoft, Redmond, USA). One-
way analysis of variance (ANOVA) was performed using SPSS 20.0 (SPSS, Chicago, USA).
Multiple comparisons were made using Duncan’s test. Statistical analysis was performed
using the Statistical Analysis Software package (SAS Institute, North Carolina, 2011).

3. Results
3.1. Soil Organic Carbon

The SOC is the core representative of soil fertility. Increasing SOC plays an essential
role in improving soil productivity, ensuring food security, and mitigating climate change.
Compared with the initial SOC contents (1.46 g kg~!), returning OA to the field signifi-
cantly increased the organic matter level of the medium- and low-yield alkaline sandy fields
(Figure 2). With the increase in repeated OA applications, the SOC with BC treatments was
significantly higher than that with other OA treatments, while that with CF was the lowest.
In the 0-10 cm soil layer, the BC increased by 1.84 g kg ! year !, BR by 0.57 g kg ! year~!,
PM by 0.48 g kg~ ! year~!, and ST by 0.54 g kg~! year~! after four years of continu-
ous OA return. In the 10-20 cm soil layer, BC increased by 1.55 g kg~! year~!, BR was
0.42 g kg~ ! year~!, PM was 0.35 g kg ! year~!, and ST increased by 0.38 g kg~ ! year~!
after four years of continuous OA return. The CF amendment increased the SOC levels by
0.09 g kg~ ! year ! and 0.03 g kg ! year~! for 0-10cm and 10-20cm soil layers, respectively.
Compared with the SOC of ST control, that of the BC treatment increased significantly, but
there was no significant difference between the SOC of BR and PM.

3.2. Soil Total Nitrogen

The STN is the sum of various forms of nitrogen in the soil, including organic nitrogen
and inorganic nitrogen. Compared with the initial STN (0.21 g kg™?), returning OA to the
field significantly increased the nitrogen level of medium- and low-yield alkaline sandy
fields (Figure 3). With the increase in repeated OA applications, the STN with BR treatments
was significantly higher than other that in OA treatments, while STN was lowest in CF. In
the 0~10 cm soil layer, BR increased by 0.12 g kg ! year~!, PM was 0.09 g kg~ ! year™!,
the BC was 0.09 g kg~! year—!, and ST increased by 0.07 g kg ~! year™! after four years of
continuous OA return. In the 10-20 cm soil layer, BR increased by 0.09 g kg~! year—!, BC
was 0.05 g kg ! year~!, PM was 0.03 g kg~ ! year !, and ST increased by 0.03 g kg ~! year~!
after four years of continuous OA return. The CF amendment increased the STN levels by
0.01 g kg~ ! year~! and 0.00 g kg ! year~! for 0-10cm and 10-20cm soil layers, respectively.
With the years of OAs returning to the field, the differences between the treatments were
increasing since some of the N fertilizers were supplemented with CF in the experimental
scheme, and only a small amount was retained in the soil after fertilization. The differences
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in STN between the treatments were mainly caused by the N content of the OA. The BR, BC,
and PM treatments significantly increased the STN as compared with that of the ST control.
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Figure 2. Effect of organic amendment application on soil organic carbon levels during a 4-year field experiment. Note:

Values are means (n = 3). Different letters indicate significant differences tested by Duncan’s multiple comparison (p < 0.05).

ST: straw; BR: biogas residue; PM: pig manure; BC: straw biochar; CF: chemical fertilizer.
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Figure 3. Effect of organic amendment application on soil total nitrogen levels during a 4-year field experiment. Note:

Values are means (n = 3). Different letters indicate significant differences tested by Duncan’s multiple comparison (p < 0.05).

ST: straw; BR: biogas residue; PM: pig manure; BC: straw biochar; CF: chemical fertilizer.

3.3. Soil Available Potassium

The sources of SAK included the OA and CF, and the SAK in the OA fluctuated from
year to year. After four years of field experiments, the SAK content increased and fluctuated
within a certain range, which was closely related to the absorption and use of SAK by
crops. Compared with the SAK content of ST control, the BC significantly increased SAK,
while that of BR and PM showed no significant difference (Figure 4). This is consistent with
the trend of converted SAK content in OA, and the key influencing factors of OA content
were identified. In the 0-10 cm soil layer, the BC increased by 56.15 mg kg ! year~!,
BR was 26.65 mg kg~! year~!, PM was 23.44 mg kg~! year™!, and ST increased by
25.41 mg kg~ ! year~! after four years of continuous OA return. In the 10-20 cm soil
layer, the BC increased by 60.31 mg kg ! year !, BR was 19.54 mg kg~ ! year !, PM was
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1.92 mg kg~! year!, and ST increased by 11.67 mg kg~! year~! after four years of con-
tinuous OA return. CF increased by 15.01 mg kg~ ! year ! in the 0~10 cm soil layer and
decreased by 3.56 mg kg ! year~! in the 10-20 cm soil layer. The SAK in the soils treated
with OA could meet the normal growth needs of crops.
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Figure 4. Effect of organic amendment application on soil available potassium levels during a 4-year field experiment. Note:
Values are means (n = 3). Different letters indicate significant differences tested by Duncan’s multiple comparison (p < 0.05).
ST: straw; BR: biogas residue; PM: pig manure; BC: straw biochar; CF: chemical fertilizer.
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3.4. Soil Available Phosphorus

