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Abstract: Large-scale land reclamation has become common in northwestern China; however, low
soil fertility and poor soil water-holding capacity limit agricultural production on these reclaimed
lands, requiring increased fertilizer and irrigation inputs. Biochar, produced from agricultural waste,
has shown potential in improving soil quality and water-holding capacity. In this two-year field study
(2021 and 2022), we investigated the effects of biochar produced from maize straw on soil properties
and grain yield of foxtail millet grown on newly reclaimed land. Three biochar treatments (3000, 4500,
and 6000 kg ha~!) were compared to a control (CK) with no biochar application. Biochar application
resulted in increased soil organic matter, total phosphorus, total nitrogen, soil enzyme activity, and
soil organic acid content. It also significantly decreased soil pH and bulk density. Compared with
the CK, biochar increased available nitrogen from 29.7% to 108% in 2021 and 37.0% to 88.4% in 2022.
Similarly, biochar increased available phosphorus from 64.7% to 143% in 2021 and 41.9% to 96.5%
in 2022. Grain yields ranged from 3092 to 4753 kg ha~!. Biochar treatments increased grain yield
compared to the CK, ranging from 12.2% to 24.6% in 2021 and 27.1% to 53.7% in 2022. Correlation
analysis revealed that soil pH was negatively related to soil oxalic acid content, phosphorus content,
and sucrase activity. Available nitrogen and phosphorus contents were negatively related to soil bulk
density and positively related to catalase activity. Soil water content was negatively correlated with
soil bulk density and positively correlated with organic matter. In conclusion, biochar improved the
rhizosphere soil pH and the effectiveness of soil fertility in the newly reclaimed soil, resulting in an
enhanced grain yield of foxtail millet.

Keywords: sandy soil; soil organic acid; soil bulk density; soil enzyme activity; soil fertility

1. Introduction

Land degradation and desertification have emerged as two of the most pressing
ecological problems and challenges, particularly in sustaining agriculture within rain-fed
arid and semi-arid regions [1]. Soil degradation significantly diminishes soil water-holding
capacity, exacerbating the loss of soil nutrients and rendering the soil unsuitable for robust
plant growth and development, a phenomenon not exclusive to grain production [2]. As
the global population burgeons, the demand for land for housing and food production is
escalating. Consequently, degraded lands are being reclaimed for agricultural purposes,
especially for grain production [3]. Due to the diminished water storage capacity of the
soil in degraded lands, substantial amounts of underground water are used for irrigation
to optimize grain yield [4]. This irrigation practice facilitates the transportation of topsoil
nutrients to deeper soil layers through water infiltration. Therefore, there is an urgent
need for the development or introduction of materials that enhance soil environments and
increase topsoil water storage capacity.
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Biochar, a solid carbon residue which is produced from agricultural biomass waste
such as crop stems, wood, twigs, and sewage sludge, has shown promise in addressing these
challenges [5]. Previous studies have indicated that biochar application can improve soil
water content (SWC) and nutrients in the plough layer [2,6-8]. Biochar’s low bulk densities,
substantial charge densities, and large surface area allow it to effectively decrease soil
bulk density (SBD) and enhance water-holding capacity in coarse-textured soil, ultimately
improving crop plant growth [9,10]. It has been confirmed that biochar increases the
water conductivity and field water retention capacity of farmed soils, resulting in high
moisture levels of the soil. Additionally, biochar addition increases soil porosity, potentially
enhancing plant root growth and nutrient uptake, thereby increasing crop yield [11]. Results
from a pot experiment showed that biochar increased soil’s available phosphorus (AP) and
wheat yield but decreased available nitrogen (AN) [12]. In a four-year field study, biochar
was found to reduce nitrate leaching, increase soil available N content, and improve SWC
without a concurrent improvement in grain yield [13]. Although there is a consensus that
biochar application could increase SWC, its effects on soil N and grain yield are not fully
understood. Moreover, research has shown that the application of a large volume of biochar
may exacerbate the degree of salinization in saline and alkaline lands [14]. Soil salinization
is prevalent in irrigated farming areas, limiting the application of biochar in such regions.
However, low amounts of biochar could improve salt-affected soils and enhance crop
yield [15]. In a study involving yearly biochar applications in the field, the biochar was
found to remarkably improve saline-alkaline soil properties [5]. Nevertheless, few studies
have evaluated the effect of a single application of biochar added at once on saline-alkaline
soil over an extended period in different growth seasons, especially in newly reclaimed
land. Consequently, the relative long-term effects of biochar application on saline-alkaline
soil in newly reclaimed land remain unclear.

In the soil-plant system, the relationship between soil and plants is reciprocal. The
quality and nature of the soil play a vital role in the growth and development of plants. Soil
is the source of life for plants; it not only provides the nutrients and water needed by plants,
but also provides space and support for their root systems to grow. For instance, plants
secrete low-molecular-weight organic acids to enhance the rhizosphere environment. Under
field conditions, biochar application can alter soil enzyme activity, such as urease activity, in
crop systems [16]. Newly reclaimed land, which is large in number and area, is not covered
with a large amount of mature soil and is mainly changed from sandy land, making the
newly reclaimed land poor in fertility and unable to be effectively cultivated in the short
term. Moreover, the topsoil of newly reclaimed farmland is exposed and easily washed
away by rain, resulting in serious soil erosion. However, how plants interact with soil on
newly reclaimed lands with saline-alkaline soil is not well understood. Therefore, there is
a need for an investigation to determine the effects of biochar on soil physical and chemical
properties, plant growth, and the interactions between plants and saline—alkaline soil.

