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Abstract: A field experiment was carried out to investigate crop productivity, emissions of carbon
dioxide (CO,) and nitrous oxide (N,O), and soil quality of an upland field treated with compost
and varying rates of biochar (BC) derived from soybean stalks during crop growing periods in a
corn and Chinese cabbage rotation system. Compost was supplemented with BC derived from
soybean stalks at varying rates of 5, 10, 15, and 20 t ha1! (BC5, BC10, BC15, and BC20, respectively);
the control (BCO) area was untreated. Our results reveal that crop productivity and emissions of
CO; and Ny O varied significantly with the biochar application rate. Moreover, irrespective of the
biochar application rate, crop productivity was improved after BC application as compared to the
control treatment area, by 11.2-29.3% (average 17.0 &+ 8.3%) for corn cultivation and 10.3-39.7%
(average 27.8 £ 12.7%) for Chinese cabbage cultivation. Peak emissions of CO, and N,O were
mainly observed in the early period of crop cultivation, whereas low CO; and N, O emissions were
check for determined during the fallow period. Compared to the control area, significant differences were
updates obtained for CO, emissions produced by the different biochar application rates for both crops. During
Citation: Kang, S-W,; Yun, J-J;Park,  the two cropping periods, the overall N,O emission was significantly decreased with BC5, BC10,
J.-H.; Cho, ].-S. Exploring Suitable BC15, and BC20 applications as compared to the control, ranging from 11.1 to 13.6%, 8.7 to 15.4%,

Biochar Application Rates with 23.1 t0 26.0%, and 15.0 to 19.6%, respectively (average 16.9% decrease in the corn crop period and
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bulk density, soil organic carbon (SOC), pH, and cation exchange capacity (CEC) were significantly
improved by biochar application, as compared to the control. Taken together, our results indicate
that compost application supplemented with biochar is potentially an appropriate strategy for
Academic Editor: Sara Di Lonardo achieving high crop productivity and improving soil quality in upland field conditions. In conclusion,
appropriate application of biochar with compost has the concomitant advantages of enriching soil
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Fertilizers are substances applied to the soil for nourishing plants and benefitting their
growth. Based on their convenience and efficacy, chemical fertilizers are important materi-
als that contribute to increasing the crop yield and securing stable crop productivity [1].

= However, overuse of chemical fertilizers on agricultural land results in an imbalance of
Copyright: © 2021 by the authors.  pytrients in the soil and lowers the soil organic matter content [2]. In particular, a decrease
Licensee MDPI, Basel, Switzerland.  jn the organic matter content of agricultural soils degrades the physical, chemical, and bio-
This article is an open access article ]ogica] properties of the soil, thereby reducing soil fertility [3]. Consequently, the continued
distributed under the terms and ;50 of chemical fertilizers affects crop production by decreasing the soil quality [4].

Chemical fertilizers are regularly applied to maintain the stability of crop production
in South Korea, resulting in a considerable increase in usage, from 233 in 2010 to 268 kg ha !
in 2016 [5]. Currently, the use of chemical fertilizers per hectare in South Korea is classified
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as high, as compared to usage in the major Organization for Economic Cooperation and
Development (OECD) countries. In addition, intensive summer rainfall and frequent tillage
further deteriorate the soil quality, resulting in the need for better soil management [6].

Biochar can be produced at different temperatures without or with limited oxygen
conditions through the pyrolysis of organic wastes such as straw, stalk, manure, shells, and
sludge [1,7,8]. Biochar has been applied for various purposes, including improvement in
soil fertility and carbon sequestration and mitigation of climate change, and in renewable
energy production [9-11]. In addition, biochar is very useful in the agricultural environ-
ment due to its inherent unique characteristics, including pH, cation exchange capacity
(CECQ), specific surface area, and bulk density, when produced under different pyrolysis
methods [12-14]. In particular, in the field of agriculture, there is an abundant interest
to examine the effect of biochar application on soil improvement and crop productivity.
Furthermore, biochar application is also being explored for the reduction in greenhouse
gas emissions, such as methane (CHy) and N, O, which are largely associated with global
warming [13,15-17]. Hence, over the long term, it is necessary to study the application of
biochar as a method to maintain the soil environment and soil quality and also to lower
the global warming potential of agricultural practices.