Adding OAs to medium- and low-yield farmlands for four consecutive years sig-
nificantly increased SAP, especially in the BR and PM treatments. In the 0-10 cm soil
layer, the PM increased by 18.56 mg kg~! year~!, BR by 15.76 mg kg~! year~!, BC by
1.44 mg kg~! year—!, and ST by 2.81 mg kg~! year™! after four years of continuous OA re-
turn (Figure 5). In the 10-20 cm soil layer, the PM increased by 11.51 mg kg ! year !, BR was
9.49 mg kg ! year~!, BC was 0.58 mg kg~ ! year~!, and ST decreased by 0.13 mg kg ! year™!
after four years of continuous OA return. The CF amendment increased the SAP levels by
1.86 mg kg~ ! year~! in the 0-10 cm soil layer and decreased by 0.21 mg kg~! year—! in
the 10-20 cm soil layer. Compared with ST, PM, and BR significantly increased SAP, while
PM was slightly better than BR, and BC showed no significant difference. The trend of
comparison between SAP in OA and SAP in the experimental results was consistent.
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Figure 5. Effect of organic amendment application on soil available phosphorus levels during a 4-year field experiment.
Note: Values are means (n = 3). Different letters indicate significant differences tested by Duncan’s multiple comparison
(p <0.05). ST: straw; BR: biogas residue; PM: pig manure; BC: straw biochar; CF: chemical fertilizer.
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3.5. Effects of Organic Amendment Application on Nutrient Storage

After comparing the contents of SOC, STN, SAK, and SAP with the different OAs
returning to the field, it was difficult to comprehensively compare the fertilizer effects
of the different OAs. Therefore, the nutrient storage of the 0-20 cm (tillage layer) was
selected as the effect index of OA fertilization ability to make a comprehensive review. For
SOCs, the BC treatment had the best effect in the improvement of medium- and low-yield
alkaline sandy fields, which was 2.28 times higher than that of the ST control after four
years of experimentation. Meanwhile, the BR, PM, and CF were 1.02, 0.95, and 0.53 times
higher than that of ST, respectively (Figure 6). In the process of increasing the test life,
the differences between the OAs were gradually revealed. Compared with the SOC level
of ST, the BC had the most significant effect on SOC increase. At the same time, the ST
and BR were better than PM in increasing SOC rates. For STNs, the BR treatment had
the highest value and was 1.51 times higher than that of the ST control after four years
of experimentation. Meanwhile, PM, BC, and CF were 1.15, 1.11, and 0.59 times higher
than that of the ST, respectively. As a relatively stable N source, the OA can improve the
availability of soil nitrogen; thus, the subsequent effects of N become more pronounced.
For SAKSs, the BC treatment had the highest value and was 2.04 times higher than that of
the ST control after four years of experimentation. Meanwhile, the BR, PM, and CF were
1.12, 0.84, and 0.63 times higher than that of the ST, respectively. The SAK content in soil
treated with OA could meet the normal growth needs of crops and was consistent with
the trend of SAK content in OA. For SAP storage, the PM treatment had the highest value
and was 6.44 times that of the ST control after four years of experimentation. Meanwhile,
the BR, BC, and CF were 5.32, 0.81, and 0.82 times that of the ST, respectively. The SAP
content in the soils treated with BC and ST could not meet the normal growth needs of
winter wheat and summer maize for the time being.
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Figure 6. Effect of organic amendment application on soil nutrient storage during a 4-year field experiment. Note: Values

are means (n = 3). Different letters indicate significant differences tested by Duncan’s multiple comparison (p < 0.05). ST:

straw; BR: biogas residue; PM: pig manure; BC: straw biochar; CF: chemical fertilizer.



Agronomy 2021, 11, 157

9of 15

Soil fertility reflects the ability of the soil to provide nutrients for crop growth. The
SOC, STN, SAP, and SAK are usually the most important nutrient indicators in crop
production and are also important parameters reflecting soil fertility. Multiple comparisons
of four soil nutrient data over the past four years showed that the BC treatment had great
advantages in improving soil nutrients, with the exclusion of the SAP, followed by the
BR and PM treatment. It was found that the addition of OA had a significant effect on
improving the nutrient content and productivity in medium- and low-yield farmlands,
compared with that of the CF treatment. The contents of SOC and STN increased year by
year throughout the experimental years, and the increasing trends were very evident. SAP
and SAK also increased, and in general, with the addition of OA and the growth of the
experimental years, the soil nutrient status improved, with BC treatment being the most
significant, followed by BR and PM.

3.6. Effects of Organic Amendment Application on Yield

Crop yield is affected by soil nutrient status, physical and chemical properties, nutrient
release rate in OA, light, heat and water resources, and other factors simultaneously.
Moreover, crop yield is a representative index that can be used to directly compare the
effects of adding OA. After adding OAs for four consecutive years from 2013 to 2016, the BR
and PM treatments increased winter wheat yield by 20.0% and 9.19%, respectively, while
the BC and CF treatments decreased winter wheat yield by 19.0% and 6.64%, respectively,
compared with that of the ST treatment (Table 3). Due to the phenomena of dead seedlings
and early maturity in BC, the yield of wheat decreased after BC treatment. Summer maize
yield increased by 6.20% and 6.13% after the BR and PM treatments, respectively, but
decreased by 8.12% and 2.62% after the BC and CF treatments, respectively, compared with
that of the ST treatment. The same trend as the winter wheat yield was maintained, while
the difference between treatments decreased. The effects of OA on yield components of
wheat and maize are shown in Tables 52-S5. The BR treatment had the most significant
effect on increasing crop yield, followed by PM, while BC and CF treatments reduced crop
yield, compared with that of the ST treatment.