The Mu Us sandy land in northwest China, one of the country’s four largest sandy
areas, covering an area of 3.98 x 10° ha [3], has become the second-largest grain source
in Shaanxi Province due to increased grain production facilitated by land reclamation [2].
However, the low water and nutrient-holding capacity of the soil in Mu Us necessitates
extensive groundwater for irrigation and chemical fertilizer usage. While biochar has
the potential to increase soil water-holding capacity, its impact on the soil properties
of sandy land, especially in newly reclaimed areas, is not well understood. This study
aimed to examine the effects of biochar application on soil properties, plant growth, and
foxtail millet (Setaria italica L.) yield on newly reclaimed land. The posited hypothesis is
that biochar application could improve soil properties, including soil field water capacity
(FWCQ), soil organic matter (SOM), pH, and bulk density in the newly reclaimed land with
saline—-alkaline soil as well as stimulated root exudations and improve the rhizosphere
environment, leading to higher yields.
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2. Materials and Methods
2.1. Experiment Site Location

The experiment took place at a modern agricultural experimental station, established
in 2021, affiliated with the College of Life Sciences at Yulin University, located in Yulin,
Shaanxi Province, China (109°50" E, 38°21’ N, Figure S1A). The experiment spanned from
1 May 2021 to 31 October 2022. The geographical location is characterized by a warm
temperate monsoon climate, featuring an annual average temperature of 8.3 °C and an
average precipitation of 365.7 mm. The long-term annual temperature and precipitation,
along with those specific to 2021 and 2022, are illustrated in Figure 1 [2]. Before construction,
the site exhibited sandy soil with low fertility. Following reclamation, a 30-cm layer of
uncultivated loess covered the sandy soil. The initial soil properties of the study site are
detailed in Table 1. In summary, the sandy soils had 0.07%. TN, 0.23%. TP, and 0.15% SOM
with an SBD of 1.72 g/ cm?®. In comparison, the loess soils contained 0.12%. TN, 0.32%o TP,
and 0.25% SOM with an SBD of 1.62 g/cm?. In the processing of reclaiming the land, grass
and some leaves of shrubs (Figure S1B) were mixed and dug into the soils.
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Figure 1. Monthly and long-term averages of precipitation and temperature at the experimental site.

Table 1. Primary physical properties of sandy and loess soil at the study site.

Material Soil Type  Sand (%) Silt(%) Clay(%) pH BD(g/em®) TN (%) TP (%) Organic Matter (%)
Acolian g 45 soil 945 44 11 \ 1.72 0.07 0.23 0.15
sandy soil
Loess Loessial soil 8.8 69.1 221 \ 1.62 0.12 0.32 0.25
Biochar \ \ \ \ 8.55 0.35 14 4.6 50.6

(Total C content)

Percentage of clay (<0.002 mm), silt (0.002-0.05 mm), and sand (0.05-2 mm) particles; BD, bulk density; TN, total
nitrogen; TP, total phosphorus.

2.2. Experiment Design

We conducted a two-year experiment with four biochar application rates: 0 (CK),
3000 (B1), 4500 (B2), and 6000 (B3) kg ha~!. The determination of biochar application rates
was based on the findings of our previous study, where the application of 4500 kg ha~!
biochar demonstrated improved growth and yield production of millet [2]. Biochar, pro-
duced from maize straw by Liaoning Golden Future Agriculture Technology Co., Ltd.
(Anshan, Liaoning Province, China), was applied once before sowing in the first year with
no further applications in the following year. The maize straw underwent pyrolysis at
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450 °C, with sizes ranging from 0.25 to 0.35 cm. The properties of the biochar are outlined in
Table 1. The morphology of the biochar was detected with a Zeiss Sigma 300 field emission-
scanning electron microscope (FE-SEM; Carl Zeiss AG, Oberkochen, Germany), and the
result showed that the surface of the biochar was distributed with many small pores around
100-200 nanometers in size (Figure S2). The experimental plot measured 4.5 m in width
by 5 m in length and followed a randomized complete block design (Figure S1C). Each
treatment comprised three replicate plots. The basal fertilizer, applied to all plots, included
N (180 kg ha=!), P (90 kg ha='), K (70 kg ha—'), B (1.5 kg ha™!), and Zn (20 kg ha~1). All
fertilizers were applied once before sowing and were thoroughly mixed through rotary
tillage each year.

The foxtail millet cultivar Yugukangl, released by the Yulin Academy of Agricultural
Science in 2018 and ranked first in the Spring Valley in the 13th High Quality Edible millet
Quality Evaluation, was utilized in this study. Millet seeds were sown on 14 May 2021
and 4 May 2022. At the three-leaf stage [17], seedlings were thinned to 30 plants per m?,
with a row spacing of 50 cm. To prevent bird damage from the jointing stage onwards,
a net was placed 2.5 m above the ground and removed at the harvest stage. To facilitate
the emergence and growth of seedlings under dry conditions, the plots were irrigated
with underground water before sowing and before the seedling stage in July. Additional
irrigation occurred in August 2021 due to low precipitation. Notably, between July and late
September 2022, the plots did not receive irrigation.

