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Abstract: To demonstrate the effects of combined application of biochar and different types of
nitrogen fertilizers on the growth of plant roots and on purple soil properties such as soil nutrients,
soil carbon content and soil respiration, a 206-day greenhouse pot experiment with rapeseed was
conducted. Three types of nitrogen fertilizer were used: urea (UR), controlled-release urea (RU),
a mixture of 60% urea and 40% controlled-release urea (40% RU), and biochar was added at mass
fractions of 0% (C0), 2% (C1) and 4% (C2), with a control treatment (CK) without nitrogen fertilizer
and biochar. The results showed that biochar significantly improved soil nutrient status, with the
best effect observed when 40%RU was co-applied with biochar. The addition of biochar significantly
increased soil total organic carbon (TOC) and particulate organic carbon (POC). Soil respiration
increased with increasing biochar application, and the combination of 2% biochar and 40% RU
showed a reduction in carbon emissions compared to the UR and RU treatments. The number of
rapeseed root tips (NT), forks (NF) and crossings (NC) increased significantly with the addition
of biochar, and the combination of biochar and 40% RU was more beneficial for root growth and
development than RU and UR. Considering the improvement in soil nutrition, increased soil organic
carbon content, reduced carbon emissions, and enhanced rapeseed growth and development, the
co-application of 2% biochar and 40% RU is recommended for large-scale application in rapeseed
cultivation in the hilly purple soil of southwest China.

Keywords: biochar; controlled-release urea; soil nutrients; soil organic carbon; soil respiration

1. Introduction

Purple soils, which are classified as Regosols in FAO Taxonomy, developed from the
fast physical weathering of sedimentary rocks of the Trias–Cretaceous system and are
characterized by coarse structure, high permeability, and well-developed interflow [1,2].
They are rich in mineral nutrients and have high soil productivity, but also have shallow soil
depth, high erosion, poor drought resistance, and severe degradation [3]. Purple soil is the
main soil type in the agricultural areas of southwest China [4]. Due to the humid climate,
complex terrain, increased acid rain, and intensified human activities in recent years, soil
erosion and soil degradation have become severe in the region. This has led to problems
such as thin soil layers, exposed rocks, acidification, and soil nutrient depletion, which
have a significant impact on the further development of agriculture and the sustainable use
of resources in the area [5]. It is crucial to find agricultural measures that can effectively
alleviate soil degradation, improve the ecological environment of farmland soils, and
enhance the potential for sustainable development and use of purple soils. In recent years,
carbon emissions from agricultural soils and the resulting issue of climate warming have
also become a hot topic for domestic and international scholars [6].
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Biochar is a highly carbon-rich and stable organic material produced from crop
residues (straw and husks), wood chips, and animal manure via pyrolysis under anaerobic
or low-oxygen conditions. It is typically in the form of fine particles [7,8]. Due to its porous
nature, high cation exchange capacity, and low bulk density, biochar plays an important
role in improving soil physicochemical properties, reducing nutrient loss, and enhanc-
ing microbial diversity. It has been recognized for its contribution to soil improvement,
increased crop productivity, and climate change mitigation [9–14]. A study by Azeem
et al. [15] showed that the application of biochar increased soil organic carbon, TA, and soil
bulk density, and significantly increased crop yield with or without the use of chemical
fertilizers. Liu et al. [16], in their research on purple soils, also showed that the appropriate
application of biochar improved soil acidity, increased soil nutrient content, altered mi-
crobial populations, and improved crop growth conditions. Studies by Bruun et al. [17],
Abiven S et al. [18], Feng L et al. [19], and others have revealed that biochar can promote
root growth, increase root density and biomass, and improve root structure. Yang et al. [20]
found that the addition of 20 t·hm−2 and 40 t·hm−2 of biochar not only reduced CH4 and
N2O emissions but also increased rice yield and soil fertility in their study of rice fields
under controlled irrigation. In recent years, using biochar as a slow-release carrier for
fertilizers has also attracted considerable attention [21].

Controlled-release urea (RU) is based on ordinary urea and is subjected to physical or
chemical treatments that slow the release or decomposition of urea into ammonia without
altering the chemical structure of the urea itself. This ensures that the rate of ammonia
production matches the rate of plant uptake, improving the efficiency of urea utilization by
crops [22]. Compared with conventional urea, RU can significantly reduce nutrient loss,
decrease the environmental pollution caused by fertilization, increase nitrogen fertilizer
utilization efficiency, improve crop growth and development, and significantly increase
yield [23–25]. However, due to the slow nutrient release rate of RU, its sole application can
lead to nutrient deficiencies in the early stages of crop growth, which can affect yield [26]. At
present, the combined application of RU and conventional urea in appropriate proportions
has attracted considerable attention from national and international scholars. Studies
by Zhao et al. [27] and Zheng et al. [28] have shown that the co-application of RU and
ordinary urea improves crop biomass accumulation, nitrogen accumulation, nitrogen
uptake efficiency, and yield. Previous research on the application of RU and conventional
urea to crops has mainly focused on aspects such as crop yield, nitrogen fertilizer utilization
efficiency, crop physiological and metabolic characteristics, and changes in soil nutrients.
However, there is still limited research comparing the effects of biochar combined with
different types of nitrogen fertilizer on soil carbon components, soil respiration, and crop
root growth. A greenhouse experiment was conducted to investigate the effects of the
combined application of biochar and different types of nitrogen fertilizers on rapeseed
root growth and purple soil properties in the southwestern hilly region by measuring root
characteristics, soil nutrients, soil carbon content and soil respiration.

2. Materials and Methods
2.1. Experimental Materials

The biochar used in this study was provided by Nanjing Qinfeng Straw Co., Ltd.
(Nanjing, China). It was produced via the pyrolysis of rice straw at a high temperature
of 500 ◦C under anaerobic conditions. The biochar had a total nitrogen (TA) content of
0.61 g·kg−1, a total phosphorus (TP) content of 1.99 g·kg−1, a total potassium (TK) content
of 27.15 g·kg−1, a total organic carbon (TOC) content of 537.97 g·kg−1, and a pH value of
8.7. The RU (N 44.5%) was produced by Jinzhengda Ecological Engineering Group Co., Ltd.
(Linyi, China), and had a release period of approximately 120 days. Urea (N 46%), calcium
superphosphate (P2O5 12%), and potassium chloride (K2O 60%) were purchased from
Sichuan Meifeng Chemical Co., Ltd. (Deyang, China). The rapeseed variety tested was
Sanxia You 5, bred by the Chongqing Sanxia Academy of Agricultural Sciences, with a total
growth period of approximately 206 days. The tested soil was collected from the 0–20 cm
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soil layer at the experimental farm of Southwest University, China (29◦49′ N, 106◦25′ E).
The soil was classified as a typical purple soil (medium loam), and its physicochemical
properties were as follows: soil bulk density, 1.28 g·cm−3; pH, 6.91; soil organic matter
(SOM), 7.22 g·kg−1; TA, 0.62 g·kg−1; alkaline hydrolysis nitrogen (AN), 36.75 mg·kg−1;
available phosphorus (AP), 9.46 mg·kg−1; and available potassium (AK), 80.00 mg·kg−1.
Plastic pots with a height of 35 cm and a diameter of 25 cm were used for the experiments.

2.2. Experimental Design

The experiment was conducted from October 2017 to May 2018 in a sunlight green-
house at Southwest University. The pot experiment was carried out with three nitrogen
fertilizer treatments (single urea application, single controlled-release urea application, and
60% urea + 40% controlled-release urea, denoted as UR, RU, and 40%RU, respectively) and
three biochar gradients (0%, 2%, and 4% biochar-to-soil mass ratio, denoted as C0, C1, and
C2, respectively). A control treatment without nitrogen fertilizer and biochar (CK) was
included. There were 10 treatments in total, namely CK, URC0, URC1, URC2, RUC0, RUC1,
RUC2, 40% RUC0, 40% RUC1, and 40% RUC2 (see Table 1), each with six replicates. N, P,
and K were applied at rates of 0.20 g N, 0.15 g P2O5, and 0.15 g K2O per kg of soil (equal to
1 g N·pot−1, 0.75 g P2O5·pot−1, and 0.75 g K2O·pot−1) as a basal fertilizer for rapeseed (as
shown in Table 2). Each pot was filled with 5.0 kg of soil (previously air-dried, crushed,
and sieved through a 5 mm mesh) mixed thoroughly with the respective fertilizers and
biochar according to the experimental design. Five to six rapeseed seeds were sown in each
pot, and one seedling was retained at the five-leaf stage. Daily management practices were
based on the growth characteristics of rapeseed. The other management practices applied
were in accordance with those used by local farmers.

Table 1. Treatment combinations of biochar and nitrogen fertilizer.