Table 3. Effects of organic amendment application on the yield of wheat and maize.

Crops Treatments 2013 2014 2015 2016 Average Increasing
(kg-ha1) (kg-ha=1) (kg-ha—1) (kg-ha=1) (kg-ha=1) Range %
ST - 7963a 7515a 5909¢ 7129
BR - 9281a 7364a 9018a 8554 20.0%
Winter wheat PM - 8931a 7261a 7161b 7784 9.19%
BC - 7942a 5042b 4345d 5776 —19.0%
CF - 7759 7229 4978d 6655 —6.64%
ST 10,232a 12,226a 9926b 9763b 10,537
BR 10,490a 13,046a 10,701a 10,525a 11,191 6.20%
Summer maize PM 10,660a 12,505a 10,873a 10,694a 11,183 6.13%
BC 9741a 9220b 9964b 9800b 9681 —8.12%
CF 10,112a 11,266ab 9913b 9750b 10,260 —2.62%

Note: Values are means (n = 3). Different letters indicate significant differences tested by Duncan’s multiple comparison (p < 0.05). ST:
straw; BR: biogas residue; PM: pig manure; BC: straw biochar; CF: chemical fertilizer.

4. Discussion
4.1. Effects of Organic Amendment Application on Nutrients and Productivity

With the addition of OA and the growth of experimental years, the soil nutrient status
improved, with BC treatment as the most significant, followed by BR and PM. For SOCs,
the BC treatment had the best effect in the improvement of medium- and low-yield alkaline
sandy fields, which was 2.28 times higher than that of the ST control. Meanwhile, the BR,
PM, and CF were 1.02, 0.95, and 0.53 times as much as that of the ST control, respectively.
Considering the actual situation of C/N and the return amount of OA, the carbon content
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of ST and BC were twice as much as that of BR and PM. Since the stability and stabilization
of BC were greater than that of the other OA treatments, the SOC after BC treatment was
much higher than that of the other OA treatments, as SOC play a key role in soil fertility
and quality [23,24]. The OA application optimized the soil physicochemical properties and
increased Holetta and Robgebeya’s SOC by 23-27% and 26-34%, respectively [25]. The
results about 4 kinds of OAs application on a low-productivity paddy soil showed that
cattle manure and CF were the most efficient OAs in improving C-sequestering, during a
4-year field experiment [26]. The BC-amended soil had significantly greater microaggregate
stability, organic C, and total P content [27]. Manure with CF increased grain yield by
6-19%, but greatly increased the SOC content (9-39%) as compared with that of CF, when
analyzing the results of 20 long-term field trials and climate change and SOC models to
estimate the influence of manure and CF on grain yield [28]. It can be concluded that
the application of stabilized OA was particularly significant for the build-up of humus in
arable lands and for the land reclamation in organic matter-depleted soils [29]. Therefore,
the effect of OA on improving SOC has been widely recognized.

For STNs, the BR treatment had the highest value and was 1.51 times as much as the
ST control. Meanwhile, PM, BC, and CF were 1.15, 1.11, and 0.59 times as much as that
of the ST, respectively. Since part of the N was supplemented by CF in the field-returning
test scheme, there was little retention after CF was applied to the soil, and the difference in
TN content between treatments was mainly caused by the difference in N content in the
OA. Repeated application of composted materials increases soil organic N content by up to
90%, storing them for mineralization in future planting seasons, usually without leaching
nitrate to the groundwater. The OA themselves contain a large number of nitrogen sources,
which affect the transformation process of nitrogen and the soil nitrogen content, storing it
for mineralization in future cropping seasons, and OA affect the nitrogen absorption of
crops [4].

For SAKSs, the BC treatment had the highest value and was 2.04 times that of the
ST control. Meanwhile, BR, PM, and CF were 1.12, 0.84, and 0.63 times as that of the ST,
respectively. The OA application brings potassium source, which releases rapidly and is
easily absorbed and used by crops. The SAK content increased and fluctuated within a
certain range, which was greatly related to the easy absorption and use of SAK by crops.
Compared with ST, the BC treatment significantly increased the SAK content, while BR
and PM treatment showed no significant difference. This was consistent with the trend
of SAK content in converted amendments, and the key influencing factor of SAK content
was clarified. The OA input bring abundant phosphorus source, but also promote the
mineralization of phosphorus. The abundant nutrient decomposition in OA enhances the
microbial activity and promotes the release of slow-effect phosphorus in the soil. The OA
had high P concentrations and provided a high amount of P to plants [30]. For SAPs, PM
treatment had the highest value and was 6.44 times that of the ST control. Meanwhile, the
BR, BC, and CF were 5.32, 0.81, and 0.82 times that of the ST, respectively. According to
other studies, integrating inorganic fertilizers with cattle manure at 4.7 Mg ha~! could
effectively improve rice grain yield, SAP, and soil pH [31]. A detailed meta-analysis with
132 long-term (>10 years) experiments showed that the continuous application of manure
significantly increased Olsen P over time [13]. When OA is added to soil, the nutrient
status of the soil will be ameliorated, which will then help improve soil productivity [32].