2.3. Sample Collection and Soil Property Measurements

Soil samples were collected during the flowering stage, following the established
method from our previous studies [2,18,19]. When approximately 80% of the plants were in
bloom, soil samples were gathered from the rhizosphere (0-30 cm depth) at five sampling
sites within each plot, and these samples were combined to form a representative sample
for that specific plot. The soil was divided into two portions: one was air-dried in the shade
for the analysis of pH, TN, TP, AN, AP, and SOM contents, while the other was stored in
a refrigerator at 4 °C for the measurement of soil organic acid and soil enzyme activity.
Soil bulk density (SBD) was determined at a depth of 15-20 cm, and soil water content
(SWC) was measured using the same method as described in our previous study [2]. Fresh
soil weight (FW) was weighed immediately after soil collection. After the samples were
dried at 105 °C, the dry weight (DW) was obtained. The soil water content (SWC, %) was
calculated as follows:

SWC = (FW — DW)/DW x 100 (1)

Field water capacity (FWC) was measured during the harvest season of 2022. A
circular ring knife (5 cm in diameter) was employed to collect undisturbed soil at a depth
of 5-10 cm. The ring knife was then returned to the laboratory, soaked in water for 24 h,
and naturally filtrated for 8 h to remove gravity water, and the SWC of these soils was
measured and used as the FWC. Using the same method, soil was collected at the harvest
stage to detect TN, TP, and SWC. After millet was cultivated continuously for two years, a
rotation with soybeans (Glycine max (L.) Merr. Zhonghuang 13) was conducted with the
same treatment, and after the harvest of soybeans, the soil from depth of 0-20, 20-50, and
50-80 cm was sampled and used for detecting SOM.

Soil pH was determined using a 1:2.5 (w:v) suspension of soil in water and a benchtop
pH meter (Seven Excellence pH Meter Line, Mettler Toledo, Greifensee, Switzerland). SOM
was measured using the potassium dichromate oxidation heating method, while TN was
measured using a Kjeltec 2300 analyzer (Foss Tecator AB, Hoganas, Sweden). TP was
detected using the Mo-Sb anti-spectrophotometric method, and soil AN was measured
using the alkaline solution diffusion method, with soil AP determined using the Olsen
method and an extraction agent of 0.05 mol L~! sodium hydroxide. At the harvest stage,
the grain yield of the entire plot was collected and analyzed.

Soil representative organic acids (oxalic acid, acetic acid, and citric acid) were mea-
sured using high-performance liquid chromatography with an Insertsil ODS-3 (5 mm,
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4.6 x 250 mm, elite Inc., Dalian, Liaoning Province, China) under the following conditions:
a flow rate of 1.0 mL min~! for the mobile phase, consisting of 98% phosphoric acid (0.1%)
and 2% acetonitrile; column temperature of 35 °C; and UV detection at 210 nm [16]. To
extract soil acid, 0.1% phosphoric acid (v/v) was used following our previous method, and
a 0.45 ym membrane filter was used to filter out the soil acid [20]. Two technical replications
were performed for each sample, and the mean of these two technical replications was used
for analysis. Soil enzyme activity was measured for typical enzymes, including urease,
catalase, and sucrase. To measure catalase activity, titration with potassium permanganate
was used, while urease activity was measured using indophenol blue colorimetry. The de-
tailed methods of catalase and urease activity measurement were described in our previous
study [16]. Sucrase activity was detected using the 3,5-dinitrosalicylic acid colorimetric
method. Briefly, after incubation at 37 °C for 24 h, glucose production was measured
to assess sucrase activity [21]. No substrates or soils were added during incubation to
induce blanks.

2.4. Data Statistics and Analysis

One-way ANOVA with the least significant difference (LSD) was employed to compare
the soil and grain yield data from the CK, B1, B2, and B3 treatments during the same growth
season. Furthermore, the effects of biochar, year, and the combined effects of the year and
biochar treatment were investigated using two-way ANOVA with Duncan’s multiple
comparison test using SPSS version 18.0 (SPSS Inc., Chicago, IL, USA). Data are presented
as mean values £ standard deviation (SD) and were used to create figures using GraphPad
Prism 9.5 (GraphPad Software, Boston, MA, USA). The correlations among factors of grain
yield and soil indices at the flowering stage were detected using a two-sided test with the
Pearson correlation method.