Treatment UR RU 60% UR + 40% RU (40% RU)

Biochar 0%(C0) URC0 RUC0 40%RUC0
Biochar 2%(C1) URC1 RUC1 40%RUC1
Biochar 4%(C2) URC2 RUC2 40%RUC2

Note: Control treatment (CK) without nitrogen fertilizer and biochar. UR, urea; RU, controlled-release urea.

Table 2. Treatment combinations of biochar and nitrogen fertilizer in each pot.

Treatment UR (g) RU (g) P2O5 (g) K2O (g) Biochar (g) Soil (g) Total Applied N (g) Total Applied C (g)

CK 0 0 0.75 0.75 0 5000 0 0
URC0 1 0 0.75 0.75 0 5000 1 0.429
URC1 1 0 0.75 0.75 100 5000 1.061 54.226
URC2 1 0 0.75 0.75 200 5000 1.122 108.023
RUC0 0 1 0.75 0.75 0 5000 1 0.436
RUC1 0 1 0.75 0.75 100 5000 1.061 54.233
RUC2 0 1 0.75 0.75 200 5000 1.122 108.030

40% RUC0 0.6 0.4 0.75 0.75 0 5000 1 0.432
40% RUC1 0.6 0.4 0.75 0.75 100 5000 1.061 54.229
40% RUC2 0.6 0.4 0.75 0.75 200 5000 1.122 108.026

Note: CK, no nitrogen fertilizer and biochar; URC0, single urea application; URC1, urea + 2% biochar; URC2,
urea + 4% biochar; RUC0, single controlled-release urea application; RUC1, controlled-release urea + 2% biochar;
RUC2, controlled-release urea + 4% biochar; 40% RUC0, 60% urea + 40% controlled-release urea; 40% RUC1, 60%
urea + 40% controlled-release urea + 2% biochar; 40% RUC2, 60% urea + 40% controlled-release urea + 4% biochar.

2.3. Sampling and Analyses

During the maturation stage of rapeseed, the plants were carefully removed from the
soil while maintaining their overall integrity. The attached soil particles were lightly shaken
off, and the roots were rinsed with distilled water and then gently dried with absorbent
paper to measure the root characteristics. Soil samples were taken from 0 to 20 cm depth
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at the rapeseed maturity stage and after harvest. Each soil sample was brought to the
laboratory, where it was thoroughly mixed after the removal of soil animals, plant roots,
residues, and litter [29]. After natural air drying, the samples were ground and passed
through 2 mm and 0.25 mm sieves for the determination of organic carbon components
and soil nutrient content.

For the determination of soil basic physicochemical properties, the soil samples ob-
tained after crop harvest were used for analysis. SOM was measured using the potassium
dichromate wet combustion procedure in an externally heated oil bath (180 ◦C, boiling for
5 min) [30]. Total nitrogen (TN) was determined using the semi-micro-Kjeldahl method
(digestion with 5 mL concentrated H2SO4), and AN was determined using the alkaline
hydrolysis diffusion method (1.00 g of a dried soil sample was treated in a diffusion dish
with 10 mL of 1.8 mol/L NaOH solution. After diffusion, the sample was absorbed using
3 mL of boric acid and titrated with 0.01 mol/L of hydrochloric acid solution) [31]. TP was
measured using the HClO4-H2SO4 digestion–molybdenum antimony colorimetric method,
and AP was measured using the 0.5 mol L−1 NaHCO3 extraction–molybdenum antimony
colorimetric method [30]. TK was determined using the sodium hydroxide fusion flame
photometric method, and AK was determined using the ammonium acetate extraction
flame photometric method [32].

For the determination of soil carbon content, the soil samples collected during the
rapeseed maturation stage were used for analysis. TOC was determined using the Shi-
madzu TOC-VCSH high-sensitivity combustion TOC analyzer (Shimadzu Corporation,
Kyoto, Japan) with a dry combustion method [33]. Readily oxidable carbon (ROC) was
determined using the potassium permanganate oxidation method [34]. Particulate or-
ganic carbon (POC) was determined using the sodium hexametaphosphate dispersion
method [35]. Water-soluble organic carbon (WSOC) in the soil was determined by taking
2.5 g of air-dried soil passed through a 2 mm sieve, adding 25 ml of distilled water, shaking
at 90 r·min−1 for 30 min at 20 ◦C, centrifuging at 3500 r·min−1 for 20 min, filtering through a
0.45 µm microporous membrane, and analyzing the filtrate using a Shimadzu TOC analyzer
(TOC-L SSM-5000A and ASI-L, Shimadzu Corporation, Kyoto, Japan) [36].

For soil respiration [37], measurements were taken during the seedling, bud, blooming,
and pod stages of rapeseed, with a uniform measurement time of 09:00–11:00 in the morning.
The instrument used for measurement was the LI6400 portable photosynthesis system
connected to a 6400-09 respiration chamber (Li6400-09, LI-COR Inc., Lincoln, OR, USA (see
Figure 1). One measurement point was taken per rapeseed pot, and a self-made PVC ring
was placed around each point the day before the measurement to reduce disturbance to
the soil. Each PVC ring was measured once, with three cycles and three repetitions per
treatment, resulting in a total of nine data points. The average value was calculated as the
soil respiration rate (RR).

For the root characteristics of crop plants, at the maturity stage of rapeseed, the
diameter at the hypocotyl node was measured using a caliper gauge as an indicator of
root collar diameter (root diameter, RD). The roots of rapeseed plants were then severed
at the base and thoroughly rinsed with water. The entire root system was then carefully
scanned with a root scanner (EPSON V750) and stored as digital images on a computer. The
Win RHIZO root analysis system software (Regent Instrument Inc., Quebec, ON, Canada)
was used to quantitatively analyze the total root length (RL), the average root diameter
(ARD), the number of root tips (NT), the number of root forks (NF), and the number of root
crossings (NC) [29].
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Figure 1. Soil respiration instrument.

2.4. Statistical Analysis

Data were organized and analyzed using Microsoft Excel 2010 and SPSS 17.0. Two-way
ANOVA was used to determine differences between treatments. The means were compared
using Duncan’s test at a 0.05 probability level. The graphs were generated using SigmaPlot
14.0 and Origin 9.0.

3. Results
3.1. Soil Nutrients

As shown in Table 3, the type of nitrogen fertilizer, the gradient of biochar, and their
interaction had significant (p < 0.05) or highly significant (p < 0.01) effects on SOM, TN,
TP, TK, AN, AP, and AK (except for the insignificant effect of nitrogen fertilizer type on
AP). With increasing biochar content, as shown in Figure 2, SOM and TA content increased
significantly (p < 0.05) for different types of nitrogen fertilizers (except for the insignificant
differences between RUC0 and RUC1, RUC1 and RUC2). The addition of 2% and 4%
biochar significantly increased the content of TP, AN, AP, and AK in the 40% RU treatment,
and the RU and UR treatments showed significant increases in TP, AK, AP, and AN only
when 4% biochar was added (p < 0.05).

Table 3. The significance test of the interaction of biochar and nitrogen fertilizer on soil nutrients
(p-value was measured after plant removal).

Factors SOM
(g·kg−1)

TN
(g·kg−1)

TP
(g·kg−1)

TK
(g·kg−1)

AN
(mg·kg−1)

AP
(mg·kg−1)

AK
(mg·kg−1)

N ** ** ** ** * ns **
B ** ** ** ** ** ** **

N*B ** ** ** * ** ** *

Note: * and ** indicate significant differences at p = 0.05 and p = 0.01, respectively, and ns indicates no significant
difference; N: types of nitrogen fertilizer; B: biochar gradient; N*B: types of nitrogen fertilizer and biochar
gradient.
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From Figure 2, it can also be seen that, without biochar application, the differences
among the soil nutrient indicators (except for SOM and TK) between the different types
of nitrogen fertilizer were not significant (p > 0.05). With the addition of 2% and 4%
biochar, there were significant differences in SOM content among different types of nitrogen
fertilizers (p < 0.05). In these two treatments with different levels of biochar, the SOM
content in the 40% RU, UR, and RU treatments was significantly increased by 95.17%,
77.17%, and 26.34% compared with the CK treatment. When 2% biochar was applied, there
were no significant differences in the TA content among the different types of nitrogen
fertilizers, but all were significantly higher than in the CK treatment. However, when
4% biochar was applied, there were significant differences in the TA content among the
different types of nitrogen fertilizers (p < 0.05), and the 40% RU treatment had significantly
higher TA content than the UR and RU treatments (p < 0.05). When 2% biochar was
used, the 40% RU treatment had significantly higher TP content than the CK, UR, and RU
treatments (p < 0.05), and when 4% biochar was used, the RU treatment had significantly
higher TP content than the CK, UR, and 40% RU treatments (p < 0.05). When 2% biochar
was applied, the 40% RU and RU treatments had significantly higher TK content than
the CK and UR treatments (p < 0.05). When 4% biochar was applied, the RU treatment
had significantly higher TK content than the UR and 40% RU treatments (p < 0.05), with
increases of 37.62%, 14.36%, and 20.86% compared with the CK treatment, respectively.
When 2% biochar was applied, there were no significant differences in AN, AP, and AK
among the different types of nitrogen fertilizers, and there were no significant differences
compared with the CK treatment (p > 0.05). When 4% biochar was applied, the 40% RU
treatment had significantly higher AN and AK content than the UR and RU treatments,
and the 40% RUC2 treatment had significantly increased AN and AK content by 9.84%
and 13.32% compared with the CK treatment. The 40% RUC2 and RUC2 treatments had
significantly higher AP content than the other treatments (p < 0.05), with increases of
138.41% and 103.04% compared with the CK treatment, respectively. This indicates that,
with the application of 2% biochar, 40% RU is more conducive to improving soil nutrient
status than RU and UR, while with the application of 4% biochar, 40% RU has a better effect
on improving soil available nutrients.