Crop yield is affected by soil nutrient status, physical and chemical properties, nutrient
release rate in OA, and climatic factors simultaneously. In the response of OA to crop yield,
nutrients may play a larger role than physicochemical soil restoration or amelioration [33].
After adding OA for four consecutive years from 2013 to 2016, the BR and PM treatments
increased winter wheat yield by 20.0% and 9.19%, and increased summer maize yield by
6.20% and 6.13%, respectively, as compared with those by the ST treatment. Similarly, BR
and PM had homologous results in improving crop productivity. After the application of
composted bagasse, farmyard manure, and wheat ST, wheat grain yield increased by 22%,
14%, and 3%, respectively [34]. Yields receiving OA increased by up to 62% on average as
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compared with that of the controls, throughout all 32 long-term experiments in China [15].
BR and pig slurry as fertilizers resulted in significantly higher wheat yields [35]. A higher
grain yield (up to 7.3%) was usually produced in soils with farmyard manure as shown
in a 37-year field experiment [14]. It is generally accepted that PM and BR are added to
farmland to increase crop productivity [15,28].

4.2. Effect of Biochar Application on Medium- and Low-Yield Alkaline Sandy Farmlands

Although BC treatment had positive effects on SOC content and nutrients, the yield of
winter wheat was lower than that of the CF treatment and other OA treatments. The BC
treatment itself has good water retention, and more water is absorbed by large BC particles,
so less effective water is supplied to crops [36,37]. As a result, when water is insufficient for
winter wheat, the root system cannot be tied down, and the early leaves are born slowly;
thus, the spike number per hectare will also be reduced in later periods. As the average pH
value reached 9.33, whether the excessive pH was the main reason for crop yield reduction
after BC application still needs further experiments. The higher the BC application rate, the
more obvious the inhibition of winter wheat seedling emergence and seedling growth. The
application of BC in alkaline soil inhibits the emergence of wheat when the dose exceeded
3.6% [36]. The application of BC could increase soil conductivity, produce salt pressure,
and affect crop water absorption. Similarly, alkaline extracts from BC inhibited the growth
of Arabidopsis root hairs [38]. Previous studies have suggested that BC might affect the
growth of plant roots through the following mechanisms: (1) the BC reduces the formation
of root mycorrhizal fungi by reducing nutrient availability; (2) the BC might alter the signal
transduction between mycorrhizae; or mycorrhizal fungi and plants; or microbial activity
that had an impact on detoxification [39]. This might be related to the improvement of
electrical conductivity and soil pH because of BC application. At the same time, a related
study found that high amounts of BC application have no direct economic value for vine
growth in soils with poor fertility, alkaline conditions, and temperature [40]. The BC
application had no significant effect on the yield of winter wheat and summer maize and
the main soil properties (in CEC, in situ soil pH, and SAP) in calcareous sandy-loam soil.
Compared with the application in acidic soils, BC application had a limiting effect and
reduced its advantages in calcareous soil areas [41].

However, some of the experimental results on BC application were shown to pro-
mote crop yield. Using a meta-analysis method, 371 BC-based experiments were selected
worldwide to analyze the effects of BC on crop yield and soil properties. The results
showed that the effects of BC on soil physicochemical properties ranged from neutral to
positive and the yield increased significantly after BC application [37]. In the low-fertility
alkaline soil (pH = 8.24), BC (pH = 7.35) significantly increased the biological yield, grain
yield, P content, available nitrogen, and SOC and had no negative effect on soil pH and
EC [42]. Meanwhile, an experiment was conducted to prove that BC (pH = 10.64 & 0.01)
could be used in calcareous soils (pH = 8.02) without wheat and maize yield loss and
significant effects on nutrient availability [43]. These results suggest that BC (pH = 7.4
and 8.4) application to alkaline soils (pH = 7.9) had benefits for both soil quality and lentil
growth [44]. Studies also showed that BC (pH = 9.7) combined with fertilizer could be
used in slightly alkaline soils (pH = 8.0 and 7.6). The soil fertility parameters of alkaline
chernozem improved without significantly increasing the pH value, but the initial pH of BC
and soils needed to be taken into account [45]. At present, there is still much controversy
about the application of BC in alkaline soils.

Biochar contains a large amount of organic carbon and has useful negative emission
potential, which can increase SOC sequestration, increase soil humus, and ultimately affect
nutrient cycling and material conversion in soil [37,46,47]. Plant productivity is limited by
high pH values in alkaline soils, resulting in low availability of P, Fe, Mg, and sometimes
Cu and Zn. The acidic BC is strongly recommended for alkaline soil remediation [48].
High-resolution spectroscopy (micro) and mass spectrometry were used to find organic
coating on BC and to explicate its nutrient retention and stimulation of soil fertility [49]. At
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the same time, some studies also supported the use of alkaline BC in weakly alkaline soils.
Therefore, the application of BC in alkaline sandy soils needs further discussion, and it is
also necessary to rationally select BC according to different crop growth needs.