3. Results
3.1. Soil Bulk Density, pH, and Soil Water Content

In the 2021 growing season, the SBD ranged from 1.56 to 1.66 g cm ™13, and the
application of 6000 kg biochar per hectare significantly reduced SBD (Figure 2A). In the
second season, the maximum SBD was 1.58 g cm ™~ in the control group (CK), followed by
that of the biochar treatment groups (B1, B2, and B3). The application of biochar (treatment)
and the year significantly affected SBD (p < 0.01), but the interaction between the year
and treatment had no significant effect. Biochar application also significantly reduced
soil pH, especially in 2022 (Figure 2B). The soil pH was the highest (8.45) in the control
group, followed by that in the B1 (8.32), B2 (8.24), and B3 (8.22) groups. The addition of
biochar significantly increased the SWC in both growth seasons (flowering stage, p < 0.01,
Figure 2C). Briefly, the B3 group had the highest SWC, with 10.7% in 2021 and 15.94% in
2022, followed by the B2 (8.63 and 15.05%), B1 (8.40 and 12.19%), and CK (6.10 and 9.48%)
groups. At the harvest stage, the SWCs of the biochar treatment groups were higher than
that of the CK group (Figure S3), confirming that biochar application increased SWC. To
confirm these results, FWC was measured in the harvest season of 2022, and the results
showed that biochar addition significantly increased FWC (Figure S4).
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Figure 2. Effect of biochar application on soil bulk density (A), pH (B), and soil water content (C).
** indicates significant differences between year (Y), treatment (T), and interaction between year and
treatment (Y x T) at p < 0.01. “ns” showed there was no significance. Data are shown as mean + SD.
Different letters indicate significant differences in the same year (p < 0.05).

3.2. Soil Nutrients

There was a significant increase in SOM content in both years in the biochar-treated
groups compared with that in the CK group (p < 0.05, Figure 3A). The B3 treatment group
had the highest SOM content (4.73 mg g~ ! in 2021 and 5.78 mg g~! in 2022), followed
by the B2, B1, and CK groups (3.57 mg g~ ! in 2021 and 3.92 mg g~ ! in 2022), with no
significant difference between the SOM contents in the B2 and B1 treatments in both growth
seasons while the SOM in 2022 was lower than that in 2021. SOM content was significantly
affected by treatment and year (p < 0.05). After rotation for one growth season of soybeans,
the SOM was decreased compared with 2022, and the biochar added treatment group had
higher SOM content than the CK group (Figure S5).
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Figure 3. Effect of biochar application on soil organic matter (A), total phosphorus (B), total
nitrogen (C), available phosphorus (D) and available nitrogen (E). The legend of the histogram
is shown in figure (F). * and ** indicate significant differences between year (Y), treatment (T), and in-
teraction between year and treatment (Y x T) at p < 0.05 and p < 0.01, respectively. “ns” showed there
was no significance. Data are shown as mean £ SD. Different letters indicate significant differences in
the same year (p < 0.05).

In 2021, TP content ranged from 0.37 to 0.50 mg g~ !, and the B3 treatment resulted
in the highest TP content, followed by the B2, B1, and CK treatments, with significant
differences between the B2, B3, and CK treatments (p < 0.05, Figure 3B). A similar trend
in TP content was observed in 2022. Biochar treatment also significantly increased the
soil TN content (p < 0.05, Figure 3C). In 2021, there was no significant difference among
the biochar-treated groups, while in 2022, the B2 treatment group exhibited the lowest
TP content among the biochar application groups. Both TP and TN were significantly
affected by treatment and year. A similar result was also detected in soils at the harvest
stage (Figure S6).

AP content ranged from 2.68 to 7.88 ug g~ !, and AP increased as the amount of biochar
applied increased (Figure 3D). Compared with the CK, biochar increased AP from 64.7 to
143% in 2021 and 41.9 to 96.5% in 2022. AN ranged from 1.75 to 3.85 ug g ! in 2021 and
2.67 to 4.91 ug g~ ! in 2022 (Figure 3E); compared with the CK, biochar increased AN from
29.7 to 108% in 2021 and 37.0 to 88.4% in 2022. In both seasons, the B3 group exhibited the
highest AN content, followed by the B2, B1, and CK groups, with no significant differences
between the AN content in the CK and B1 treatment groups (p > 0.05), while a significant
difference was detected between the AN content of the B2, B3, and CK treatments (p < 0.05).
The AN contents of the biochar application groups were significantly different from that of
the CK group (p < 0.05). Year and biochar application had a significant effect on AN and AP,
while the interaction of the year and treatment did not significantly affect these indexes.
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3.3. Soil Enzyme Activity and Organic Acids

The application of biochar significantly increased soil catalase activity (p < 0.05,
Figure 4A) in both years. The amount of biochar applied had no effect on catalase ac-
tivity, as there was no significant difference in the catalase activity among the B1, B2, and B3
treatments (p > 0.05). Similar results were also observed for urease activity (Figure 4B). The
application of biochar significantly increased soil urease activity (p < 0.05), but there was
no significant difference in urease activity among the B1, B2, and B3 treatments (p > 0.05)
in both planting seasons. Sucrase activity increased with increased amounts of biochar
applied (Figure 4C). There was a significant difference in sucrase activity between the
CK and biochar groups. However, there was no significant difference in sucrase activity
between the B2 and B3 treatments (p > 0.05) in both growing seasons. Catalase and urease
activities were significantly affected by biochar application and year, but they were not
impacted by the interaction between the treatment and year. However, sucrase activity was
significantly affected by the year, biochar application, and their interaction.
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Figure 4. Effect of biochar application on soil catalase (A), urease (B), and sucrase (C). * and ** indicate
significant differences between year (Y), treatment (T), and interaction between year and treatment
(Y x T) atp <0.05 and p < 0.01, respectively. “ns” showed there was no significance. Data are shown
as mean =+ SD. Different letters indicate significant differences in the same year (p < 0.05).