In the current study, the combination of biochar and compost application was investi-
gated for improving crop productivity and for conservation of the soil quality, in a corn and
Chinese cabbage crop rotation cultivation system in an upland field. Compost contains var-
ious nutrients essential for crop production, and it is therefore very important for providing
a nutrient supply and improving soil fertility. In particular, livestock manure compost
contains several essential nutrients including nitrogen, phosphorus, and potassium. Hence,
its application as a fertilizer to replace chemical fertilizers, and as an organic fertilizer,
can contribute to the improvement in soil structure. This approach has positive effects on
the crop yield and soil quality and, additionally, reduces emissions of greenhouse gases,
thereby encouraging the conservation of the agricultural environment. Finally, this study
evaluated the crop productivity and soil factors including soil bulk density, soil organic
carbon (SOC), pH, CEC, CO; (soil respiration), and N,O emission as they are affected by
different biochar application rates with compost.

2. Materials and Methods
2.1. Preparation of Biochar and Compost

Soybean stalks were used as the raw feedstock to produce biochar. The stalks were
dried in an oven at 75 °C for 48 h before conversion to biochar. Soybean stalk biochar
(BC) was produced through pyrolysis under anaerobic, oxygen-limited conditions in a
covered stainless-steel container and pyrolyzed in a furnace supplied with injection of a
continuous flow of N, gas. The furnace controller was programmed to increase the internal
biomass chamber to 600 °C at the rate of 3 °C min~!, after which the peak temperature
was sustained for 1 h. The properties of BC are presented in Table 1.

Table 1. Properties of biochar derived from soybean stalk used in this study.

BET SA * Yield H Elemental Composition Molar Ratio
P C H o) N S H/IC O/C (0+N/C (0O+N+8S)/C
(m2g1 (%) (1:10 H,0) (%)
30.5 10.5 741 237 217 137 041 038 022 0.24 0.24
127 + + + + + + + + + + +
1.76 0.01 032 007 033 002 000 001 0.00 0.00 0.00

*SA, surface area.

Livestock manure compost was applied as the raw compost used in this study, com-
prising cow and poultry manures along with sawdust. The total carbon (TC), total nitrogen
(TN), P,0s, K70, CaO, and MgO contents of the compost were 41.8%, 1.82%, 2.06%, 1.80%,
1.69%, and 0.28%, respectively.
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2.2. Site Description and Design

The field experiment was conducted from March 2016 to November 2016 on an up-
land field (34°56'21” N, 127°33/53” E) located at Sepung-ri, Gwangyang-eup, Gwangyang-si,
Jeollanam-do, South Korea. The study field cultivated corn and Chinese cabbage through a
crop rotation system, where Chinese cabbage was transplanted after corn harvesting. The ex-
perimental site experienced a mild oceanic climate with mean annual precipitation of 1615 mm,
and a mean temperature of 13.9 °C (Figure 1). This region has a total possible mean sunshine
duration of 12.2 h and mean sunshine duration of 5.7 h. The field soil was a sandy loam having
a bulk density of 1.30 Mg m~3, pH of 5.31, electrical conductivity (EC) of 0.27 dS m~!, organic
matter (OM) of 26.5 g kg !, TN of 1.74 g kg !, and CEC of 8.65 cmol. kg~ ".
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Figure 1. The mean temperature, daily precipitation, and field management activity during crop cultivation.

The treatment conditions included the application of BC at varying rates of 0, 5, 10,
15, and 20 t ha™! (BCO (control), BC5, BC10, BC15, and BC20, respectively). The compost
applied was the same for all treatment groups (10 t ha~!). Prior to sowing of corn, BC and
compost were simultaneously sprayed on the field; thereafter, only compost was applied
to the field before Chinese cabbage transplanting. The experiment was conducted in a
randomized complete block design with a factorial arrangement and three replications.
A total of 15 plots, each measuring 4 m?, were used during the experiment. Plots were
separated by 0.25 m, and each replicate was separated by 0.25 m to avoid an edge effect.

Corn was the first crop sowed in each plot on 25 March 2016 and was harvested
on 1 July 2016. The second crop, Chinese cabbage, was transplanted into each plot on
2 September 2016 and harvested on 18 November 2016.

2.3. Soil Sampling and Analysis

Soil samples from each treatment plot were collected after final crop harvesting.
Samples were collected from the surface layer (15 cm depth), air dried, and passed through
a 2 mm mesh. The physicochemical properties of the sieved soils were analyzed by
applying standard methods [18].