4.3. Uncertainty and Limitations

The OA is a huge resource pool that is rich in N and C sources. The addition of
exogenous nutrients improves soil fertility in medium- and low-yield farmlands. However,
the changes in soil fertility are very complex. On the one hand, it is related to the input
of exogenous nutrients; on the other hand, it is also related to crop absorption. In this
experiment, the adaptability of alkaline soil was not taken into account in the process of
selecting BC. The BC treatment showed significant advantages in improving C sequestra-
tion and soil fertility [50,51], but it decreased the yield of winter wheat and summer maize
as compared with the ST treatment. Whether the nutrients in the soil can be absorbed by
crops is what we are most concerned about, and the most intuitive expression of this is
crop growth and crop yield. The carbon in BC after pyrolysis mainly exists in the inert
aromatic ring structure, which is a good way to store C and achieve emission reduction,
but it is not necessarily absorbed and used by crops. Because the characteristics of different
OA vary greatly, the effect of different OA applied to farmland is not the same. Therefore,
the collocation of OA should be the focus of future research.

In this study, the PM and BR were better amendments for improved low-fertility
sandy alkaline farmlands, and the use of BC requires further research. On the one hand, it
is hoped that the factors restricting the growth of winter wheat and summer maize could
be found through indoor soil culture, and on the other hand, the types of BC should be
changed to search for low pH-BCs that are suitable for alkaline soils. This experiment
considered the N and C-based application of agricultural OA comprehensively, and it
was innovative and prospective in setting. Currently, the research on the mechanism of
the synergistic effect of C and N in the process of agricultural OA returning to the field
is still not very clear. We could conduct further in-depth research with the advantage of
the experimental setting, hoping to improve the principle support for agricultural OA
returning to the field.

5. Conclusions

To address the practical problems of low soil fertility and agricultural OA use in the
North China 3H Plain, the ST, PM, BR, and BC were used to carry out a comparative study
on crop yield and soil nutrient improvement potential based on a N-based application
experiment. Through 4-years-continuous OA application, BR and PM treatment could
improve soil nutrient and significantly increase crop yield, which were the better choices
to improve medium- and low-yield alkaline sandy farmlands. The BC treatment was
the most prominent way to improve soil nutrient status; however, its yield decreased
significantly because of high soil pH and other ambiguous reasons. Detailed influences
of BC application in alkaline farmlands need further research. The collocation of OA and
coordination with fertilizer managements should also be the focus for our future research.
Meanwhile, a long-term assessment and detection is needed to identify the most effective
and sustainable management measures to improve food production and soil quality in the
North China 3H Plain.

Supplementary Materials: The following are available online at https://www.mdpi.com /2073
-4395/11/1/157/s1, Table S1: Effect of organic amendment application on soil bulk density (g
cm~3) during a 4-year field experiment; Table S2: Effects of organic amendment application on
yield components of spike number (106 ha~!), grain number and 1000-grain weight (g); Table S3:
Correlation analysis between three factors of yield components and wheat yield; Table S4: Effects of
organic amendment application on yield components of number rows per ear, grain number per row
and 1000-grain weight(g); Table S5: Correlation analysis between three factors of maize yield and
yield components.


https://www.mdpi.com/2073-4395/11/1/157/s1
https://www.mdpi.com/2073-4395/11/1/157/s1

Agronomy 2021, 11, 157 13 of 15

Author Contributions: Conceptualization, Y.Z. and P.S.; methodology, Y.Z.; formal analysis, Y.Z.;
investigation, Y.Z., H.D. and ]J.C.; data curation, Y.Z. and L.W.; writing—original draft preparation,
Y.Z.; writing—review and editing, Y.C., H.D. and P.S.; supervision, Y.C. and P.S.; project adminis-
tration, P.S.; funding acquisition, P.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was financially supported by the National Key R&D Program of China (Grant
No.2016YFD0300203 and 2016YFD0300210). The first authors, Y.Z. were supported by the Chinese
Scholarship Council (CSC) during the paper writing. Funding for study abroad program by the
government of Shandong Province for financial support of H.D.

Data Availability Statement: Not applicable.

Acknowledgments: This work is grateful to all the staff of the Wuqiao Experimental Station of China
Agricultural University for their help in obtaining the data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gravuer, K; Gennet, S.; Throop, H.L. Organic amendment additions to rangelands: A meta-analysis of multiple ecosystem
outcomes. Glob. Chang. Biol. 2019, 25, 1152-1170. [CrossRef] [PubMed]

2. Oldfield, E.E.; Wood, S.A.; Bradford, M.A. Direct effects of soil organic matter on productivity mirror those observed with organic
amendments. Plant Soil 2017, 423, 363-373. [CrossRef]

3.  Paustian, K,; Lehmann, J.; Ogle, S.; Reay, D.; Robertson, G.P.; Smith, P. Climate-smart soils. Nature 2016, 532, 49-57. [CrossRef]
[PubMed]

4. Diacono, M.; Montemurro, F. Long-term effects of organic amendments on soil fertility. In Sustainable Agriculture Volume 2;
Springer: Dordrecht, The Netherlands, 2011; pp. 761-786.

