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Abstract: Biochar application has been considered as a promising solution to address the effects of
modern agriculture on climate change. However, there is a lack of research on the biochar application
of greenhouse gas emissions based on poor soils in Korean agricultural land. Therefore, this study
aimed to evaluate the effects of biochar application according to different soil characteristics on soil
organic carbon (SOC) improvement and greenhouse gas reduction. The incubation experiments
were conducted for 49 days and used different feedstock (barley straw and poultry manure) and
biochar application rates (0, 5, 10, and 20-ton ha~1) in four soil characteristics (upland, U; greenhouse,
G; converted land, C; reclaimed land, R). The results of this study showed that the SOC increased
significantly in all soils after biochar application. The increasing SOC rate was the highest in poor
soil. Biochar 20-ton ha=! treatment significantly reduced N, O emissions by 33.2% compared with the
control. Barley straw biochar significantly reduced N,O emissions from all soils. Barley straw biochar
decreased approximately 74.5% of N,O emissions compared with poultry manure biochar. Poultry
manure biochar improved SOC and reduced N,O emissions in poor soil. However, in poultry manure
biochar treatment in U and G soil, N,O emissions increased. In conclusion, barley straw biochar
application was found to suppress N,O emissions and improve the SOC in all soil characteristics
of agricultural land. In addition, the soil carbon storage effect and N,O reduction effect of biochar
were the highest in poor soil. Thus, the biochar application can be a potential agricultural practice for
improving soil quality and decreasing N,O emissions in domestic agricultural soil.

Keywords: biochar; converted land soil; nitrous oxide; reclaimed land soil; soil organic carbon

1. Introduction

Climate change has had a decisive impact on global food production and greenhouse
gas emissions scenarios, including disturbing the soil, the largest carbon reservoir in the
terrestrial ecosystem [1,2]. Historical emissions have raised atmospheric concentrations
of GHGs, including carbon dioxide (CO,), nitrous oxide (N,O), and methane (CHy), to
unprecedented levels for at least 800,000 years [3]. Among the different sectors that
emit greenhouse gases worldwide, agriculture comprises approximately 10-12% of total
emissions, with an annual greenhouse gas emission of approximately 5.1-6.1 Pg. [4,5].
Among these GHGs, CHy and N;O, which are mainly emitted from agricultural land,
have a global warming potential (GWP) of 28 and 265 folds that of CO,, respectively, and
consequently have a considerably greater effect on global warming [3]. N>O is a major
source of nitrogen oxide (NO), an important ozone depletion agent [6]. Furthermore, the
agricultural sector accounts for approximately 60% of global anthropogenic emissions of
N,O [7]. Although N,O is mainly emitted from uplands, it is also emitted from some rice
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fields and can stay in the atmosphere for more than 100 years; therefore, reducing N,O
emissions is important to mitigate climate change [8].

Recently, as part of the response to climate change, research focusing on biochar ac-
tively garnered attention in the agricultural sector [5,8,9]. Biochar is a compound word of
biomass and charcoal, and it is a solid compound with a high carbon content, manufac-
tured by pyrolyzing biomass in an oxygen-free environment [10]. Biochar is a promising
alternative to agricultural productivity and climate change mitigation [11-13]. It has been
claimed that biochar has the potential to reduce the impact of agricultural systems on
global warming through carbon sequestration and N, O suppression [13-17]. Particularly,
it reportedly has a positive effect on N,O emission mitigation in agricultural lands, such
as paddy fields and uplands using fertilizers [18,19]. Case et al. [5] reported that biochar
suppressed cumulative N,O emission production by 91% in near-saturated, fertile soils.
Ginebra et al. [11] reported that N,O fluxes decreased 23-50% in treatments containing
biochar with low mineral N contents and high C stability. Such possible beneficial effects
of biochar are a few of the reasons why biochar research is gaining popularity [20].

However, some studies have indicated that the effect of biochar is inconsistent and
have reported a neutral or slight increase in N,O emissions [21-24]. For example, the
incorporation of high C/N ratio biochar can suppress N,O emissions because available
soil N is immobilized [25]. Conversely, readily mineralizable N in low C/N ratio biochar
can be transformed into mineral N that feeds into nitrification and denitrification processes.
as a result, N,O emissions can increase by heterotrophic denitrification activities [26]. In
addition, the biochar application effect can be different in poor soil than that in fertile
soil [27]. Moreover, the difference in the effects of biochar application in the soil can
depend upon the associated feedstocks [28-30], physicochemical properties [31], pyrolysis
temperature [12,32], existing soil features [12,15,33], fertilizer input [18,21]. In previous
studies, although the effect of mitigating N,O emissions varies according to soil fertility,
biochar feedstock and input amount, and soil features of the agricultural land [27,34],
there are no significant differences between pyrolysis temperature and fertilizer input and
N,O emissions [35]. Thus, it is important to differentiate biochar application by existing
soil features.