2.4. Measurement of CO; and N,O

The monitoring of CO; and N,O fluxes was achieved using a static chamber. Gas
sampling was performed between 10 and 11 a.m. every 7 days. Gas samples were collected
using a syringe, at 0, 20, and 40 min after chamber closure. The CO, and N,O levels were
simultaneously analyzed on a gas chromatograph (GC-2014, Shimadzu, Japan) equipped
with a flame ionization detector (FID) and an electron capture detector (ECD), with the
protocol performed as described in the manufacturer’s manual. During gas analysis, the



Agronomy 2021, 11,

1136

40f13

temperature was maintained at 55 °C for the column, 100 °C for the injector, and 230 °C for
the detector in the FID; in the ECD, temperatures were 50 °C for the column and 310 °C
for the detector. The CO; and N,O flux amounts were calculated using the following
equation [19] (1), where F is CO; and N,O flux, ¢ is CO, and N;O density, V is volume of
chamber (m?3), A is area of chamber (m?), Ac/Atis average increase in gas concentration,
and T is 273 + mean temperature in the chamber (°C):

F=0x (V/A) x (Ac/At) x (273/T) )

The total CO, and N,O fluxes for the entire crop cultivation were computed as
described in [19] (2), where Ri is the rate of CO; or N, O emission in the sampling interval,
Di is the number of days in the sampling interval, and 7 is the number of sampling intervals:

Total CO; and NpO flux = ) 7 (Ri x Di) 2)

2.5. Statistical Analysis of Data

Statistical analyses of all data, including crop, soil, and greenhouse gases, were
performed by applying the JMP software with SAS (version 14.2). The mean values were
measured as an average of three replicates, and the standard deviation was obtained from
the result. Efficacy of the treatments subsequent to biochar application rates on parameters
measured (including crop productivity, fluxes of CO, and N;O, and soil characteristics)
was evaluated using one-way analysis of variance (ANOVA), and comparison of the
treatments was obtained by Tukey’s test. Tukey’s test was used for mean separation at
a 95% confidence level. Regression analyses (linear vs. polynomial) were performed to
determine the associations of soil bulk density, SOC, pH, and CEC. All figures were drawn
using Sigma plot 12.5 (SYSTAT Software Inc., San Jose, CA, USA).

3. Results
3.1. Crop Productivity
Results of the field-based experiment to evaluate varying rates of biochar application

on the growth of corn and Chinese cabbage reveal that the effects were more pronounced
on the second crop (Chinese cabbage) than the first crop (corn), as presented in Figure 2.
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Figure 2. Characteristics of crop growth under different biochar application rates. Error bars represent standard deviations
(n = 3). Different letters indicate significant differences among treatments at 5% probability level according to Tukey’s test.

The mean corn grain yields obtained at BCO (control), BC5, BC10, BC15, and BC20
treatments were 4.15, 4.61, 5.36, 4.70, and 4.73 tha—!, respectively. Relative to the control
treatment, increases in the corn grain yields were 11.2% (BC5), 29.3% (BC10), 13.3% (BC15),
and 14.0% (BC20). The fresh weight of Chinese cabbage obtained was highest with BC15
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and BC20 treatments; this weight was 33.8-40.0%, 21.3-26.7%, and 4.8-9.5% higher than
cabbages grown under BCO, BC5, and BC10 treatment conditions, respectively.

3.2. Changes in CO, and N, O Emissions

Alterations in the gas emission rates during the crop growing period and the cumu-
lative flux of CO, and N,O during the crop growing and fallow periods are presented in
Figures 3 and 4.
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Figure 3. Changes in the CO; emission rate and cumulative CO, flux under different biochar application rates during crop

cultivation. Error bars represent standard deviations (1 = 3).

Overall, CO, emission rates during the sampling period tended to increase with the
increasing rate of biochar application. In particular, differences in CO, emission rates
between crop growing and fallow periods were remarkable (Figure 3). Regardless of the
biochar application rates, the CO, emission rate ranged from 50.6 to 803 mg m~2 h~!
during the corn growing period, and 121 to 706 mg m 2 h~! during the Chinese cabbage
growing period. The pattern of the CO, emission rate for the first crop period for all
treatments showed a rapid increase until 7 days after sowing, and a gradual decrease
thereafter until corn harvesting. Similarly, for the second crop, the pattern of the CO,
emission rate in all treatments showed a rapid increase until 14 days after transplanting;
thereafter, there was a gradual decrease in the CO, emission until harvesting of the Chinese
cabbage. In the growing periods for both corn and Chinese cabbage, the average rates of
CO, emission for the various treatments were 260 and 276 (BC0), 292 and 306 (BC5), 308
and 344 (BC10), 328 and 384 (BC15), and 374 and 367 (BC20) mg m 2 h™!, respectively.