3.2. Soil Organic Carbon Components

As shown in Table 4, the type of nitrogen fertilizer, biochar gradient, and their in-
teraction significantly influenced soil carbon indicators (except for the type of nitrogen
fertilizer’s effect on TOC and POC and the interaction of biochar and nitrogen fertilizer on
ROC in the blooming stage, as well as the impact of the type of nitrogen fertilizer in the
maturity stage). This indicates that biochar has the main effect on TOC and POC, while
WSOC and ROC are greatly influenced by both biochar and the type of nitrogen fertilizer.

According to Table 4, the addition of biochar in combination with all three types of
nitrogen fertilizer significantly increased the content of TOC in the soil during the blooming
and maturity stages of rapeseed. With an increase in biochar, the content of TOC in the soil
showed an increasing trend (except for the RUC2 treatment at the blooming stage), and the
40% RUC2 treatment had the highest TOC content, averaging 13.26 g·kg−1. The addition
of biochar in combination with all three types of nitrogen fertilizer significantly increased
soil POC at all growth stages (except at maturity between 40% RUC0 and 40% RUC1).
With an increase in biochar, the content of POC in the soil showed an increasing trend
(except for the URC2 treatment during the blooming stage), and the C2 treatment showed
significantly higher values than the C1 treatment (except for the differences between URC1
and URC2 during the blooming stage and between 40% RUC1 and 40% RUC2, which were
not significant). The 40% RUC2 treatment had the highest content of POC during both the
blooming and maturity stages, at 4.93 and 6.05 g·kg−1, respectively. This indicates that the
addition of 4% biochar is more beneficial for increasing the content of POC in the soil, and
the combination of higher biochar dosage (4%) with 40% RU shows better results.
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Figure 2. Effects of the combined application of biochar and nitrogen fertilizer on soil nutrients ((A)–
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Figure 2. Effects of the combined application of biochar and nitrogen fertilizer on soil nutrients (A–G).
The same lowercase letter represents no significant difference (p > 0.05) between treatments. CK, no
nitrogen fertilizer and biochar; URC0, single urea application; URC1, urea + 2% biochar; URC2,
urea + 4% biochar; RUC0, single controlled-release urea application; RUC1, controlled-release
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RUC2, 60% urea + 40% controlled-release urea + 4% biochar.
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Table 4. The significance test of the interaction of biochar and nitrogen fertilizer on soil nutrients
(p-value).

Treatment

Blooming Stage Maturity Stage

TOC
(g·kg−1)

POC
(g·kg−1)

WSOC
(g·kg−1)

ROC
(g·kg−1))

TOC
(g·kg−1)

POC
(g·kg−1)

WSOC
(g·kg−1)

ROC
(g·kg−1)

URC0 6.60 + 0.46 de 3.15 + 0.02 c 0.53 + 0.01 c 9.59 + 0.35 b 6.08 + 0.13 f 3.00 + 0.03 c 0.81 + 0.01 c 3.92 + 0.78 bc
URC1 8.00 + 0.26 bc 4.70 + 0.02 a 0.54 + 0.02 c 12.32 + 0.91 b 9.36 + 0.47 d 4.55 + 0.83 b 1.08 + 0.05 a 6.67 + 0.86 a
URC2 9.69 + 0.20 a 4.63 + 0.00 a 0.61 + 0.06 c 10.31 + 1.02 b 10.78 + 0.47 c 5.34 + 0.41 b 0.97 + 0.01 b 6.39 + 0.17 a
RUC0 6.44 + 0.34 de 3.09 + 0.15 c 0.38 + 0.07 d 8.42 + 0.69 b 4.14 + 0.25 h 3.10 + 0.10 c 0.73 + 0.03 d 6.49 + 0.63 a
RUC1 9.13 + 0.77 a 4.10 + 0.09 b 0.37 + 0.06 d 12.84 + 0.33 a 6.68 + 0.11 e 4.28 + 0.06 b 0.90 + 0.02 b 6.03 + 0.56 a
RUC2 8.84 + 0.64 ab 4.61 + 0.42 a 0.73 + 0.01 b 8.61 + 1.67 b 11.64 + 0.55 b 5.84 + 0.06 a 0.75 + 0.01 cd 5.14 + 0.09 ab

40% RUC0 6.16 + 0.35 e 2.70 + 0.15 d 0.62 + 0.07 c 8.67 + 1.16 b 4.91 + 0.07 g 3.53 + 0.08 c 0.93 + 0.07 b 3.69 + 0.41 c
40% RUC1 7.43 + 0.82 cd 4.45 + 0.32 a 0.60 + 0.02 c 11.94 + 0.89 a 10.31 + 0.23 c 3.62 + 0.15 c 0.92 + 0.03 b 5.14 + 0.54 ab
40% RUC2 10.03 + 0.58 a 4.93 + 0.17 a 0.85 + 0.00 a 7.92 + 0.62 b 16.50 + 0.21 a 6.05 + 0.39 a 0.90 + 0.04 b 5.21 + 0.64 ab

N ns ns ** * ** ns ** **
B ** ** ** ** ** ** ** **

N*B ** ** ** ns ** ** ** **

Note: Values with the same letter within a column are not significantly different at p = 0.05; * and ** indicate
significant differences at p = 0.05 and p = 0.01, respectively, and ns indicates no significant difference; N: types of
nitrogen fertilizer; B: biochar gradient; N*B: types of nitrogen fertilizer and biochar gradient; CK, no nitrogen
fertilizer and biochar; URC0, single urea application; URC1, urea + 2% biochar; URC2, urea + 4% biochar;
RUC0, single controlled-release urea application; RUC1, controlled-release urea + 2% biochar; RUC2, controlled-
release urea + 4% biochar; 40% RUC0, 60% urea + 40% controlled-release urea; 40% RUC1, 60% urea + 40%
controlled-release urea + 2% biochar; 40% RUC2, 60% urea + 40% controlled-release urea + 4% biochar.

At the blooming stage, the combination of 2% biochar with all three types of nitrogen
fertilizer significantly increased the content of ROC in the soil. During the maturity stage,
the combination of biochar with UR and 40% RU significantly increased the ROC content
in the soil, except for the RU treatment (as shown in Table 4). With an increase in biochar,
the soil ROC content showed an increasing trend in all growth stages (except for the RU
treatment in the maturity stage). The combination of 2% biochar with 40% RU showed a
more pronounced effect in increasing ROC, while a higher dosage of biochar (4%) had some
inhibitory effect. During the blooming stage, only the combination of 4% biochar with RU
and 40% RU significantly increased the content of WSOC. During the maturity stage, the
combination of biochar with UR significantly increased the WSOC content, while RU only
significantly increased it with 2% biochar, and biochar had no significant effect in the 40%
RU treatment. Furthermore, the overall trend of WSOC showed an initial increase followed
by a decrease with an increase in biochar dosage. The 40% RUC2 treatment had the highest
WSOC content during the blooming stage, while URC1 had the highest content during
the maturity stage, both significantly higher than the other treatments. This indicates that
the influence of biochar and nitrogen fertilizer on WSOC varies at different growth stages
and that a higher dosage of biochar (4%) is more conducive to increasing WSOC during
the blooming stage, while a higher dosage of biochar during the maturity stage has an
inhibitory effect on WSOC.