5. Carabassa, V.; Ortiz, O.; Alcaniz, ].M. Sewage sludge as an organic amendment for quarry restoration: Effects on soil and
vegetation. Land Degrad. Dev. 2018, 29, 2568-2574. [CrossRef]

6. Bryan, B.A.,;Gao, L.; Ye, Y.; Sun, X.; Connor, J.D.; Crossman, N.D.; Stafford-Smith, M.; Wu, J.; He, C.; Yu, D.; et al. China’s response
to a national land-system sustainability emergency. Nature 2018, 559, 193-204. [CrossRef]

7. Foley, ].A.; Ramankutty, N.; Brauman, K.A.; Cassidy, E.S.; Gerber, ].S.; Johnston, M.; Mueller, N.D.; O’Connell, C.; Ray, D.K.; West,
P.C.; et al. Solutions for a cultivated planet. Nature 2011, 478, 337-342. [CrossRef]

8. Mueller, N.D.; Gerber, ].S.; Johnston, M.; Ray, D.K.; Ramankutty, N.; Foley, ].A. Closing yield gaps through nutrient and water
management. Nature 2012, 490, 254-257. [CrossRef]

9.  Yan, H.Ji Y, Liu,J; Liu, E; Hu, Y.; Kuang, W. Potential promoted productivity and spatial patterns of medium- and low-yield
cropland land in China. J. Geogr. Sci. 2016, 26, 259-271. [CrossRef]

10. Chen, L.; Hao, J.; Ai, D.; Zhu, C.; Li, M.; Yuan, L. Balanced yield increasing potential of grain and its spatial differentiation in
Huang-Huai-Hai Plain. Trans. Chin. Soc. Agric. Eng. 2015, 31, 288-297.

11. Magdoff, F. Agroecology; CRC Press: Boca Raton, NJ, USA, 2018; pp. 349-364.

12.  Dai, H,; Chen, Y,; Liu, K; Li, Z,; Qian, X.; Zang, H.; Yang, X.; Zhao, Y.; Shen, Y.; Li, Z.; et al. Water-stable aggregates and carbon
accumulation in barren sandy soil depend on organic amendment method: A three-year field study. J. Clean. Prod. 2019, 212,
393-400. [CrossRef]

13. Chen, Y.; Camps-Arbestain, M.; Shen, Q.; Singh, B.; Cayuela, M.L. The long-term role of organic amendments in building soil
nutrient fertility: A meta-analysis and review. Nutr. Cycl. Agroecosyst. 2018, 111, 103-125. [CrossRef]

14. Maltas, A.; Kebli, H.; Oberholzer, H.R.; Weisskopf, P.; Sinaj, S. The effects of organic and mineral fertilizers on carbon sequestration,
soil properties, and crop yields from a long-term field experiment under a Swiss conventional farming system. Land Degrad. Dev.
2018, 29, 926-938. [CrossRef]

15. Wei, W,; Yan, Y.; Cao, J.; Christie, P.; Zhang, F.; Fan, M. Effects of combined application of organic amendments and fertilizers on
crop yield and soil organic matter: An integrated analysis of long-term experiments. Agric. Ecosyst. Environ. 2016, 225, 86-92.
[CrossRef]

16. Walkley, A ; Black, A. An examination of the Degtjareff method for determining soil organic matter, and a proposed modification
of the chromic acid titration method. Soil Sci. 1934, 37, 29-38. [CrossRef]

17.  Black, C.A. Methods of Soil Analysis, Part I and II; American Society Incorporation Publisher: Madison, WI, USA, 1965; pp. 770-779.

18. Olsen, S.R. Estimation of Available Phosphorus in Soils by Extraction with Sodium Bicarbonate; U.S. Department of Agriculture:
Washington, DC, USA, 1954; Volume 939, pp. 1-19.

19.  Shi, R. Soil and Agricultural Chemistry Analysis; China Agricultural Press: Beijing, China, 1976; p. 388.

20. Dai, H.; Zang, H.; Zhao, Y,; Qian, X,; Liu, K.; Wang, D.; Hao, J.; Chen, Y.; Sui, P. Linking bacterial community to aggregate fractions
with organic amendments in a sandy soil. Land Degrad. Dev. 2019, 30, 1828-1839. [CrossRef]

21. Dai, H,; Chen, Y,; Yang, X.; Cui, J.; Sui, P. The effect of different organic materials amendment on soil bacteria communities in

barren sandy loam soil. Environ. Sci. Pollut. Res. Int. 2017, 24, 24019-24028. [CrossRef] [PubMed]


http://doi.org/10.1111/gcb.14535
http://www.ncbi.nlm.nih.gov/pubmed/30604474
http://doi.org/10.1007/s11104-017-3513-5
http://doi.org/10.1038/nature17174
http://www.ncbi.nlm.nih.gov/pubmed/27078564
http://doi.org/10.1002/ldr.3071
http://doi.org/10.1038/s41586-018-0280-2
http://doi.org/10.1038/nature10452
http://doi.org/10.1038/nature11420
http://doi.org/10.1007/s11442-016-1267-2
http://doi.org/10.1016/j.jclepro.2018.12.013
http://doi.org/10.1007/s10705-017-9903-5
http://doi.org/10.1002/ldr.2913
http://doi.org/10.1016/j.agee.2016.04.004
http://doi.org/10.1097/00010694-193401000-00003
http://doi.org/10.1002/ldr.3383
http://doi.org/10.1007/s11356-017-0031-1
http://www.ncbi.nlm.nih.gov/pubmed/28884297

Agronomy 2021, 11, 157 14 of 15

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Wang, T.; Kang, E.; Cheng, X.; Han, H.; Ji, W. Soil organic carbon and total nitrogen stocks under different land uses in a hilly
ecological restoration area of North China. Soil Tillage Res. 2016, 163, 176-184. [CrossRef]

Selvakumari, G.; Baskar, M.; Jayanthi, D.; Mathan, K.K. Effect of integration of fly ash with fertilizers and organic manures on
nutrient availability, yield and nutrient uptake of rice in Alfisols. J. Indian Soc. Soil Sci. 2000, 48, 268-278.