In addition, we also investigated changes in the N,O emission rates under different
biochar applications during the crop cultivation period (Figure 4). Regardless of biochar
application rates, the N,O emission rate ranged from 1.35 to 517 ug m~2 h~! during the
corn growing period, and 16.1 to 447 pg m~2 h~! during the Chinese cabbage growing
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period. The N,O emission rates in the corn and Chinese cabbage growing periods increased
to peak levels (411-517 ug m~2 h~! range) at 14 days after sowing of the corn crop, and in
the range 306447 g m~2 h~! at 21 days after Chinese cabbage transplantation. Thereafter,
the N,O emission rate in both crop growing periods gradually decreased until harvesting.

During the two fallow periods, the emission rates of CO, and N,O were in the range
of 24.2-236 mg m~2 h~! and 2.52-77.2 ug m~2 h1, respectively, for all treatment groups.
These results show relatively small variations, compared to variations obtained in the crop
growing periods.
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Figure 4. Changes in the N, O emission rate and cumulative N, O flux under different biochar application rates during crop
cultivation. Error bars represent standard deviations (1 = 3).

3.3. Total Fluxes of CO, and N,O

The total fluxes of CO, and N, O showed significant differences between the biochar
application treatments and control (Table 2). In addition, total CO, and N,O fluxes were
significantly higher during the crop growing periods than the fallow periods. In this study,
regardless of treatment conditions, the annual total fluxes of CO, and N,O ranged from
43.9 to 47.5% and 47.7 to 53.2%, respectively, for the corn growing period, 11.9 to 14.7%
and 12.6 to 14.9%, respectively, for fallow periods, and 39.9 to 44.2% and 34.1 to 39.7%,
respectively, for the Chinese cabbage growing period. The BC20 treatment during the corn
growing period showed a significantly greater total CO; flux and a lower total N,O flux
than other BC treatments. Similar to results obtained during the corn growing period,
emissions of CO, and N,O in the Chinese cabbage growing period were significantly
influenced by the biochar application rate, with the total N,O flux tending to increase
with increasing biochar concentrations. In contrast, total fluxes of CO, and N,O were not
significantly affected by the biochar applications during the fallow periods.
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Table 2. Total flux of CO, and N,O under different biochar application rates during crop cropping, fallow season, and annual.

Chinese Cabbage

Treatment Corn Cropping Season Fallow Season C . Annual
ropping Season
CO, N,O CO, N,O CO, N,O CO, N.O
(gm—2) (mg m~2) (gm—2) (mg m~—2) (gm—2) (mg m~2) (gm~2) (mg m~—2)
BCO 611 +80.7b* 385 +21.1a 201 £16.6a 904 £952a 557 £ 8.8 ¢ 285 £ 58a 1369 £79.8 ¢ 760 £32.7 a
BC5 688 +174ab 342+t 115ab 201+272a 919+202a 616+£70.7bc 246+t114ab 1505+699bc 680 +20.5b
BC10 724 £504ab 325+ 135ab 214 +£206a 93.6+123a 693 +£694abc 260+ 189ab 1631 £59.4ab 679 = 16.2b
BC15 771 £ 43.7 ab 285 +41.7b 208 264 a 883+ 48a 775 £63.1a 219 +234b 1754 +£91.0a 592 +£418c
BC20 879 +1222a 327 +427ab 235+348a 938+168a 739+259ab 229+252b 1853 £131.7a 650 £ 12.6 bc
p-value 0.012 0.025 0.502 0.986 0.003 0.010 <0.001 <0.001
* Different letters within the same column indicate significant differences, as determined by Tukey’s test with p < 0.05.
3.4. Soil Properties
The bulk density, SOC, pH, and CEC soil properties were investigated for each ran-
domly selected collection site subsequent to the final crop harvest in 2016 (Figure 5). The
overall changes in soil properties were significant among the tested soils. Regardless of the
biochar application rate, the bulk density, SOC, pH, and CEC of the treated soils ranged
from 1.10 to 1.32 Mg m 3, 15.5 to 19.5 g kg !, 5.57 to 6.07, and 8.4 to 11.1 cmol. kg !, re-
spectively. Compared to the control soil, the lowest decrease in bulk density was observed
for the BC20 treatment, followed sequentially by BC10, BC15, and BC5 treatments. SOC
was greater in the BC20-treated soil than in the control soil. Similarly, pH and CEC were
determined to be increased with increasing biochar application rate. The SOC, pH, and
CEC for the BC20 treatment soil were, respectively, 16.5%, 7.2%, and 22.1% greater than
values obtained for the BCO-treated soil.
14 , _ , 20
Linear equation:y = 1.2504 - 0.0067x, r = 0.7837* Linear equation: y = 16.7492 + 0.1102x, r = 0.7630*
Polynomial equation: y = 1.2214 - 0.0067x + 0.0006x?, r = 0.8794™* (Polynomial equation: y = 16.8820 + 0.1102x - 0.0027x?, r:= 0.7707*
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g o
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Figure 5. Soil properties after field harvest under different biochar application rates. Different letters indicate significant
differences among treatments at 5% probability level according to Tukey’s test. *, **, *** denote not significant and significant
differences at the 5, 1, and 0.1% levels, respectively.
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The correlations among each BC treatment level for soil properties are presented based
on linear and polynomial equations (Figure 5). The bulk density, pH, and CEC correlations
under different biochar application rates and for both types of equations show that the
r value of the polynomial equation is greater than the linear equation value; however, the
SOC r values were notably not different. Regardless, no significant difference was obtained
in the CEC results for different biochar applications.