3.3. Soil Respiration

From Table 5, it can be seen that the effects of biochar dosage and nitrogen fertilizer
type on soil respiration varied at different growth stages, with the greatest effect at the
blooming stage. During the seedling stage, both biochar dosage and nitrogen fertilizer
type significantly influenced soil respiration, and their interaction also reached a significant
level. During the bud and pod stages, only the effect of biochar dosage on soil respiration
reached a highly significant level. However, during the blooming stage, both biochar
dosage and nitrogen fertilizer type had a highly significant impact on soil respiration. This
indicates that biochar dosage is the main factor influencing soil respiration, while the effect
of nitrogen fertilizer type on soil respiration is sensitive to crop growth conditions.
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Table 5. The significance test of the interaction of biochar and nitrogen fertilizer on soil respiration
(p-value).

Factors Seedling Stage Bud Stage Blooming Stage Pod Stage

N ** ** ** **
B ** ** ** **

N*B ** ** ** *
Note: * and ** indicate significant differences at p = 0.05 and p = 0.01, respectively; N: types of nitrogen fertilizer;
B: biochar gradient; N*B: types of nitrogen fertilizer and biochar gradient.

According to Figure 3, the soil respiration rate (RR) in rapeseed exhibited an overall
trend of initially decreasing, followed by increasing and subsequently decreasing through-
out the entire growth period. The lowest RR was observed during the bud stage, while
the highest RR occurred during the blooming stage. In addition, RR showed an increasing
trend with the increase in biochar application during rapeseed growth (except between
the seedling stage URC1 and URC2). At the seedling stage, the addition of 2% and 4%
biochar significantly increased RR in the UR treatment, with significant improvements of
55.20% and 50.46%, respectively, compared with the control (CK). The RU and 40% RU
treatments only showed a significant increase in soil respiration with the addition of 4%
biochar. At the bud stage, the addition of 4% biochar significantly increased RR in the
UR and RU treatments, with significant improvements of 41.80% and 43.85%, respectively,
compared with CK (p < 0.05). However, the addition of biochar had no significant effect
on RR in the 40% RU treatment (p > 0.05). During the blooming stage, the addition of
2% and 4% biochar significantly increased RR in the UR and 40% RU treatments. Only
the RU treatment showed a significant increase in soil respiration with the addition of 4%
biochar, with a significant increase of 72.75% compared with CK (p < 0.05). During the
pod stage, only the addition of 4% biochar significantly increased RR in the RU treatment
(p < 0.05), while the addition of biochar had no significant effect on RR in the UR and
40% RU treatments (p > 0.05). Regardless of the addition of biochar, except during the
blooming stage where RU was significantly higher than UR, 40% RU, and URC1 during
the seedling stage (p < 0.05), there were no significant differences in soil respiration among
the different nitrogen fertilizer types during each growth stage (p > 0.05). However, the
average soil respiration in the 40% RU treatment was the lowest among all growth stages.
Therefore, it can be concluded that the addition of 4% biochar significantly increased soil
respiration, while the effect of the addition of 2% biochar on soil respiration was generally
not significant. In addition, the 40% RU treatment had the lowest average soil respiration
rate across all growth stages. This suggests that the combination of 2% biochar and 40%
RU can effectively reduce carbon emissions.

3.4. Crop Root Traits

According to Table 6, both the biochar gradient and nitrogen fertilizer type had
significant or highly significant effects on RD, ARD, RL, NT, NF, and NC (except for the
insignificant effect of nitrogen fertilizer type on NT). Additionally, the interaction effects
between biochar gradient and nitrogen fertilizer type also reached a significant level for
RD, RL, ARD, and NF. As shown in Figure 4, with an increase in biochar application,
the NT, NF, and NC of different nitrogen fertilizer types showed an upward trend. With
the increase in biochar, RD, RL, and ARD in the UR and 40% RU treatments showed
an initial increase followed by a decrease, while the RU treatment showed a decreasing
trend with the increase in biochar, although all treatments were higher than the control
(CK). Specifically, the addition of biochar significantly reduced RD in the RU treatment.
Moreover, 4% biochar significantly reduced RD in the UR and 40% RU treatments, while
2% biochar significantly increased RD in the 40% RU treatment. Furthermore, 2% biochar
significantly increased RL in the UR treatment, while 4% biochar significantly decreased
RL in the UR treatment. In addition, 4% biochar significantly reduced ARD in the UR
treatment. The addition of biochar significantly increased NT in the 40% RU treatment, and
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only 4% biochar significantly increased NT in the UR and RU treatments. The addition of
biochar significantly increased the NF and NC of different nitrogen fertilizer types (p < 0.05).
These findings indicate that biochar can promote the root growth and root development
of rapeseed in UR and 40% RU treatments. However, excessive biochar application is not
conducive to improving the morphological characteristics of rapeseed roots.
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Figure 3. The effects of the combined application of biochar and nitrogen fertilizer on soil respira-
tion. The same lowercase letter represents no significant difference (p > 0.05) between treatments.
CK, no nitrogen fertilizer and biochar; URC0, single urea application; URC1, urea + 2% biochar;
URC2, urea + 4% biochar; RUC0, single controlled-release urea application; RUC1, controlled-
release urea + 2% biochar; RUC2, controlled-release urea + 4% biochar; 40% RUC0, 60% urea + 40%
controlled-release urea; 40% RUC1, 60% urea + 40% controlled-release urea + 2% biochar; 40% RUC2,
60% urea + 40% controlled-release urea + 4% biochar.

Table 6. The significance test of the interaction of biochar and nitrogen fertilizer on soil respiration
(p-value).

Factors RD (mm) ARD (mm) RL (cm) NT NF NC

N ** ** ** ns ** *
B ** ** ** ** ** **

N*B ** ** ** ns ** ns
Note: * and ** indicate significant differences at p = 0.05 and p = 0.01, respectively, and ns indicates no significant
difference; N: types of nitrogen fertilizer; B: biochar gradient; N*B: types of nitrogen fertilizer and biochar gradient.

When no biochar was applied, there were no significant differences in RD, RL, ARD,
NT, NF, and NC between the different nitrogen fertilizer types (p > 0.05), except for signifi-
cantly higher RL in the UR treatment than in the 40% RU and UR + 40% RU treatments and
significantly higher NF in the UR and UR + 40% RU treatments than in the RU treatment
(p < 0.05). When 2% biochar was added, the 40% RU treatment exhibited a significantly
higher RD than the UR and RU treatments; the UR treatment showed significantly higher
RL and NF than the 40% RU and RU treatments; and both 40% RU and UR treatments had
a significantly higher ARD than the RU treatment (p < 0.05). When 4% biochar was added,
the 40% RU treatment had a significantly higher ARD than the UR treatment, and the RU
treatment showed significantly higher RL and NC than the UR and 40% RU treatments
(p < 0.05). Overall, the combination of biochar and 40% RU application was more favorable
for improving the morphological characteristics of rapeseed roots and promoting root
development.
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Figure 4. The effects of the combined application of biochar and nitrogen fertilizer on rapeseed root 
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Figure 4. The effects of the combined application of biochar and nitrogen fertilizer on rapeseed
root morphology (A–F). The same lowercase letter represents no significant difference (p > 0.05)
between treatments. CK, no nitrogen fertilizer and biochar; URC0, single urea application; URC1,
urea + 2% biochar; URC2, urea + 4% biochar; RUC0, single controlled-release urea application; RUC1,
controlled-release urea + 2% biochar; RUC2, controlled-release urea + 4% biochar; 40% RUC0, 60%
urea + 40% controlled-release urea; 40% RUC1, 60% urea + 40% controlled-release urea + 2% biochar;
40% RUC2, 60% urea + 40% controlled-release urea + 4% biochar.

3.5. Correlations between Soil Nutrients, Organic Carbon Components, Respiration, and Crop
Root Traits

Correlation analysis was conducted between soil nutrients and mature soil organic
carbon components (at the maturity stage), root traits, soil respiration rate (at the pod stage),
and C/N ratio, as shown in Figure 5. Among the soil nutrients, SOM showed significant or
highly significant positive correlations with TA, AN, AP, and AK. TA showed significant or
highly significant positive correlations with SOM, TK, AN, AP, and AK. AN demonstrated
significant or highly significant positive correlations with AP, AK, TK, TA, and SOM. The
C/N ratio showed significant or highly significant positive correlations with soil SOM, TA,
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TP, TK, AN, AP, and AK. Among the root traits, NT, NF, and NC showed significant or
highly significant positive correlations with SOM, TA, TK, AN, AP, AK, and C/N ratio. NT
and NC also exhibited significant correlations with TP, while RD, ARD, and RL showed no
significant relationships with soil nutrients. In terms of organic carbon components, TOC
and POC showed significant or highly significant positive correlations with SOM, TA, TK,
AN, AP, AK, and C/N ratio. WSOC exhibited a significant positive correlation with TA,
while ROC showed positive correlations with soil SOM, TA, and AN but did not reach the
significance level. TOC and POC were highly significantly and positively correlated with
NT and NF, while POC showed a highly significant positive correlation with NC. RD, ARD,
and RL showed no significant correlations with soil nutrients, C/N ratio, and soil carbon
components (except for a highly significant positive correlation with WSOC) in root traits.
RR exhibited significant or highly significant positive correlations with SOM, TA, TK, TP,
AP, AK, NT, NF, NC, TOC, POC, and WSOC. These findings indicate that the combined
application of biochar and nitrogen fertilizer primarily increases SOM, TA, TK, AN, AP,
AK, C/N ratio, TOC, POC, and WSOC, thereby enhancing NT, NF, and NC, ultimately
improving RR.