In the case of cropland in Korea, tidal flats or forests are frequently converted into
agricultural land [36,37]. As aresult, there are fertile soils and poor soils even on agricultural
land. However, research so far has focused on the development of biochar feedstocks to
reduce greenhouse gases [28,38-40], the effect of increasing crop growth and yield [41-43],
the effects of biochar according to climate zone [13,44], and adsorption of water and soil
pollutants [45,46]. Although there have been studies evaluating the effect of biochar on
existing fertile farmland [13,14,38,42,47], studies on the effect of biochar on poor soil that
can be converted to cropland have been limited. Quantification of nitrous oxide emissions
through the application of biochar to soils of different fertility is needed, as applying the
same biochar to soils with different characteristics can pose a threat to cropland aimed at
mitigating climate change. We hypothesized that applying biochar to agricultural land
would have a soil improvement effect on fertile soil and a carbon storage effect on poor soil.

Therefore, this study aimed to analyze the SOC improvement and N,;O emission
reduction effects of biochar on different soil characteristics in cropland of Korea. To this
end, (1) the change in SOC after biochar application was compared, (2) N,O emission
features according to biochar type and application rate were evaluated, and (3) cumulative
N,O emission features were evaluated quantitatively according to soil characteristics.
Our study can provide useful information for mitigating climate change through biochar
application in various forms of agricultural soil.

2. Materials and Methods
2.1. Soil and Biochar

The soil used for the incubation experiments was collected from upland (35°00" N,
127°30" E), greenhouses (35°22" N, 126°36’ E), converted land (35°49’ N, 127°02' E), and
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reclaimed land (35°49’ N, 126°41’ E). The soil obtained from the sites was air-dried at
the National Academy of Agricultural Sciences in Wanju-gun, Jeollabuk-do, Republic of
Korea, and passed through a 2 mm sieve before being used as a test material. The publicly
disclosed chemical properties of the soil are indicated in the table below (Table 1).

Table 1. Chemical properties by soil characteristics in agricultural land.

Ex. Cation
pH EC T-C T-N NH,* NO3~ Av.P,05 C.E.C
Type K Ca Mg
1:5 dS/m gkgl gkg! mgkg ! mgkg! mgkg! cmol* kg1
U 4.8 0.5 14.13 1.40 92.3 260.6 32.0 0.4 2.6 1.2 5.6
G 5.5 4.1 12.05 1.38 289.2 240.2 595.0 0.5 7.5 22 14.3
C 6.5 0.3 7.79 0.63 95.3 7.6 160.6 0.2 3.2 1.5 6.7
R 6.7 0.2 4.12 0.57 57.9 25 171.7 0.7 1.8 22 10.6

U: upland soil, G: greenhouse soil, C: converted land soil, R: reclaimed land soil. EC: electrical conductivity, T-C:
total carbon, T-N: total nitrogen, NH;*: ammonium ion, NO; ~: nitrates, Av.P,Os: available phosphate, C.E.C:
cation exchange capacity.

Biochar was made from Barley straw and poultry manure. After undergoing a pre-
treatment process, including collection, and drying, biochar was produced at a biochar
manufacturing factory in Yesan-gun, Chungcheongnam-do, through TLUD (Top Lit Up
Draft) pyrolysis in a carbonization furnace at 500 °C. The pH of the barley straw biochar
(BB) was 9.5, T-C content was 253.0 g kg_l, the C/N ratio was 17.3, and the surface area
was 6.3-m? g~ 1. The pH of the poultry manure biochar (PB) was 10.2, T-C content was
376.9 g kg~ !, the C/N ratio was 13.8, and the surface area was 7.8-m? g~ ! (Table 2).