The application of biochar also increased oxalic acid content, which increased with the
increase in the amount of biochar applied (Figure 5A). In 2021, the oxalic acid content in soil
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after the B3 treatment was 95 times higher than that in soil from the CK, while in 2022, it
was 3.7 times higher than that in the CK. The oxalic acid content was significantly affected
by biochar application and year, while the interaction of the year and treatment had no
significant effect on oxalic acid content. Acetic acid had a similar trend to that of oxalic
acid (Figure 5B) and was significantly impacted by year, biochar application, and their
interaction. In 2021, no significant difference was detected in citric acid content between
the treatments (Figure 5C), while in 2022, the B3 group had the highest citric acid content
(0.18 ug g 1), followed by that of B2 (0.14 ug g~ '), B1 (0.08 ug g~ 1), and CK (0.05 ug g~ 1).
Citric acid content was significantly influenced by the application of biochar, but it was not
affected by the year or interaction of the year and treatment.
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Figure 5. Effect of biochar application on soil oxalic acid (A), acetic acid (B), and citric acid (C).

** indicates significant differences between year (Y), treatment (T), and interaction between year and
treatment (Y x T) at p < 0.01, respectively. “ns” showed there was no significance. Data are shown as
mean + SD. Different letters indicate significant differences in the same year (p < 0.05).

3.4. Grain Yield

The grain yields ranged from 3092 to 4753 kg ha—2 (Table 2). In 2021, the lowest grain
yield was 3410 kg ha~2 in CK, and the highest yield was 4250 kg ha~?2 in the B3 treatment,
followed by B2 (4093 kg ha~2) and B1 (3827 kg ha~2). Compared with the 2021 planting
season, the yield in 2022 increased with the same amount of biochar applied, and the yield
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of CK in 2022 decreased. Compared with CK, biochar increased grain yield from 12.2 to
24.6% in 2021 and 27.1 to 53.7% in 2022, respectively. The grain yield was significantly
influenced by the application of biochar (treatment), while it was not affected by the year
or the interaction of year and treatment.

Table 2. Effect of biochar application on grain yield. *** indicates significant differences between year
(Y), treatment (T), and interaction between year and treatment (Y x T) at p < 0.001, respectively. NS
showed there was no significance. Data are shown as mean =+ SD. Different letters indicate significant
differences in the same year (p < 0.05).

Treatment 2021 (kg ha—1) 2022 (kg ha—1)
CK 3410 £ 246 b 3092 + 175 ¢
Bl 3827 4+ 148 ab 3931 289 b
B2 4093 + 458 a 4246 + 606 ab
B3 4250 + 109 a 4753 + 433 a
Y NS
T %
Y xT NS

3.5. Relationships Among Soil Properties and Grain Yield

The grain yield showed a significant negative correlation with SBD and soil pH
(Table 3, p < 0.05) and a significant positive correlation with all other indices (p < 0.05).
Soil pH was found to be negatively correlated with soil oxalic acid content, AP, and
sucrase activity (p < 0.05). Catalase activity was negatively correlated with SBD (p < 0.05).
AN and AP were negatively correlated with SBD and positively correlated with catalase
activity (p < 0.05). AN was positively correlated with urease activity (p < 0.05), and AP was
positively correlated with sucrase activity (p < 0.05). The SWC was positively correlated
with SOM and negatively correlated with SBD (p < 0.05).

Table 3. Pearson correlation coefficients of the pH, total nitrogen (TN), total phosphorus (TP),
available nitrogen (AN), available phosphorus (AP), soil organic matter (SOM), acetic acid (AA),
oxalic acid (OA), grain yield (GY), citric acid (CA), soil bulk density (SBD), catalase (Cat), urease (Ur),
and sucrase (Su).

GY OA AA CA SBD pH Cat Ur Su AN AP SOM TP TN

OA 0.824 **

AA 0.641 ** 0.752 **

CA 0.553 ** 0.691 ** 0.947 **

SBD —0.612 ** —0.742 ** —0.706 ** —0.664 **

pH —0.640 ** —0.470 * —0.04 0.034 0.263

Cat 0.639 ** 0.856 ** 0.812 ** 0.725 ** —0.741 ** —0.232

Ur 0.476 * 0.691 ** 0.756 ** 0.661 ** —0.593 ** —0.04 0.820 **

Su 0.519 ** 0.551 ** 0.062 —0.003 —0.216 —0.727 ** 0.363 0.065

AN 0.712** 0.847 ** 0.869 ** 0.802 ** —0.738 ** —0.174 0.852 ** 0.712** 0.324

AP 0.679 ** 0.729 ** 0.289 0.217 —0.467 * —0.619 ** 0.551 ** 0.241 0.777 ** 0.542 **
SOM 0.699 ** 0.811 * 0.628 ** 0.528 ** —0.589 ** —0.327 0.786 ** 0.553 ** 0.427 * 0.678 ** 0.686 **