Figure 5. The correlation analysis between soil nutrients, soil organic carbon components, respiration
rate, and crop root morphology; * and ** indicate significant differences at p = 0.05 and p = 0.01,
respectively.

4. Discussion
4.1. Effects of Biochar and Different Types of Nitrogen Fertilizers on Soil Nutrients

This study shows that as biochar application rates increase, SOM and TA contents
increase significantly. There is also a varying degree of increase in TP, TK, AN, AP, and AK.
These findings are consistent with previous research on the effects of biochar on other soil
types [38], as well as studies by Yao et al. [39], Kizito, S. et al. [40], and Qin Yao et al. [41]
on the effects of biochar addition on soil nutrients. On the one hand, biochar itself is
rich in mineral nutrients and can increase the content of phosphorus, potassium, calcium,
magnesium, and nitrogen in the soil [42]. On the other hand, biochar has a strong adsorption
capacity and can effectively bind with nutrients in the soil, reducing nutrient loss and
improving the effectiveness of soil nutrients, thereby enhancing soil fertility [43]. However,
the effect of adding biochar varies among the different types of nitrogen fertilizers. The
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reason for this difference may be attributed to the varying rates of nitrogen release or
decomposition into ammonia among the three types of nitrogen fertilizers, which affect the
content of available nitrogen in the soil. In addition, there is a highly significant positive
correlation between available nitrogen and soil TOC, POC, TA, TK, AP, and AK contents
(see Figure 5), which indirectly contributes to the differences in SOM and phosphorus–
potassium content. Different types of nitrogen fertilizers have different effects on the
growth of rapeseed, and the nutrient requirements of rapeseed vary according to its growth
stage. Therefore, the impact of the combined application of biochar and different types
of nitrogen fertilizers on soil nutrient content also varies. Further research is needed to
explore the specific underlying mechanisms.

4.2. Effects of Biochar and Different Types of Nitrogen Fertilizers on Soil Carbon Content

Biochar itself is a carbon-rich material, and its application to soil is equivalent to the
direct addition of exogenous organic carbon. This exogenous organic carbon, together with
the unique structure of biochar, not only promotes the formation of soil aggregates [44]
and the long-term sequestration of soil carbon in the form of POC but also provides
suitable habitats and abundant carbon sources for nitrogen-fixing bacteria, stimulating
their activity and thereby affecting the TA content of the soil [45]. WSOC and ROC are
strongly influenced by plants and microorganisms, making them highly responsive to
agricultural practices, including the application of biochar and different nitrogen fertilizer
types. This study indicates that biochar is a major factor influencing TOC and POC, while
WSOC and ROC are significantly influenced by both biochar and nitrogen fertilizer types,
similar to the findings of Linlin Dong et al. [46] and Zhang et al. [47].

It was also found that, with the increase in biochar application, both TOC and POC
in the soil showed an upward trend, consistent with previous research results [48]. ROC
initially increased and then decreased with the addition of biochar; specifically, 2% biochar
promoted an increase in ROC, while 4% biochar had an inhibitory effect. This is inconsistent
with the results of other studies [49,50], which reported an increase in ROC content with
an increase in biochar application. The reason for this discrepancy may be due to the pot
experiment conducted in this study, which is more susceptible to the influence of biochar
application rates than field experiments. Furthermore, this study suggests that the 40% RU
treatment combined with 4% biochar is more favorable for increasing soil TOC and POC
than the UR and RU treatments. This is mainly due to the fact that the 40% RU treatment
promotes the synchronous release of available nitrogen and increases the nutrient utilization
rate by rapeseed, thereby promoting root growth and increasing root exudates and litter.
However, the specific underlying relationship needs further clarification. Additionally, this
study also reveals that the effect of biochar on WSOC varies during different growth stages
with different nitrogen fertilizer treatments. Specifically, significant effects were observed
during the blooming stage for the RU and 40% RU treatments, while significant effects
were observed during the maturation stage for the RU and UR treatments. The reasons for
this are as follows: (1) Different growth stages show variations in the available nitrogen
content in the soil, with the UR treatment having a nitrogen release period of 45–60 days,
leading to nitrogen deficiency in the later stages of crop growth. The RU treatment has a
nitrogen release period of 120 days, providing limited nutrients for early-stage crop growth,
while the 40% RU treatment releases a portion of available nitrogen at both earlier and later
stages, which undoubtedly affects plant growth and soil microenvironment at different
times [51]. (2) The complex structure of biochar itself and the uncertainty of its action time
may also contribute to variations in the microenvironment during the different growth
stages. Overall, higher doses of biochar (4%) have a certain inhibitory effect on WSOC
during the later stages of crop growth. The reasons for this may be attributed to various
factors such as experimental methods, biochar types, crop species, and environmental
factors [52]. Further in-depth research is needed to understand the specific temporal effects
of biochar application rates and nitrogen fertilizer types on WSOC.
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4.3. Effects of Biochar and Different Types of Nitrogen Fertilizers on Soil Respiration

Biochar is considered a permanent carbon sequestration mechanism in soils, as it
can persist in the soil for a long time [53]. Many studies have shown that biochar can
adsorb enzymes and organic substances in the soil, increase TOC content, and reduce soil
CO2 emissions [54,55]. However, there are also studies that have yielded different results,
suggesting that biochar application to soil can enhance organic matter decomposition
and increase soil CO2 emissions [56–58]. The results of this experiment indicate that
soil respiration increased with the addition of biochar, and the addition of 4% biochar
significantly increased soil respiration, while the effect of 2% biochar on soil respiration
was not significant. This suggests that biochar does not promote soil respiration [59]
but rather reaches a certain threshold where it significantly increases with an increase in
biochar application, thereby promoting soil respiration during the rapeseed growth season
and potentially hindering carbon sequestration and emission reduction in agricultural
ecosystems. The reasons for this difference may be related to experimental conditions,
biochar materials, biochar application rates, soil types, crop species, and the duration of
the experiment [60], which need further analysis based on specific circumstances.

The results of this experiment indicate that there was no significant difference in soil
respiration during the different growth stages of rapeseed among the different types of
nitrogen fertilizers, regardless of the presence of biochar. This may be because soil microbial
activity is the primary source of soil respiration, and soil microbial activity is primarily
carbon-limited, with nitrogen not being the main factor affecting microbial activity [61].
The lowest average soil respiration was observed in the 40% RU treatment, which may
be related to the speed of nitrogen release or conversion to ammonia in different types
of nitrogen fertilizers. The specific underlying mechanisms require further research for
clarification.

4.4. Effects of Biochar and Different Types of Nitrogen Fertilizers on Root Traits of Rapeseed

Roots are not only important organs for crop water and nutrient uptake but also
serve as synthesis organs for biopolymers such as hormones, amino acids, and organic
acids. The morphology and physiological functions of roots directly influence the growth,
development, yield, and quality of the aerial parts of the plant [62]. Due to the diversity
of crops, biochar materials, and soil types, the effects of biochar on crop root growth
are inconsistent, with many studies reporting varying degrees of promotion of crop root
growth with biochar application [18,63], while other studies have reached contrasting
conclusions. This indicates that the positive effects of biochar on crops are influenced by
multiple factors, such as soil and crop types, biochar materials and application rates, and
climatic conditions [64]. Most studies of the effects of biochar on crop root growth are
short-term experiments, and the results are mixed [63]. The positive effects of biochar
are mainly attributed to its mineral nutrient content, which can be directly utilized by
crops, as well as its large surface area and strong adsorption capacity, enabling good
nutrient binding and providing a larger living space for microbial communities, thereby
improving soil nutrient status and soil enzyme activity, which is more favorable for crop
root growth [65,66]. However, the negative effects of biochar may be due to the improper
use of biochar, resulting in excessively high C/N ratios in the soil, which affects the uptake
of nitrogen by crops [67]. Additionally, increasing soil pH can inhibit the availability of
certain nutrients, thereby suppressing the growth of crop roots when biochar is added [68].
Further in-depth research is therefore needed to fully understand the effects of biochar on
crop growth.