Bationo, A.; Kihara, J.; Vanlauwe, B.; Waswa, B.; Kimetu, J. Soil organic carbon dynamics, functions and management in West
African agro-ecosystems. Agric. Syst. 2007, 94, 13-25. [CrossRef]

Agegnehu, G.; Nelson, PN.; Bird, M.I. Crop yield, plant nutrient uptake and soil physicochemical properties under organic soil
amendments and nitrogen fertilization on Nitisols. Soil Tillage Res. 2016, 160, 1-13. [CrossRef]

Mi, W.; Wu, L.; Brookes, P.C.; Liu, Y.; Zhang, X.; Yang, X. Changes in soil organic carbon fractions under integrated manage-
ment systems in a low-productivity paddy soil given different organic amendments and chemical fertilizers. Soil Tillage Res.
2016, 163, 64-70. [CrossRef]

Sachdeva, V.; Hussain, N.; Husk, B.R.; Whalen, ] K. Biochar-induced soil stability influences phosphorus retention in a temperate
agricultural soil. Geoderma 2019, 351, 71-75. [CrossRef]

Jiang, G.; Zhang, W.; Xu, M.; Kuzyakov, Y.; Zhang, X.; Wang, J.; Di, ].; Murphy, D.V. Manure and Mineral Fertilizer Effects on Crop
Yield and Soil Carbon Sequestration: A Meta-Analysis and Modeling across China. Glob. Biogeochem. Cycles 2018, 32, 1659-1672.
[CrossRef]

Molina-Herrera, S.; Romanya, J. Synergistic and antagonistic interactions among organic amendments of contrasted stability,
nutrient availability and soil organic matter in the regulation of C mineralisation. Eur. ]. Soil Biol. 2015, 70, 118-125. [CrossRef]
Mackay, J.E.; Macdonald, L.M.; Smernik, R.J.; Cavagnaro, T.R. Organic amendments as phosphorus fertilisers: Chemical analyses,
biological processes and plant P uptake. Soil Biol. Biochem. 2017, 107, 50-59. [CrossRef]

Mi, W.; Sun, Y.; Xia, S.; Zhao, H.; Mi, W.; Brookes, P.C.; Liu, Y.; Wu, L. Effect of inorganic fertilizers with organic amendments on
soil chemical properties and rice yield in a low-productivity paddy soil. Geoderma 2018, 320, 23-29. [CrossRef]

Antoniadis, V.; Koutroubas, S.D.; Fotiadis, S. Nitrogen, Phosphorus, and Potassium Availability in Manure- and Sewage
Sludge—Applied Soil. Commun. Soil Sci. Plant Anal. 2015, 46, 393—404. [CrossRef]

Celestina, C.; Hunt, ].R.; Sale, PW.G.; Franks, A.E. Attribution of crop yield responses to application of organic amendments: A
critical review. Soil Tillage Res. 2019, 186, 135-145. [CrossRef]

Barzegar, A.R.; Yousefi, A.; Daryashenas, A. The effect of addition of different amounts and types of organic materials on soil
physical properties and yield of wheat. Plant Soil 2002, 247, 295-301. [CrossRef]

Abubaker, J. Effects of Fertilisation with Biogas Residues on Crop Yield, Soil Microbiology and Greenhouse Gas Emissions.
Ph.D. Thesis, Swedish University of Agricultural Sciences, Uppsala, Sweden, 2012.

Dai, H.; Chen, Y.; Wang, D.; Xiao, H.; Zhang, X.; Li, C.; Sui, P. Effect of biochar amendment on wheat emergence and seedling
growth in alkaline soil. J. China Agric. Univ. 2018, 23, 1-7. [CrossRef]

Biederman, L.A.; Harpole, W.S. Biochar and its effects on plant productivity and nutrient cycling: A meta-analysis. GCB Bioenergy
2013, 5, 202-214. [CrossRef]

Graber, E.R.; Tsechansky, L.; Mayzlish-Gati, E.; Shema, R.; Koltai, H. A humic substances product extracted from biochar reduces
Arabidopsis root hair density and length under P-sufficient and P-starvation conditions. Plant Soil 2015, 395, 21-30. [CrossRef]
Warnock, D.D.; Lehmann, J.; Kuyper, T.W.,; Rillig, M.C. Mycorrhizal responses to biochar in soil—Concepts and mechanisms.
Plant Soil 2007, 300, 9-20. [CrossRef]

Schmidt, H.-P.; Kammann, C.; Niggli, C.; Evangelou, M.W.H.; Mackie, K.A.; Abiven, S. Biochar and biochar-compost as soil
amendments to a vineyard soil: Influences on plant growth, nutrient uptake, plant health and grape quality. Agric. Ecosyst.
Environ. 2014, 191, 117-123. [CrossRef]

Farrell, M.; Macdonald, L.M.; Butler, G.; Chirino-Valle, I.; Condron, L.M. Biochar and fertiliser applications influence phosphorus
fractionation and wheat yield. Biol. Fertil. Soils 2013, 50, 169-178. [CrossRef]