4. Discussion

The positive effects of biochar application on the cultivation of crops are well known.
It has been reported that the application of biochar to soil increases the crop productivity by
improving soil physicochemical properties [1,7,17,20]. Several researchers have reported
that biochar application rates of 5 to 50 t ha~! are effective for growing crops [21]. However,
the appropriate biochar application rate for improving crop productivity has not been
clarified, since characteristics of the biochar produced vary according to the pyrolysis
temperature, production method, and raw material. Thus, in the present study, we eval-
uated the effects of compost supplemented with different application rates of biochar, in
a corn and Chinese cabbage rotation cultivation system. The results obtained should be
useful in developing biochar application strategies that will maintain a sustainable resource
cultivation agriculture system, preserve upland field environments, and secure long-term
food production stability.

4.1. The Effect of Biochar Application Rates on Crop Productivity

Interestingly, subsequent to biochar application in the field soil, the highest productiv-
ities of the first and second crops were recorded at different conditions in this study.

Compared to the control area, the corn grain yield following biochar application
increased by 11.2-29.3%, with the highest productivity obtained under the BC10 treatment.
The biochar produced by agricultural byproducts generally has a high pH and EC, although
slight variations are observed, depending on the pyrolysis temperature [8,15,22]. A high
EC in soil can hinder the growth of crops and is a feature that appears in facility cultivation
sites where chemical fertilizers have been applied for a long duration. Once biochar
with a high EC is incorporated, the soil environment changes instantaneously. Such soil
changes were thought to affect the initial growth period following the germination of
corn. Mia et al. [23] reported that high biochar application rates result in poor plant
growth due to salt stress related to the high EC of biochar. Similarly, Zhang et al. [24]
applied biochar at 20 and 40 t ha~?! for corn cultivation. They reported a 7-14% increase in
growth compared to the untreated areas, and a higher growth rate at biochar application
of 20 t ha!. Uzoma et al. [25] also reported higher corn yield after biochar application,
in the order 15tha~!>20tha=!>10tha~! >0 tha~!. These results indicate that crop
productivity following biochar application differs according to the crop type, cropping
period, and the period of biochar incorporation.

In the current study, the fresh weight of Chinese cabbage (the second crop produced
after biochar application) increased by 10.3-39.7% compared to the BCO treatment. These
results may be attributed to the gradual stabilization of the treated soil conditions during
Chinese cabbage cultivation, unlike during corn cultivation. Our results are consistent
with previous reports [26-29]. For example, Major et al. [30] found no yield effect from
biochar application during the first year of maize cultivation, but they did find a significant
yield increase after 2—4 years of biochar application. In a greenhouse vegetable system,
Zhang et al. [16] also reported a significant effect on the annual vegetable yield after biochar
application of 10 t, 20 t, and 40 t ha—!, along with N fertilizer. In addition, Zhang et al. [31]
reported a 11.9-35.4% increase in maize yields in biochar-treated areas (applied at 40 t ha=?)
as compared to control areas, regardless of the investigation period or fertilizer type.
Contrarily, Rogovska et al. [32] reported significant increases in maize yields during the
first year of biochar application, but no subsequent biochar yield effect despite improved
soil fertility, in the second year. It is also reported that biochar with a high C/N ratio
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decreases the yields or biomass of crops due to an increase in the soil N fixing rate [33]. In
our study, slight differences were obtained according to treatment conditions, but overall
crop productivity was positively affected by biochar application, presumably through
improved soil properties.