5. Conclusions

(1) Biochar significantly improves soil nutrient content. The combination of 40% RU at
C1 level is more effective in improving soil nutrient status compared to RU and UR,
while at the C2 level, it is more conducive to enhancing soil available nutrients.
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(2) Addition of biochar significantly increases TOC and POC content, WSOC is strongly
influenced by the type of nitrogen fertilizer that is used. Compared to the combination
of UR, RU and biochar, the combination of 40% RU with 4% biochar is more effective
in increasing TOC and POC content. The combination of 40%RU with 2% biochar
shows a more pronounced effect in increasing ROC. The effect of biochar combined
with different nitrogen fertilizer types on WSOC varies with the crop growth stage,
but a higher dosage of biochar (4%) has some inhibitory effect on WSOC in the later
stages of crop growth.

(3) Overall, the application of 4% biochar significantly increases RR, while the application
of 2% biochar and different types of nitrogen fertilizers have no significant impact
on soil respiration. Furthermore, the combination of 2% biochar with 40% RU has a
carbon emission reduction effect compared to the UR and RU treatments.

(4) NT, NF and NC significantly increase with the addition of biochar, while other root
traits show different responses to biochar among different types of nitrogen fertilizers.
The combination of biochar with 40% RU is more beneficial for rapeseed root growth
and development compared to RU and UR treatments.

In conclusion, the combination of 2% biochar with 40% RU effectively improves
soil nutrient status, reduces soil carbon emissions, and promotes rapeseed root growth.
Therefore, it can be widely applied in the cultivation of rapeseed in purple soil in the hilly
drylands of Southwest China.

Author Contributions: Conceptualization, B.L. and L.W.; methodology, B.L., X.T. and L.W.; for-
mal analysis, X.T.; investigation, X.T.; writing—original draft preparation, B.L.; writing—review
and editing, L.W., S.Z. and M.D. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors acknowledge the financial support of the Public Welfare Industry (Agriculture)
Research Special Project (201503127).

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Acknowledgments: We greatly appreciate the assistance of Yifan Wang and Jie Chen at Southwest
University for their contributions to completing this experiment.

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

References
1. Zhu, B.; Wang, T.; Kuang, F.; Luo, Z.; Tang, J.; Xu, T. Measurements of Nitrate Leaching from a Hillslope Cropland in the Central

Sichuan Basin, China. Soil Sci. Soc. Am. J. 2009, 73, 1419–1426. [CrossRef]
2. Zhou, Z.; Shi, X.; Zheng, Y.; Qin, Z.; Xie, D.; Li, Z.; Guo, T. Abundance and community structure of ammonia-oxidizing bacteria

and archaea in purple soil under long-term fertilization. Eur. J. Soil Biol. 2014, 60, 24–33. [CrossRef]
3. Fan, F.; Xie, D.; Wei, C.; Ni, J.; Yang, J.; Tang, Z.; Zhou, C. Reducing soil erosion and nutrient loss on sloping land under

crop-mulberry management system. Environ. Sci. Pollut. Res. 2015, 22, 14067–14077. [CrossRef] [PubMed]
4. Zhao, L.; Jin, J.; Du, S.; Liu, G. A Quantification of the Effects of Erosion on the Productivity of Purple Soils. J. Mt. Sci. 2012, 9,

96–104. [CrossRef]
5. Zhou, M.; Zhu, B.; Butterbach-Bahl, K.; Wang, T.; Bergmann, J.; Brueggemann, N.; Wang, Z.; Li, T.; Kuang, F. Nitrate leaching,

direct and indirect nitrous oxide fluxes from sloping cropland in the purple soil area, southwestern China. Environ. Pollut. 2012,
162, 361–368. [CrossRef]

6. Myers, S.S.; Smith, M.R.; Guth, S.; Golden, C.D.; Vaitla, B.; Mueller, N.D.; Dangour, A.D.; Huybers, P. Climate Change and
Global Food Systems: Potential Impacts on Food Security and Undernutrition. Annu. Rev. Public Health 2017, 38, 259. [CrossRef]
[PubMed]

7. Lehmann, J.; Joseph, S. Biochar for Environmental Management: An Introduction; Routledge: London, UK, 2009; pp. 1–12.
8. Downie, A.; Crosky, A.; Munroe, P. Physical Properties of Biochar; Taylor and Francis: London, UK, 2012; Volume 9781849770552,

pp. 13–32.
9. Rasa, K.; Heikkinen, J.; Hannula, M.; Arstila, K.; Kulju, S.; Hyväluoma, J. How and why does willow biochar increase a clay soil

water retention capacity? Biomass Bioenergy 2018, 119, 346–353. [CrossRef]

https://doi.org/10.2136/sssaj2008.0259
https://doi.org/10.1016/j.ejsobi.2013.10.003
https://doi.org/10.1007/s11356-015-4608-2
https://www.ncbi.nlm.nih.gov/pubmed/25957753
https://doi.org/10.1007/s11629-012-2241-9
https://doi.org/10.1016/j.envpol.2011.12.001
https://doi.org/10.1146/annurev-publhealth-031816-044356
https://www.ncbi.nlm.nih.gov/pubmed/28125383
https://doi.org/10.1016/j.biombioe.2018.10.004


Agronomy 2023, 13, 2209 16 of 18

10. Niu, Y.; Chen, Z.; Mueller, C.; Zaman, M.M.; Kim, D.; Yu, H.; Ding, W. Yield-scaled N2O emissions were effectively reduced by
biochar amendment of sandy loam soil under maize—Wheat rotation in the North China Plain. Atmos. Environ. 2017, 170, 58–70.
[CrossRef]

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

12. Liu, M.; Linna, C.; Ma, S.; Ma, Q.; Guo, J.; Wang, F.; Wang, L. Effects of Biochar with Inorganic and Organic Fertilizers on
Agronomic Traits and Nutrient Absorption of Soybean and Fertility and Microbes in Purple Soil. Front. Plant Sci. 2022, 13, 871021.
[CrossRef]

13. Cui, B.J.; Cui, E.P.; Hu, C.; Fan, X.Y.; Gao, F. Effects of Selected Biochars Application on the Microbial Community Structures and
Diversities in the Rhizosphere of Water Spinach (Ipomoea aquatica Forssk.) Irrigated with Reclaimed Water. Environ. Sci. 2020, 41,
5636–5647. [CrossRef]

14. Liu, Y.; Lonappan, L.; Brar, S.K.; Yang, S. Impact of biochar amendment in agricultural soils on the sorption, desorption, and
degradation of pesticides: A review. Sci. Total Environ. 2018, 645, 60–70. [CrossRef]

15. Azeem, M.; Hayat, R.; Hussain, Q.; Ahmed, M.; Pan, G.; Tahir, M.I.; Imran, M.; Irfan, M.; Mehmood-ul-Hassan. Biochar improves
soil quality and N2-fixation and reduces net ecosystem CO2 exchange in a dryland legume-cereal cropping system. Soil Tillage
Res. 2019, 186, 172–182. [CrossRef]

16. Liu, M.; Linna, C.; Ma, S.; Ma, Q.; Song, W.; Shen, M.; Song, L.; Cui, K.; Zhou, Y.; Wang, L. Biochar combined with organic and
inorganic fertilizers promoted the rapeseed nutrient uptake and improved the purple soil quality. Front. Nutr. 2022, 9, 997151.
[CrossRef]

17. Bruun, E.W.; Petersen, C.T.; Hansen, E.; Holm, J.K.; Hauggaard-Nielsen, H. Biochar amendment to coarse sandy subsoil improves
root growth and increases water retention. Soil Use Manag. 2014, 30, 109–118. [CrossRef]

18. Abiven, S.; Hund, A.; Martinsen, V.; Cornelissen, G. Biochar amendment increases maize root surface areas and branching: A
shovelomics study in Zambia. Plant Soil 2015, 395, 45–55. [CrossRef]

19. Feng, L.; Xu, W.; Tang, G.; Gu, M.; Geng, Z. Biochar induced improvement in root system architecture enhances nutrient
assimilation by cotton plant seedlings. BMC Plant Biol. 2021, 21, 269. [CrossRef]

20. Yang, S.; Xiao, Y.N.; Sun, X.; Ding, J.; Jiang, Z.; Xu, J. Biochar improved rice yield and mitigated CH4 and N2O emissions from
paddy field under controlled irrigation in the Taihu Lake Region of China. Atmos. Environ. 2019, 200, 69–77. [CrossRef]

21. 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]

22. Yamamoto, C.F.; Pereira, E.I.; Mattoso, L.H.C.; Matsunaka, T.; Ribeiro, C. Slow release fertilizers based on urea/urea–formaldehyde
polymer nanocomposites. Chem. Eng. J. 2016, 287, 390–397. [CrossRef]

23. Tian, X.; Li, C.; Zhang, M.; Li, T.; Lu, Y.; Liu, L. Controlled release urea improved crop yields and mitigated nitrate leaching under
cotton-garlic intercropping system in a 4-year field trial. Soil Tillage Res. 2018, 175, 158–167. [CrossRef]