Arif, M; Ilyas, M.; Riaz, M.; Ali, K,; Shah, K.; Ul Hagq, I.; Fahad, S. Biochar improves phosphorus use efficiency of organic-inorganic
fertilizers, maize-wheat productivity and soil quality in a low fertility alkaline soil. Field Crop. Res. 2017, 214, 25-37. [CrossRef]
Liang, F; Li, G.T,; Lin, Q.M.; Zhao, X.R. Crop Yield and Soil Properties in the First 3 Years after Biochar Application to a Calcareous
Soil. J. Integr. Agric. 2014, 13, 525-532. [CrossRef]

Abrishamkesh, S.; Gorji, M.; Asadi, H.; Gh, B.-M.; Aa, P. Effects of rice husk biochar application on the properties of alkaline soil
and lentil growth. Plant Soil Environ. 2016, 61, 475-482. [CrossRef]

Chathurika, J.A.S.; Kumaragamage, D.; Zvomuya, F.; Akinremi, O.0O.; Flaten, D.N.; Indraratne, S.P.; Dandeniya, W.S.; Lupwayi,
N. Woodchip biochar with or without synthetic fertilizers affects soil properties and available phosphorus in two alkaline,
chernozemic soils. Can. J. Soil Sci. 2016, 96, 472-484. [CrossRef]

Singh, B.; Singh, B.P.; Cowie, A.L. Characterisation and evaluation of biochars for their application as a soil amendment. Soil Res.
2010, 48, 516-525. [CrossRef]

Smith, P. Soil carbon sequestration and biochar as negative emission technologies. Glob. Chang. Biol. 2016, 22, 1315-1324.
[CrossRef]

Yu, H.; Zou, W.; Chen, J.; Chen, H.; Yu, Z.; Huang, ].; Tang, H.; Wei, X.; Gao, B. Biochar amendment improves crop production in
problem soils: A review. J. Environ. Manag. 2019, 232, 8-21. [CrossRef] [PubMed]


http://doi.org/10.1016/j.still.2016.05.015
http://doi.org/10.1016/j.agsy.2005.08.011
http://doi.org/10.1016/j.still.2016.02.003
http://doi.org/10.1016/j.still.2016.05.009
http://doi.org/10.1016/j.geoderma.2019.05.029
http://doi.org/10.1029/2018GB005960
http://doi.org/10.1016/j.ejsobi.2015.09.001
http://doi.org/10.1016/j.soilbio.2016.12.008
http://doi.org/10.1016/j.geoderma.2018.01.016
http://doi.org/10.1080/00103624.2014.983241
http://doi.org/10.1016/j.still.2018.10.002
http://doi.org/10.1023/A:1021561628045
http://doi.org/10.11841/j.isn.1007-4333.2018.04.01
http://doi.org/10.1111/gcbb.12037
http://doi.org/10.1007/s11104-015-2524-3
http://doi.org/10.1007/s11104-007-9391-5
http://doi.org/10.1016/j.agee.2014.04.001
http://doi.org/10.1007/s00374-013-0845-z
http://doi.org/10.1016/j.fcr.2017.08.018
http://doi.org/10.1016/S2095-3119(13)60708-X
http://doi.org/10.17221/117/2015-PSE
http://doi.org/10.1139/cjss-2015-0094
http://doi.org/10.1071/SR10058
http://doi.org/10.1111/gcb.13178
http://doi.org/10.1016/j.jenvman.2018.10.117
http://www.ncbi.nlm.nih.gov/pubmed/30466010

Agronomy 2021, 11, 157 15 of 15

49. Hagemann, N.; Joseph, S.; Schmidt, H.P.; Kammann, C.I.; Harter, J.; Borch, T.; Young, R.B.; Varga, K.; Taherymoosavi, S.; Elliott,
K.W.,; et al. Organic coating on biochar explains its nutrient retention and stimulation of soil fertility. Nat. Commun. 2017, 8, 1089.
[CrossRef]

50. Agegnehu, G.; Bass, A.M.; Nelson, P.N.; Bird, M.I. Benefits of biochar, compost and biochar-compost for soil quality, maize yield
and greenhouse gas emissions in a tropical agricultural soil. Sci. Total Environ. 2016, 543, 295-306. [CrossRef] [PubMed]

51. Hansen, V.,; Miiller-Stover, D.; Ahrenfeldt, ].; Holm, J.K.; Henriksen, U.B.; Hauggaard-Nielsen, H. Gasification biochar as a
valuable by-product for carbon sequestration and soil amendment. Biomass Bioenergy 2015, 72, 300-308. [CrossRef]


http://doi.org/10.1038/s41467-017-01123-0
http://doi.org/10.1016/j.scitotenv.2015.11.054
http://www.ncbi.nlm.nih.gov/pubmed/26590867
http://doi.org/10.1016/j.biombioe.2014.10.013

	Introduction 
	Materials and Methods 
	Site Description, Climate, and Soil 
	Experimental Design 
	Soil Sampling and Analysis 
	Statistical Analysis 

	Results 
	Soil Organic Carbon 
	Soil Total Nitrogen 
	Soil Available Potassium 
	Soil Available Phosphorus 
	Effects of Organic Amendment Application on Nutrient Storage 
	Effects of Organic Amendment Application on Yield 

	Discussion 
	Effects of Organic Amendment Application on Nutrients and Productivity 
	Effect of Biochar Application on Medium- and Low-Yield Alkaline Sandy Farmlands 
	Uncertainty and Limitations 

	Conclusions 
	References