Table 2. Physicochemical properties of biochar.

pH T-C T-N T-H Surface Area
Material C/N Ratio 2
(1:10) gkg™) (gkg) (gkg™V (m?g-1)
BB 9.5 253.0 14.6 8.2 17.3 6.3
PB 10.2 376.9 27.3 9.4 13.8 7.8

BB: barley straw biochar, PB: poultry manure biochar, pH: hydrogen ion exponent, T-C: total carbon, T-N: total
nitrogen, T-H: total hydrogen.

2.2. Incubation Experiments

Experimental treatment areas were classified as upland soil (U), greenhouse soil (G),
converted land soil (C), and reclaimed land soil (R), which are types frequently changed to
farmland, and each treatment group was treated using two biochar types at 0, 5, 10, and
20-ton ha~! [48]. Finally, each experimental group was treated for three repetitions adding
up to 96 experimental groups (Table 3).

Using the standard amount of fertilizer used on spring cabbage (N-P-K = 32-7.8-19.8 kg
10a~1),5.47,3.53, and 2.54 g urea-soluble phosphorus—potassium chloride were, respectively,
added per 10 kg soil, and 42 g mixed livestock manure compost (28% cow manure, 22%
pig manure, and 19% chicken manure) was added per 10 kg soil. The fertilizer was applied
equally to all agricultural soil characteristics [49]. Biochar was applied to each experimental
group by calculating appropriate input for each group. For all experimental groups, soil and
materials were added, mixed, and packed in a closed chamber (£ 9.0 cm, H 12.5 cm). Water
holding capacity of 70%, the temperature of 25 °C, and conditions for the highest level of
microbial decomposition activity [50] were maintained, and the groups were incubated for
49 days (Table 3).
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Table 3. Description of the experimental setup.

Biochar Biochar
Applicati Apolicati
Treatments Soil Biochar PPthi o Treatments Soil Biochar ppRtti o
Characteristics Feedstock Characteristics Feedstock
(ton ha—1) (ton ha—1)
UBO UPo
UB5 UP5
Upland Barley straw Upland Poultry
UB10 10 UP10 manure 10
UB20 20 UPr20 20
GBO GPO
GB5 GP5
Greenhouse Barley straw Greenhouse Poultry
GB10 10 GP10 manure 10
GB20 20 GP20 20
CBO CPo
CB5 CP5
Converted Barley straw Converted land Poultry
CB10 land 10 CP10 manure 10
CB20 20 CP20 20
RBO RPO
RB5 i RP5
Reclaimed Barley straw Reclaimed land Poultry
RB10 land 10 RP10 manure 10
RB20 20 RP20 20

2.3. Gas Samples and Measurements

Gas samples and measurements used a protocol similar to that described by Maucieri
et al. [51]. The N,O concentration generated in the closed chamber under constant tem-
perature was examined. A vacuum pump introduced fresh air into the closed bottle to
eliminate the gas present before sampling. Gas samples were obtained with a 2-day interval
for the first week of incubation, after a 3-day interval for the second week, and weekly after
that. When gas samples were not collected, the stopper was left open to supply sufficient
oxygen, and distilled water was replenished every 2-3 days to maintain a constant moisture
content considering evaporation. N,O concentration of the gas sample was measured using
gas chromatography (7890A, Agilent, Santa Clara, CA, USA). The detailed conditions are
indicated in Table 4. N»O efflux calculation formula is as follows [52]:

vV _AC 273
NzOefﬂux—prxExm

Here, N,O efflux is emission (mg m~2 day~!) p is the gas density, N,O is 1.967-mg cm 3,
V is the chamber volume (m?3), A is the chamber surface area (m?), and % is the increasing N,O
concentration in the chamber per unit time (mg m > day '), and T is the constant temperature.
Furthermore, the cumulative amount was calculated using £ (R x D) to determine the total
N,O efflux during constant temperature. Herein, R is the N,O generated (mg m 2 day 1),
and D is the sampling interval [52].

2.4. Soil and Biochar Analysis

For soil analysis, pH, T-C, and T-N were measured following the soil chemical analy-
sis [53]. For pH, soil and distilled water were mixed at a 1:5 ratio (W V1) by stirring for 30
min and measured using a pH meter (5230 Mettler Toledo, Switzerland), and T-C and T-N
were measured using a CN analyzer (Vario Max CN, Elementar, Langenselbold, Germany). Ef-
fective phosphoric acid was measured using the Lancaster method (UV2550PC, PerkinElmer,
Waltham, MA, USA), NH," were measured using the Indophenol-Blue colorimetric method,
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and NO3~ was measured using the Brucine. Cation Exchange Capacity and displaceable
cations were measured using ICP (ICPE-9000, Shimadzu, Kyoto, Japan) after leaching with a
1N-NH4OACc solution [53].