TP 0.633 ** 0.769 ** 0.678 ** 0.621 ** —0.799 ** —0.245 0.788 ** 0.542 ** 0.456 * 0.805 ** 0.647 ** 0.689 **

TN 0.643 ** 0.811 ** 0.736 ** 0.639 ** —0.600 ** —0.172 0.801 ** 0.617 ** 0.402 0.760 ** 0.576 ** 0.884 ** 0.753 **
SWC 0.617 ** 0.776 ** 0.900 ** 0.888 ** —0.687 ** —0.001 0.811 ** 0.785 ** 0.076 0.865 ** 0.381 0.688 ** 0.753 ** 0.711 **

* and ** indicate that correlation is significant at the 0.05 and 0.01 levels, respectively.

4. Discussion

Identification of an efficient method to improve the soil fertility of newly reclaimed
land, especially degraded sandy land, has attracted the interest of many researchers [3,22,23].
Previously, we found that the addition of soft rocks and bacterial manure can improve
soil properties and achieve promising results [2,9]. However, these methods could not
solve the problem of agricultural production waste, e.g., aboveground biomass. Returning
crop residues directly to the field causes many problems, including stimulating emissions
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of greenhouse gases and reducing soil water storage capacity. Developing techniques to
convert crop residues into biochar may be a solution to these problems [24,25]. In the
present study, the effects of the application of biochar produced from maize straw on the
properties of newly reclaimed land soils were evaluated. The biochar resulted in significant
improvements in soil physical and chemical properties and also enhanced grain yield.

4.1. Biochar Decreased Soil Bulk Density and Improved Soil Water Retention

Sandy soils usually have a higher SBD, which hinders the growth of plants as the
optimum SBD for plant growth is 1.4-1.5 g cm 3 [26]. Biochar, as a porous carbonaceous
material, has a low bulk density, which means it weighs less in the soil. However, its
charge density and surface area are relatively large. This unique physical property gives
biochar a significant advantage in soil amendment. When biochar is applied to soil, it
effectively reduces the SBD. Owing to its porous structure, biochar is able to absorb and
retain large amounts of water, thereby significantly increasing the water-holding capacity
of coarse-textured soils. This increase in water-holding capacity is critical for crop growth,
especially in arid or semi-arid areas. Due to its low bulk density, biochar has been widely
found to reduce SBD [25,27]. Our results were consistent with these findings as biochar
was found to increase soil porosity [25]. The reduced SBD could be explained by biochar
increasing the total soil porosity and producing physical dilution. Thus, the lower bulk
density of the added biochar actually reduced SBD through physical dilution effects. In
contrast to a study that found lower biochar application rates (<15,000 kg ha~!) could not
significantly decrease SBD in sandy soils [28], our experiment was conducted in covered
loess soil; therefore, although our application amounts were low, physical dilution may
still play a role in reducing SBD. Here, we found that SBD exhibited a downward trend
with the increase in biochar application amounts.

In addition, biochar application increased soil porosity [29,30]. Although we did not
measure soil porosity in the present study, a similar biochar produced by the same factory
has been found to increase soil porosity [25]. We believe that improvement in soil porosity
was also an important factor that contributed to the decreased SBD.

An improvement in SWC was found in the present study. This was in line with the
findings of previous studies [29-32], which have reported that biochar improved the soil
skeleton due to its porous nature, enabling the soil to absorb or store more water, and
thus enhancing soil water-holding capacity. SBD is negatively correlated with soil water
capacity [33]. Our results showed that biochar markedly decreased SBD, which could be
beneficial to improving SWC.

Our result showed that the biochar application increased FWC significantly, which
was consistent with the results of a previous study [34]. The increased FWC could be an
important factor that contributes to the higher SWC. In addition, low SOM content resulted
in a reduction of soil water-holding capacity [35]. Biochar application increased SOM in
the present study. The higher SOM induced by biochar application may play an important
role in maintaining the enhanced SWC. The correlation analysis results also confirmed
these conclusions, as SWC was negatively correlated with SBD and positively correlated
with SOM.

4.2. Biochar Decreased Soil pH in Saline—Alkaline Soil

Soil pH is an important indicator of cultivated land quality and directly affects soil
fertility, nutrient availability, microbial activity, and crop growth and development [36].
Reducing the pH of saline—-alkaline soil is crucial for sustainable agriculture. In a previ-
ous study, biochar was found to increase soil pH and reduce the phytotoxicity of heavy
metals [37]. However, that study was conducted with acidic soil, and the higher pH of
biochar directly contributed to an increase in soil pH. According to our 2-year field re-
search on saline-alkaline soil, biochar produced from maize straw can decrease the pH
of rhizosphere soil. In our previous study, we also found that rhizosphere soil pH was
reduced in a licorice field [25]. When investigating the underlying reason, we found that
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biochar application significantly increased the oxalic acid and acetic acid contents of the
rhizosphere soil. Soil organic acids may be produced from the decomposition of organic
matter and root exudates [38]. In this study, biochar application increased SOM content,
which may have produced more organic matter for decomposition, resulting in an increase
in soil organic acid content. Organic matter degradation is an important source of acetic
acid [39].