24. Sun, H.; Zhou, S.; Zhang, J.; Zhang, X.; Wang, C. Effects of controlled-release fertilizer on rice grain yield, nitrogen use efficiency,
and greenhouse gas emissions in a paddy field with straw incorporation. Field Crops Res. 2020, 253, 107814. [CrossRef]

25. Vejan, P.; Khadiran, T.; Abdullah, R.; Ahmad, N. Controlled release fertilizer: A review on developments, applications and
potential in agriculture. J. Control. Release 2021, 339, 321–334. [CrossRef] [PubMed]

26. Farmaha, B.S.; Sims, A.L. The Influence of Polymer-Coated Urea and Urea Fertilizer Mixtures on Spring Wheat Protein Concen-
trations and Economic Returns. Agron. J. 2013, 105, 1328–1334. [CrossRef]

27. Zhao, C.; Gao, Z.; Liu, G.; Chen, Y.; Ni, W.; Lu, J.; Shi, Y.; Qian, Z.; Wang, W.; Huo, Z. Combining Controlled-Release Urea and
Normal Urea to Improve the Yield, Nitrogen Use Efficiency, and Grain Quality of Single Season Late japonica Rice. Agronomy
2023, 13, 276. [CrossRef]

28. Zheng, W.; Zhang, M.; Liu, Z.; Zhou, H.; Chen, B. Combining controlled-release urea and normal urea to improve the nitrogen
use efficiency and yield under wheat-maize double cropping system. Field Crops Res. 2016, 197, 52–62. [CrossRef]

29. Tian, X.; Li, Z.; Wang, L.; Wang, Y.; Li, B. Biochar and Slow Release Urea Effects on Root Morphology, Grain Yield, Nitrogen
Uptake and Utilization in Brassica napus. Int. J. Agric. Biol. 2020, 23, 653–660.

30. Bao, S.D. Soil Agrochemical Analysis; China Agriculture Press: Beijing, China, 2000; pp. 14–21.
31. Dorich, R.A.; Nelson, D.W. Evaluation of Manual Cadmium Reduction Methods for Determination of Nitrate in Potassium

Chloride Extracts of Soils. Soil Sci. Soc. Am. J. 1984, 48, 72–75. [CrossRef]
32. Tan, B.; Li, Y.; Deng, D.; Pan, H.; Zeng, Y.; Tan, X.; Zhuang, W.; Li, Z. Rhizosphere inoculation of Nicotiana benthamiana with

Trichoderma harzianum TRA1-16 in controlled environment agriculture: Effects of varying light intensities on the mutualism-
parasitism interaction. Front. Plant Sci. 2022, 13, 989155. [CrossRef]

33. Nelson, D.W.; Sommers, L.E. Total Carbon, Organic Carbon, and Organic Matter. Methods Soil Anal. 1996, 9, 961–1010. [CrossRef]
34. Blair, G.; Lefroy, R.; Lisle, L. Soil carbon fractions based on their degree of oxidation, and the development of a carbon management

index for agricultural systems. Aust. J. Agric. Res. 1995, 46, 393–406. [CrossRef]
35. Franzluebbers, A.J.; Arshad, M.A. Particulate Organic Carbon Content and Potential Mineralization as Affected by Tillage and

Texture. Soil Sci. Soc. Am. 1997, 61, 1382–1386. [CrossRef]

https://doi.org/10.1016/j.atmosenv.2017.09.050
https://doi.org/10.1038/s41467-017-01123-0
https://doi.org/10.3389/fpls.2022.871021
https://doi.org/10.13227/j.hjkx.202006087
https://doi.org/10.1016/j.scitotenv.2018.07.099
https://doi.org/10.1016/j.still.2018.10.007
https://doi.org/10.3389/fnut.2022.997151
https://doi.org/10.1111/sum.12102
https://doi.org/10.1007/s11104-015-2533-2
https://doi.org/10.1186/s12870-021-03026-1
https://doi.org/10.1016/j.atmosenv.2018.12.003
https://doi.org/10.1007/s11104-007-9391-5
https://doi.org/10.1016/j.cej.2015.11.023
https://doi.org/10.1016/j.still.2017.08.015
https://doi.org/10.1016/j.fcr.2020.107814
https://doi.org/10.1016/j.jconrel.2021.10.003
https://www.ncbi.nlm.nih.gov/pubmed/34626724
https://doi.org/10.2134/agronj2012.0454
https://doi.org/10.3390/agronomy13010276
https://doi.org/10.1016/j.fcr.2016.08.004
https://doi.org/10.2136/sssaj1984.03615995004800010013x
https://doi.org/10.3389/fpls.2022.989155
https://doi.org/10.2136/sssabookser5.3.c34
https://doi.org/10.1071/AR9951459
https://doi.org/10.2136/sssaj1997.03615995006100050014x


Agronomy 2023, 13, 2209 17 of 18

36. Wang, H.; Kawamura, K.; Shooter, D. Carbonaceous and ionic components in wintertime atmospheric aerosols from two New
Zealand cities: Implications for solid fuel combustion. Atmos. Environ. 2005, 39, 5865–5875. [CrossRef]

37. Zhang, S.; Hussain, H.A.; Wang, L.; Hussain, S.; Li, B.; Zhou, H.; Luo, H.; Zhang, X.; Ma, Z.; Long, L.; et al. Responses of Soil
Respiration and Organic Carbon to Straw Mulching and Ridge Tillage in Maize Field of a Triple Cropping System in the Hilly
Region of Southwest China. Sustainability 2019, 11, 3068. [CrossRef]

38. Yan, S.; Zhang, S.; Yan, P.; Aurangzeib, M. Effect of biochar application method and amount on the soil quality and maize yield in
Mollisols of Northeast China. Biochar 2022, 4, 56. [CrossRef]

39. Yao, T.; Zhang, W.; Gulaqa, A.; Cui, Y.; Zhou, Y.; Weng, W.; Wang, X.; Liu, Q.; Jin, F. Effects of Peanut Shell Biochar on Soil
Nutrients, Soil Enzyme Activity, and Rice Yield in Heavily Saline-Sodic Paddy Field. J. Soil Sci. Plant Nutr. 2021, 21, 655–664.
[CrossRef]

40. Kizito, S.; Luo, H.; Lu, J.; Bah, H.; Dong, R.; Wu, S. Role of Nutrient-Enriched Biochar as a Soil Amendment during Maize Growth:
Exploring Practical Alternatives to Recycle Agricultural Residuals and to Reduce Chemical Fertilizer Demand. Sustainability 2019,
11, 3211. [CrossRef]

41. Yao, Q.; Liu, J.; Yu, Z.; Li, Y.; Jin, J.; Liu, X.; Wang, G. Three years of biochar amendment alters soil physiochemical properties and
fungal community composition in a black soil of northeast China. Soil Biol. Biochem. 2017, 110, 56–67. [CrossRef]

42. Zwieten, L.V.; Kimber, S.; Morris, S.; Chan, K.Y.; Downie, A.; Rust, J.; Joseph, S.; Cowie, A. Effects of biochar from slow pyrolysis
of papermill waste on agronomic performance and soil fertility. Plant Soil 2010, 327, 235–246. [CrossRef]

43. Sarkhot, D.V.; Ghezzehei, T.A.; Berhe, A.A. Effectiveness of Biochar for Sorption of Ammonium and Phosphate from Dairy
Effluent. J. Environ. Qual. 2013, 42, 1545–1554. [CrossRef]

44. Sun, Q.; Meng, J.; Lan, Y.; Shi, G.; Yang, X.; Cao, D.; Chen, W.; Han, X. Long-term effects of biochar amendment on soil aggregate
stability and biological binding agents in brown earth. Catena 2021, 205, 105460. [CrossRef]

45. Theis, J.E.; Rillig, M. Characteristics of Biochar: Biological Properties; Biochar for Environmental Management; Lehmann, J., Joseph,
S., Eds.; Earthscan: London, UK, 2009; pp. 85–105. [CrossRef]

46. Dong, L.; Yang, X.; Shi, L.; Shen, Y.; Wang, L.; Wang, J.; Li, C.; Zhang, H. Biochar and nitrogen fertilizer co-application changed
SOC content and fraction composition in Huang-Huai-Hai plain, China. Chemosphere 2022, 291, 132925. [CrossRef] [PubMed]

47. Zhang, J.; Zhou, S.; Sun, H.; Lü, F.; He, P. The soluble fraction from straw-derived biochar supplies nutrients and affects carbon
storage of coastal mudflat soil in rice paddy. Environ. Sci. Pollut. Res. 2020, 27, 18079–18088. [CrossRef] [PubMed]