Table 4. SOC, T-N, C/N ratio, N,O emissions, and cumulative N,O emissions according to soil
characteristics after 49 days of incubation conditions.

soC T-N . N,O Cum. N,0
Treatments (g kg1) (g kg 1) C/N Ratio (mg m~2 day~1) (mg m~2)
uo 14.04+03°¢ 164012 894+03¢ 3.84+0.72 73.9 +7.33b
U5 1544+ 05P 1.6 +0.02 9.8+ 03P 3.9+1.02 79.9 + 4.6 2
U U10 165+ 03P 1.6 +0.12 10.5 £ 0.3 bc 314092 643 +3.4P
U20 18.24+0.72 174012 11.0 +0.22 3.0+1.02 639 +7.1Pb
Average 16.0 £ 044 1.6+008 10.0 £ 024 354+058 704 +29¢€
GO 126 £ 0.5P 1.6 +0.02 76402°¢ 11.6 £3.92 2438 +9.24
G5 13.9+0.8" 1.64+0.12 8.5+ 0.3 bc 17.0 £ 652 355.4 +21.12
G G10 14.5 4+ 0.4P 164012 894 02P 14.7 562 308.2 +20.9°
G20 1824142 1.84+0.12 1024+ 0.5 13.24+6.02 277.6 +30.6
Average 14.8 +0.68B 1.74+004 8.8+0.28 1414284 2963 £ 1124
Co 6.3+024 08+00P 81+04¢ 94+1.22 206.0 £27.22
C5 7.84+03° 0.9 £0.02 9.1+0.7¢ 7240972 166.7 +18.22
C C10 9.8+0.6° 0.9+0.02 11.0+0.6° 48 +09be 110.8 + 14.2°
C20 12.0 +0.72 0.9+0.02 13.0+£0.62 3.0+ 04P 68.7 £ 6.5P
Average 9.0+05C€ 09+00€ 1034054 62+058 139.3+9.88B
RO 3.7 +04¢ 0.7 +0.02 51+0.3¢ 354042 753 +8.62
R5 444030 0.8+0.02 5.8 +0.3bc 2.7 £0472b 612+ 6820
R R10 5.7 +0.52b 0.84+0.02 7.540.72b 2540420 56.0 + 5.8 2P
R20 6.7 4+0.62 0.74+0.02 924092 224040 494 +56°
Average 51+03P 0.7+00P 6.9404C 274028 60.5+3.4°C
0 9240949 12+01° 7440349 724+11° 153.1 +9.32
5 1044+ 1.0°¢ 1240.1° 83+04° 77 +172 165 4+ 10.22
T 10 11.6 £09° 124012 95+04P 64+15P 1359 +9.2P
20 138 +1.12 1.34+0.1°2 10.9 +0.42 54+16° 1149 +10.0 ¢
Average 11.2+ 05 1.2+0.0 9.0+ 0.2 6.7+ 0.7 1424 +49
Effect Probability > F 1
Soil characteristic (A) p < 0.000 p <0.000 p < 0.000 p <0.000 p < 0.000
Biochar type (B) p <0.035 p <0.000 p =0.830 p < 0.003 p <0.000
Biochar rate (C) p <0.009 p <0.025 p <0.000 p =0.693 p <0.000
(A) x (B) p =0.097 p < 0.000 p < 0.008 p < 0.006 p < 0.000
(A) x (C) p=0192 p=0421 p =0.069 p=0.948 p < 0.000
(B) x (C) p <0.002 p=0.109 p <0.029 p=0.613 p <0.000
(A) x (B) x (C) p=0312 p=0.247 p = 0.667 p=0.732 p < 0.000

Values are the means with standard errors in parentheses (n = 3), and those followed by a different letter are
significantly different at o = 0.05 between treatments. ¥ ANOVA was conducted for all treatments. ¥ The bold
indicates that the effects are significant at « = 0.05. A, B, C, D: A result of Duncan’s multiple range test by soil
characteristics (p < 0.05). a, b, ¢, d: A result of Duncan’s multiple range test by a biochar application rate (p < 0.05).
U: upland, G: greenhouse, C: converted land, R: reclaimed land; T: average of all soil by biochar application rate;
0: control, 5: 5 ton ha=?, 10: 10 ton ha™?, 20: 20 ton ha~1.