In addition, decreased soil pH in alkaline soils may enhance the conversion from un-
available phosphorus to available phosphorus [23]. Here, a significant negative correlation
between AP and soil pH was found, which indicated that the decreased pH contributed to
the increased AP.

Oxalic acid is found in a wide variety of plants, and recently, the extent to which
roots exude oxalic acid into the soil has come to be considered an important factor in
regulating the root microenvironment [20,40,41]. In this study, biochar application was
found to increase soil oxalic acid content. As plants can exude oxalic acid to improve the
rhizosphere microenvironment to complete their growth, this could be because biochar
stimulated the secretion and efflux of oxalic acid from the roots [20,40,42]. In summary,
biochar application could increase the soil oxalic acid and acetic acid content, which may
be beneficial for decreasing soil pH. This was confirmed by the correlation analysis results,
which showed that soil pH was negatively correlated with soil oxalic acid content.

4.3. Biochar Application Improved Soil Fertility

Soil fertility, particularly soil nutrient availability, is influenced by many complex
physical and chemical processes, including soil pH, soil water- and fertilizer-holding
capacity, and plant secondary metabolites [43]. Here, we found that the application of
biochar increased the total soil nitrogen and phosphorus content, as well as the available
nitrogen and phosphorus content. The direct reasons for this are twofold. Firstly, biochar
contains nutrients, including nitrogen and phosphorus, and when biochar is used in the
field, the nutrients may be released into the soil. Secondly, the carbon contained in biochar
has adsorption capabilities [44], and this property could allow biochar to adsorb nutrient
ions such as nitrogen and phosphorus, thus reducing nutrient loss. Notably, in the present
experiment, the soil was collected from the rhizosphere (0-30 cm depth). The biochar was
applied once before soil tillage, and after rotary tillage, it was mixed with topsoil (0-30 cm).
At the soil surface, drip irrigation would influence SBD. The nitrogen and phosphorus data
were obtained from topsoil, not the whole soil. We believe that soil sorption could help to
maintain relatively higher nitrogen and phosphorus contents, as the FWC increased with
biochar application. In sandy soils, biochar application could maintain relatively high soil
phosphorus content through enhancing soil sorption of phosphorus [45].

The present study shows that biochar application is beneficial for maintaining soil nu-
trient contents, which may be due to the adsorption capabilities of biochar. In addition, the
decline in SBD influences the soil water-holding capacity indirectly, which also contributes
to the improvement in the soil’s ability to maintain nutrients [7]. This was confirmed by
the improved soil FWC in this study, which indicated that more water was retained in
the topsoil, preventing the further loss of available nitrogen and phosphorus with water.
Here, an increase in SOM was observed in the biochar treatment groups (Figure 2), which
demonstrated 1-2 mg g~ ! increases in B3 when compared with CK. Maize straw-derived
biochar with similar properties produced by the same factory as our study increased SOM
by approximately 2.5 mg g~ ! in sandy soils at the maize jointing stage under sufficient
irrigation. In contrast, under drought conditions, there were no significant differences in
SOM content in the groups which did or did not undergo biochar application [46]. Under
sufficient irrigation conditions, all groups contained lower SOM than those under drought
conditions [46]. In another study that used similar biochar produced by the same factory,
biochar application was found to increase the aromatic and hydrophobic properties of SOM,
which may function in slowing the water solubility consumption of SOM. In addition,
here in the present study, the biochar had many small holes in its surface (Figure S2),
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which could be of benefit in maintaining water and soil nutrients including SOM. Biochar
application also significantly increased SOM contents overall [47]. We believe that the
biochar-induced increases in SOM observed in both our study and Yang’s study were the
result of biochar increasing the hydrophobic nature of SOM and the decrease in organic
matter dissolved in deep soil during irrigation and rainfall. The increased SOM in the CK
and biochar treatments in the growing season compared with their pre-cultivated status
(Table 1) could be a result of the degradation of grass and shrub leaves mixed into the soil
during land reclamation, as in the detection of data for Table 1, the grass and leaves were
manually selected, while in the flowering study, they were degradation. The continuous
results of SOM from the rotation of soybeans confirmed the speculation that without the
addition of grass and shrub leaves again, the SOM in the present study area decreased
compared with the growth season of 2021 and 2022. However, the added biochar treatments
had relatively higher SOM than the CK after the application of biochar for three years.

Furthermore, biochar application led to an increase in soil enzyme activity. Soil
enzymes serve as valuable indicators of soil health [48] and play a crucial role in the
nutrient cycle and promoting plant growth [19,49]. Our previous study confirmed that
biochar increased the activity of soil catalase and urease [16]. Soil urease, a significant
indicator of soil nitrogen content, plays a role in hydrolyzing nitrogen-containing organic
matter to enhance soil available nitrogen content [50]. Catalase is considered an indicator
of aerobic microorganisms, reflecting the redox ability of soils, and is closely related to
soil fertility [51]. The increased application of biochar induced a rise in organic matter,
benefiting microbial growth and enzyme synthesis due to the ample raw material provided
by biochar. Ultimately, the heightened soil enzyme activity accelerated the decomposition
of organic matter and the release of mineral nutrients. The increasingly hydrophobic nature
of biochar-induced SOM necessitates stronger active soil enzymes to decompose organic
matter. All these changes collectively contribute to the improved soil available nitrogen
and phosphorus content resulting from biochar application.