4.2. The Effect of Biochar Application Rates on Emissions of CO; and N,O

Previous studies have shown different effects of biochar application on CO, and N,O
emissions in upland soils; biochar application in an upland field can either affect [24] or not
affect CO, emissions [34]. In our observations, high levels of cumulative CO; emissions
were observed in the BC15 and BC20 treatment areas during both the corn and Chinese
cabbage growing periods. Other studies have indicated that the increase in CO, emissions
observed after biochar treatment is possibly related to the decreased bulk density of the
soil and the increased level of microbial activity [19,35]. Rogovska et al. [36] reported that
regardless of manure application conditions, cumulative CO, emissions under different
biochar application rates were significantly increased due to enhanced SOC mineralization.
In addition, Lu et al. [37] reported that four different rates of biochar applications in a
chestnut plantation produced different CO, emission levels: BC10 treatment (10 t ha=!)
produced a higher cumulative CO; level than other treatment groups (0, 2, and 5 t ha™1).
In the current study, CO;, emissions obtained were slightly different according to the
sampling period but showed an overall total CO, flux increase with increasing biochar
application; the highest annual CO, was obtained subsequent to BC20 treatment. These
results demonstrate that addition of biochar improves the physical properties of soil.
Moreover, such improvements consequently increase soil aeration [17].

The main reason for the reduction in N,O following biochar application is reported
to be related to microbial activity levels which, in turn, are a result of improved soil
aeration, increased denitrification rates, and improvements resulting from alteration of
N,O to N; [38-40]. Several studies have reported the effects of biochar application on
N>O emission in crop fields and also compared the application to effects from fertilizer
treatment [31,41,42]. In our study, there was a reduction in N, O by biochar application;
the annual N,O in biochar application treatments decreased by approximately 10.5-22.1%
compared to the control treatment areas. In a previous study, Qin et al. [33] reported no
significant difference in N, O reduction between biochar application and control treatment
during rice cultivation (4 years); however, biochar amendment with 5, 10, and 20 t ha=!
resulted in a reduced NyO flux by 1.9-64.0% (average 30.4 £ 17.8%) compared to the
decrease subsequent to chemical fertilizer treatment during the late rice season in 2012 and
the early rice season in 2015. Lu et al. [37] also reported that as the biochar application
rates increased, cumulative N,O efflux was significantly decreased. The low bulk density
and specific characteristics of biochar are considered to affect the soil physicochemical
properties, which may suppress N,O emission by improving soil aeration or increasing
soil pH [43,44]. One reason for the reduction in N;O emission is that biochar acts as
a carbon source, thereby affecting denitrification [45,46]. Conversely, Shen et al. [47]
reported that biochar application can be a nitrogen source, which causes N,O production.
Additionally, Hawthorne et al. [35] reported a possibility that the N,O emission generated
by biochar application increases due to the low relative soil saturation level and improved
nitrification condition. In addition, N,O production can vary depending on the biochar
production method, the application conditions, and the degree of weathering of biochar
from the soil [48,49]. Hence, due to the complex interactions between biochar, soil, and
other environmental factors, it is necessary to determine an appropriate biochar treatment
strategy that considers the cultivation system to be used. Moreover, long-term studies are
needed to further elucidate the mechanisms related to CO, and N,O production.

4.3. The Effect of Biochar Application Rates on Soil Quality

The present study revealed a positive effect on soil quality, including improvements to
soil bulk density, SOC, pH, and CEC, through biochar application. The biochar application
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rate in this study maintained a fertile soil condition over the crop rotation year. However,
compared to the control treatment, the soil quality was clearly altered subsequent to
different biochar applications, but the soil characteristics remained stable with increasing
application rates.