Biochar pH was measured using the equipment used for soil analysis by mixing
biochar and distilled water at a ratio of 1:10 (W V1) and stirring, whereas for T-C and
T-N, total hydrogen was measured using an Elemental Analyzer (Vario MACRO cube,
Elementar, Germany) and specific surface area was assessed using a surface area analyzer
(BELSORP-max, BEL, Toyonaka, Japan) [54].
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2.5. Statistical Analysis

A comparison of N,O emissions according to biochar application by soil in agricultural
land was statistically processed using SPSS statistics (Version 25, IBM, Armonk, NY, USA).
All data are expressed as mean + standard error. Two-way ANOVA was conducted to
compare the differences between the treatments. Additionally, Duncan’s multiple range
test was performed only when the F-test value was significant in the range of p < 0.05.

3. Results
3.1. Soil Chemistry Properties

The SOC indicated a significant difference between soil characteristics and also signifi-
cantly increased according to the biochar application rate. U20, G20, C20, and R20 were
increased SOC content by 23.2%, 30.8%, 47.2%, and 44.6%, Compared with U0, GO, C0, and
RO. The increase rate of SOC was highest in converted land soil and lowest in upland soil
(Table 4).

Only the converted land soil had a significant difference in T-N according to the
amount of biochar input. There was no significant difference in T-N depending on the
biochar application rates within the U, G, and R soil. However, there was a significant
difference in the 20-ton ha-1 treatment overall in agricultural land. Nitrogen content was
relatively high in greenhouse and upland soil, where ammonium ions (NH4*) and nitrates
(NO37) existed at relatively high levels. In the C20 treatment group, T-N was significantly
increased by 14.7% compared with the control group. Although there was no significant
difference, T-N increased by 3.6%, 7.7%, and 1.3% in U20, G20, and R20 treatment groups.
As a result, the nitrogen improvement effect by biochar input was the highest in converted
soil (Table 4).

The C/N ratio indicated a significant difference between soil characteristics and
significantly increased according to the amount of biochar input. C/N ratio increased by
19.8%, 24.9%, 37.5%, and 45.1% in the U20, G20, C20, and R20 treatment groups, respectively,
compared with the control group. Similar to SOC, the C/N increase rate was highest in the
reclaimed land soil and the lowest in upland soil (Table 4).

3.2. N,O Emission

N,O emissions were analyzed for 49 days, and a significant difference between soil
characteristics was observed (Table 4). The average N,O emission of the greenhouse soil
was highest with 14.1 & 2.8-mg m~2 day ! and the lowest in the reclaimed land soil with
2.7 £ 0.2 mg-m 2 day . N,O emission rapidly increased in upland and greenhouse soil
early in the constant temperature conditions, whereas the converted land and reclaimed
land soil exhibited the highest level on the 14th day of continuous temperature.

As a result of the analysis of N>O emissions according to biochar feedstock, N,O
emissions indicated a significant difference between biochar feedstocks. N,O emission
was lower than that in the control group in all soils to which BB was applied, but N,O
emissions increased in upland and greenhouse soils treated with PB biochar than in the
control group (Figure 1).

3.3. Cumulative N,O Emission

As a result of the analysis, there was a significant difference between cumulative N,O
emissions and soil. The cumulative N>O emission from reclaimed land soil was the lowest,
with 60.5 & 3.4-mg m~2, and highest in greenhouse soil, with 296.3 + 11.2-mg m 2. The
cumulative N»O emission from reclaimed soil was not significantly different from that of
upland soil (70.4 & 2.9-mg m~2), and was significantly lower than that of converted land
soil (139.3 & 9.8-mg m~2) (Table 4).
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Figure 1. N,O emission according to soil characteristics under incubation conditions during the
49 days. The error bars represent standard errors (n = 3). (a): upland, (b): greenhouse, (c): converted
land, (d): reclaimed land. (A): barley straw biochar, (B): poultry manure biochar.
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Analysis of the cumulative N,O emissions according to biochar type showed that BB
significantly decreased N,O emissions compared with PB. The cumulative N>O emissions
of soil where BB was applied was 94.9 + 4.2 g m~2, and PB biochar were found to be
189.9 & 8.3 g m 2. Approximately 200% more N,O was emitted from PB than from BB, a raw
vegetable material (Figure 2).