4.4. Biochar Application Increased Millet Grain Yield

Biochar application has been found to enhance crop grain yield in many plant
species [2,13,16]. In the present study, biochar increased grain yield from 12.2 to 24.6% in
2021 and 27.1 to 53.7% in 2022, respectively. The grain yield was significantly influenced
by the application of biochar (treatment), while it was not affected by the year or the
interaction of year and treatment. In general, such high increases (53.7%) in yield are not
commonly observed due to biochar application alone. Wheat grain yields increased by
28.0% under biochar treatment when compared with no biochar treatment [52]. However,
most of these results were achieved with fertile farmland, in which the SOM was higher
than 13.2 mg g~ !, and our results were achieved in newly reclaimed fields with a SOM
content of 1.5-2.5 mg g~ !. We hypothesize that biochar may be more effective in improving
fertilizer retention and yield in barren and nutrient-prone farmland. In our previous study
conducted on sandy soil, with poor water- and fertilizer-retention properties, biochar in-
creased the yield of millet by 46.0% [2]. In our previous study, we found that the properties
of millet at the flowering stage contributed to grain yield formation. Unsuitable soil pH
seriously affects crop production, and it is critical to reduce the pH of saline soils. Moreover,
high soil capacity leads to reduced space for crop root hairs and microbial activity, which
can reduce crop growth and the rate of microbial degradation of nutrients such as organic
matter in the soil. According to the correlation analysis, we found that the lowered soil
SBD and pH and the improved soil AN and AP induced by biochar application contributed
to the enhanced millet grain yield. Biochar increased the soil AP content, which in turn
increased the crop plant grain yield [16]. This implies that biochar application increases
soil fertility, leading to an increase in grain yield in the present soil types. As an important
model plant for C4 crops [53], the effect of biochar on millet grain yield could play a
significant role in improving C4 crop production.
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Based on the above analysis, the mechanism underlying the effect of biochar on the
soil properties of newly cultivated land has been described (Figure 6). Biochar application
significantly increased FWC, SWC, and SOM and decreased SBD. The increased SOM
content improves enzymatic activity. Biochar stimulates plant roots to secrete organic
acids, such as oxalic acid into the rhizosphere soil, and accelerates the decomposition of
organic matter into organic acids such as acetic acid, which improves the rhizosphere
microenvironment by lowering soil pH. As a result, the decreased soil pH improves the
availability of soil phosphorus and nitrogen.

Enzymal
activity

e = .
=z ﬁ, Improyed soil chemical propgr}y,

Improved soil physical property

Figure 6. A possible mechanism underlying the function of biochar in improving soil quality, plant
growth, and grain yield. Biochar improved soil physical properties by decreasing soil bulk density,
and due to its sorption, it could increase soil water content (SWC) and minerals in terms of increasing
available nitrogen and phosphorus (AN and AP). On the other side, biochar could interact with
root by stimulating the secretion of organic acids (oxalic and acetic acid), which might function in
improving soil pH. In addition, biochar increased soil organic matter, which could play important
roles in improving soil enzymatic activity.

5. Conclusions

Our study examined the variation in soil physical and chemical properties and millet
yield with or without biochar application. All biochar treatments resulted in increased
SOM, total phosphorus, total nitrogen, soil enzyme activity, and soil organic acid content,
while significantly decreasing soil pH and bulk density. These changes contributed to
higher millet grain yield production following biochar treatment. Among the biochar
treatments, concentrations of 4500 kg/ha and 6000 kg/ha led to higher grain yield, total
nitrogen, SOM, and total phosphorus. However, no significant difference in soil total
nitrogen and total phosphorus were observed between these two treatments at the harvest
stage. Consequently, we posit that, following changes in land use from uncultivated sandy
land, biochar application at a concentration of 4500-6000 kg/ha could effectively improve
soil properties and significantly enhance grain yield. Our results underscore that the use
of biochar increases soil fertility and boosts grain yield in foxtail millet, highlighting the
positive impact of biochar application on soil improvements and crop production in newly
reclaimed land with saline-alkaline soil. Further research is needed to study the effect
of biochar on different types of soils, such as sandy loam, loamy and clayey, in order to
improve the nutrient retention capacity and water retention capacity of soils.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14112465/s1, Figure S1: Location of the experiment site (A), the
original appearance of the sand land before reclamation (B), and aerial view of the sand land after
reclamation (C); Figure S2: Morphological features of biochar measured by a Zeiss Sigma 300 field
emission-scanning electron microscope; Figure S3: Soil water content of soils at the harvest stage
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of two growth seasons with or without biochar application; Figure S4: Effects of biochar addition
on soil field water capacity after two millet growth seasons; Figure S5: Effects of biochar addition
on organic matter after two millet growth seasons and one soybean growth season; Figure S6: Soil
organic matter (A) and total phosphorus (B) and nitrogen (C) at the harvest stage of two growth
seasons (2021 and 2022) with or without biochar application.
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