Soil bulk density is the physical property that affects soil structure, water and nutrient
transport, and soil aeration [42,50]. Several researchers have reported that biochar applica-
tion decreases soil bulk density [51-53]. Niu et al. [54] and Kang et al. [6] observed that
biochar application resulted in decreased soil bulk density in upland soils. Our results
are similar to those of Zhang et al. [31], who reported that over a two-year period, maize
field soil bulk density following biochar amendment (0, 20, and 40 t ha_l) was significantly
decreased by 0.02-0.17 t m~3 after the conventional fertilization condition, and by 0.03—
0.20 t m 3 after the balanced fertilization condition, as compared to the control treatment.
Azeem et al. [55] reported that in a mash bean-wheat crop system, biochar application
(0,5, and 10 t ha™!) decreased the soil bulk density regardless of fertilizer conditions, as
compared to the control treatment. In addition, biochar application to upland soil increased
the SOC, pH, and CEC, thereby improving the nutrient availability rate and improving
the stability of crop productivity. SOC is an index for improving agricultural productivity
and soil resource utilization efficiency, which improves the soil fertility and productivity
by increasing nutrient supply, water holding capacity, and microbial activity. As expected,
our results indicate that biochar application to an upland field is associated with increased
SOC, which is primarily due to the pyrolysis process producing a carbon-rich solid.

Soil pH and CEC are important indicators, and any alterations in these factors can
influence the availability and retention of nutrients. Numerous studies have demonstrated
that biochar application improves soil pH and CEC [15,26,47]. Major et al. [30] reported
that soil pH after four years of a biochar treatment of 20 t ha~! was higher than pH values
obtained after biochar treatments of 0 and 8 tha~! ata depth of 30 cm. Carter et al. [27] and
Kelly et al. [56] also reported that the higher the rate of biochar application, the higher the
cultivated soil pH. Biochar is basically an alkaline substance with a high pH and therefore
increases the soil pH. In this study, increasing biochar application rates (5, 10, 15, and
20t ha_l) significantly increased the resultant soil pH (by 0.18, 0.41, 0.26, and 0.41 units,
respectively). However, there was no straight-line relationship. This non-linear trend
agrees with the results reported by Zhang et al. [31], which state that soil pH was higher in
the order of C1 (20 tha=!) > C2 (40 tha=!) > C0 (0 t ha~!) treatments. The current study
also showed that the CEC results in soil were similar to the pH results under different
biochar application rates. Soil CEC following biochar treatment was definitely higher
than the control areas, presumably because biochar has a high specific surface area [8,13];
regardless, there was no significant difference in the CEC level based on the application rate.
The results additionally reveal that alterations in the soil pH following biochar application
are dependent on field conditions such as soil characteristics and crop growing period.
In summary, biochar application for improving crop cultivation and soil fertility requires
an appropriate application rate which needs to be determined in accordance with the
prevailing environmental conditions.

5. Conclusions

Overall, biochar application rates were found to positively affect crop growth, soil
quality, and soil respiration in an upland field environment. The higher biochar application
rates contributed to changes in N,O emissions, with N»,O emissions tending to gradually
decrease. Following the biochar application, there were significant improvements in soil
qualities, including improvements to bulk density, SOC, pH, and CEC. Similarly, at high
application rates (10-20 t ha—1!), crop yields were increased for both corn and Chinese
cabbage in the rotation system, after application of biochar to an upland field in South
Korea. In particular, the effect of biochar application on crop growth revealed that the
Chinese cabbage cultivation (second crop) benefited more than the corn cultivation (first
crop). Considering the benefits resulting from the high application rates of biochar and
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compost application to an upland field, further studies are required to determine the
usefulness of this procedure for increasing soil respiration and yields of corn and Chinese
cabbage over the long term. Based on the results from the combined application of biochar
and compost, the following points are deduced:

(1) Biochar application has the potential to improve soil conditions in an upland field;

(2) Crop productivity, soil quality, and greenhouse gas fluxes under different biochar
application rates were monitored;

(3) Biochar application improved the bulk density, SOC, pH, and CEC in field soil;

(4) Biochar application significantly reduces N,O emissions and increases soil respiration
and crop productivity;

(5) Appropriate biochar application rates need to be defined for upland field environments.

Considering the benefits of biochar application, including an improved crop produc-
tivity and soil environment and replacing the use of inorganic fertilizers, we propose the
use of an appropriate biochar application rate in a corn and Chinese cabbage rotation
system in upland fields.
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