48. Tian, J.; Wang, J.; Dippold, M.; Gao, Y.; Blagodatskaya, E.; Kuzyakov, Y. Biochar affects soil organic matter cycling and microbial
functions but does not alter microbial community structure in a paddy soil. Sci. Total Environ. 2016, 556, 89–97. [CrossRef]

49. Yang, X.; Wang, D.; Lan, Y.; Meng, J.; Jiang, L.; Sun, Q.; Cao, D.; Sun, Y.; Chen, W. Labile organic carbon fractions and carbon pool
management index in a 3-year field study with biochar amendment. J. Soil Sediments 2018, 18, 1569–1578. [CrossRef]

50. Yang, X.; Meng, J.; Lan, Y.; Chen, W.; Yang, T.; Yuan, J.; Liu, S.; Han, J. Effects of maize stover and its biochar on soil CO2 emissions
and labile organic carbon fractions in Northeast China. Agric. Ecosyst. Environ. 2017, 240, 24–31. [CrossRef]

51. Grant, C.A.; Wu, R.; Selles, F.; Harker, K.N.; Clayton, G.W.; Bittman, S.; Zebarth, B.J.; Lupwayi, N.Z. Crop yield and nitrogen
concentration with controlled release urea and split applications of nitrogen as compared to non-coated urea applied at seeding.
Field Crops Res. 2012, 127, 170–180. [CrossRef]

52. Han, L.; Sun, K.; Yang, Y.; Xia, X.; Li, F.; Yang, Z.; Xing, B. Biochar’s stability and effect on the content, composition and turnover
of soil organic carbon. Geoderma 2020, 364, 114184. [CrossRef]

53. Matovic, D. Biochar as a viable carbon sequestration option: Global and Canadian perspective. Energy 2011, 36, 2011–2016.
[CrossRef]

54. Liang, B.; Lehmann, J.; Sohi, S.P.; Thies, J.E.; O’Neill, B.; Trujillo, L.; Gaunt, J.; Solomon, D.; Grossman, J.; Neves, E.G.; et al. Black
carbon affects the cycling of non-black carbon in soil. Org. Geochem. 2010, 41, 206–213. [CrossRef]

55. Liu, S.; Zhang, Y.; Zong, Y.; Hu, Z.; Wu, S.; Zhou, J.I.; Jin, Y.; Zou, J. Response of soil carbon dioxide fluxes, soil organic carbon
and microbial biomass carbon to biochar amendment: A meta-analysis. Gcb Bioenergy 2015, 8, 392–406. [CrossRef]

56. Zimmerman, A.R.; Gao, B.; Ahn, M.-Y. Positive and negative carbon mineralization priming effects among a variety of biochar-
amended soils. Soil Biol. Biochem. 2011, 43, 1169–1179. [CrossRef]

57. Smith, J.L.; Collins, H.P.; Bailey, V.L. The effect of young biochar on soil respiration. Soil Biol. Biochem. 2010, 42, 2345–2347.
[CrossRef]

58. Spokas, K.A.; Reicosky, D.C. Impacts of Sixteen Different Biochars on Soil Greenhouse Gas Production. Ann. Environ. Sci. 2009, 3,
179–193.

59. Liu, X.; Zheng, J.; Zhang, D.; Cheng, K.; Zhou, H.; Zhang, A.; Li, L.; Joseph, S.; Smith, P.; Crowley, D.; et al. Biochar has no effect
on soil respiration across Chinese agricultural soils. Sci. Total Environ. 2016, 554–555, 259–265. [CrossRef] [PubMed]

60. Subedi, R.; Taupe, N.; Pelissetti, S.; Petruzzelli, L.; Bertora, C.; Leahy, J.J.; Grignani, C. Greenhouse gas emissions and soil
properties following amendment with manure-derived biochars: Influence of pyrolysis temperature and feedstock type. J.
Environ. Manag. 2016, 166, 73–83. [CrossRef]

61. Zhang, T.a.; Chen, H.Y.H.; Ruan, H. Global negative effects of nitrogen deposition on soil microbes. ISME J. 2018, 12, 1817–1825.
[CrossRef] [PubMed]

62. Inukai, Y.; Ashikari, M.; Kitano, H.; Matsuoka, M. Function of the root system and molecular mechanism of crown root formation
in rice. In Plant and Cell Physiology; Oxford University Press: Oxford, UK, 2004; p. S17.

https://doi.org/10.1016/j.atmosenv.2005.06.031
https://doi.org/10.3390/su11113068
https://doi.org/10.1007/s42773-022-00180-z
https://doi.org/10.1007/s42729-020-00390-z
https://doi.org/10.3390/su11113211
https://doi.org/10.1016/j.soilbio.2017.03.005
https://doi.org/10.1007/s11104-009-0050-x
https://doi.org/10.2134/jeq2012.0482
https://doi.org/10.1016/j.catena.2021.105460
https://doi.org/10.4324/9781849770552
https://doi.org/10.1016/j.chemosphere.2021.132925
https://www.ncbi.nlm.nih.gov/pubmed/34798104
https://doi.org/10.1007/s11356-020-08326-x
https://www.ncbi.nlm.nih.gov/pubmed/32170618
https://doi.org/10.1016/j.scitotenv.2016.03.010
https://doi.org/10.1007/s11368-017-1874-2
https://doi.org/10.1016/j.agee.2017.02.001
https://doi.org/10.1016/j.fcr.2011.11.002
https://doi.org/10.1016/j.geoderma.2020.114184
https://doi.org/10.1016/j.energy.2010.09.031
https://doi.org/10.1016/j.orggeochem.2009.09.007
https://doi.org/10.1111/gcbb.12265
https://doi.org/10.1016/j.soilbio.2011.02.005
https://doi.org/10.1016/j.soilbio.2010.09.013
https://doi.org/10.1016/j.scitotenv.2016.02.179
https://www.ncbi.nlm.nih.gov/pubmed/26950640
https://doi.org/10.1016/j.jenvman.2015.10.007
https://doi.org/10.1038/s41396-018-0096-y
https://www.ncbi.nlm.nih.gov/pubmed/29588494


Agronomy 2023, 13, 2209 18 of 18

63. Xiang, Y.; Deng, Q.; Duan, H.; Guo, Y. Effects of biochar application on root traits: A meta-analysis. GCB Bioenergy 2017, 9,
1563–1572. [CrossRef]

64. Li, Q.; Fu, Q.; Li, T.; Liu, D.; Hou, R.; Li, M.; Gao, Y. Biochar impacts on the soil environment of soybean root systems. Sci. Total
Environ. 2022, 821, 153421. [CrossRef]

65. Bruun, S.; Clauson-Kaas, S.; Bobul’ská, L.; Thomsen, I.K. Carbon dioxide emissions from biochar in soil: Role of clay, microorgan-
isms and carbonates. Eur. J. Soil Sci. 2014, 65, 52–59. [CrossRef]

66. Joseph, S.D.; Camps-Arbestain, M.; Lin, Y.; Munroe, P.; Chia, C.H.; Hook, J.; van Zwieten, L.; Kimber, S.; Cowie, A.; Singh, B.P.;
et al. An investigation into the reactions of biochar in soil. Soil Res. 2010, 48, 501–515. [CrossRef]

67. Rondon, M.A.; Lehmann, J.; Ramírez, J.; Hurtado, M. Biological nitrogen fixation by common beans (Phaseolus vulgaris L.)
increases with bio-char additions. Biol. Fertil. Soils 2007, 43, 699–708. [CrossRef]

68. Deenik, J.L.; McClellan, A.; Uehara, G. Biochar volatile matter content effects on plant growth and nitrogen transformations in
a tropical soil. In Proceedings of the Western Nutrient Management Conference, Salt Lake City, UT, USA, 4–5 March 2009; pp.
26–31.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/gcbb.12449
https://doi.org/10.1016/j.scitotenv.2022.153421
https://doi.org/10.1111/ejss.12073
https://doi.org/10.1071/SR10009
https://doi.org/10.1007/s00374-006-0152-z

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Experimental Design 
	Sampling and Analyses 
	Statistical Analysis 

	Results 
	Soil Nutrients 
	Soil Organic Carbon Components 
	Soil Respiration 
	Crop Root Traits 
	Correlations between Soil Nutrients, Organic Carbon Components, Respiration, and CropRoot Traits 

	Discussion 
	Effects of Biochar and Different Types of Nitrogen Fertilizers on Soil Nutrients 
	Effects of Biochar and Different Types of Nitrogen Fertilizers on Soil Carbon Content 
	Effects of Biochar and Different Types of Nitrogen Fertilizers on Soil Respiration 
	Effects of Biochar and Different Types of Nitrogen Fertilizers on Root Traits of Rapeseed 

	Conclusions 
	References