350.0 350.0

o —@-Barley straw g =e—Control
g 3000 - T T Z 3000 - 5 ton/ha
on e
£ Poultry manure T 1 l 2 —a—10 ton/ha
S 2500 T | é" 2500 1 —4—20ton/ha T
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e I 2 1
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1 3 5 8 11 14 21 27 34 41 49 1 3 5 8 11 14 21 27 34 41 49
Experimental period (days) Experimental period (days)
(A) Biochar types (B) Biochar application rate

Figure 2. Cumulative N,O emission according to biochar types and application rates under incuba-
tion conditions during the 49 days. The error bars represent standard errors (n = 3). (A): Cumulative
N,O emission by biochar types on all soil characteristics. (B): Cumulative N,O emission by biochar
types on all soil characteristics.

As a result of analyzing the cumulative N,O emission according to the biochar ap-
plication rate, it was found that the N,O emission was significantly reduced in the group
treated with 10 and 20-ton ha~!. No significant differences in the remaining 5 ton ha™!
treated groups were observed. N, O emissions were reduced by approximately 12.7% and
33.2% in the group treated with 10 and 20-ton ha~! biochar, with 135.9 4+ 9.2 and 114.9 +
10.0-mg m~2, compared with 153.1 & 9.3-mg m~2 of the control group only treated with
fertilizer (Figure 2).

As a result of analyzing the cumulative N,O emissions after applying biochar in
upland soil, NoO emissions significantly decreased in the UB10 and UB20 treatment groups.
No significant differences were observed in the UB5, UP5, UP10, and UP20 experimental
groups. NpO emissions were reduced by 53.0% and 313.2% in UB10 and UB20, respectively,
with 48.1 + 3.9-mg m~2 and 17.8 4+ 3.0-mg m 2, compared with the control group with
73.7 & 10.6-mg m~2 (Figure 3).

In the greenhouses, N,O emissions were significantly reduced in the GB5, GB10,
and GB20 experimental groups, but significantly increased in the GP5, GP10, and GP20
experimental groups. Compared with the control group, cumulative N,O emission in GB5,
GB10, and GB20 was reduced by 15.5%, 51.7%, and 465.1%, respectively, but increased by
50.0%, 45.0%, and 50.5% in GP5, GP10, and GP20, respectively (Figure 3).

In the converted land soil, N,O emissions were significantly decreased in the CB10,
CB20, CP10, and CP20 experimental groups and reduced by 80.6%, 136.3%, 98.3%, and
270.6% in the CB10, CB20, CP10, and CP20 treatment groups, respectively, compared with
the control group. There was no significant difference between the BP5, CP10 experimental,
and control groups. Overall, N,O emission was observed to reduce in proportion to the
biochar application rate.

In the reclaimed land soil, no significant difference was found in the experimental and
control groups. However, there was no difference from the control group before the 28th
day, but after the 28th day, a difference in the biochar-treated group was observed. N,O
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emissions were reduced by 18.2%, 43.3%, and 94.5% in RB5, RB10, and RB20, respectively,
on the 49th day. N,O emissions decreased in RP5, RP10, and RP20, and were reduced by

27.0%, 28.7%, and 30.6%, respectively (Figure 3).
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Figure 3. Cumulative N,O emission on biochar types and application rates according to soil charac-
teristics under incubation conditions during the 49 days. The error bars represent standard errors
(n=3). (a): upland, (b): greenhouse, (c): converted land, (d): reclaimed land. (A) barley straw biochar,
(B) poultry manure biochar.
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4. Discussion
4.1. Effect of Biochar Application on SOC Improvement

Biochar has a positive effect on soil improvement in agricultural land [33,55,56], but the
effect depends on the biochar material [11,29,57], input amount [27,31,58], manufacturing
temperature [9,31], and soil conditions [12,15,59]. Nonetheless, when degradation-resistant
biochar is added to the soil, SOC increases [44,47] and it induces the recovery of physical,
chemical, and biological qualities of the soil [33,38,39]. Among the different effects of
biochar, its ability to store carbon and decrease greenhouse emissions is the most highly
evaluated [40]. The direct input of organic substances, such as rice straw into the soil,
significantly increases C emissions because of biodegradation [60].

However, because biochar is a non-degradable material unaffected by biodegrada-
tion [41,42], soil carbon increases but does not influence emissions because it does not
decompose [58,61]. Considering the carbon loss rate of crop biomass during the biochar
conversion process, about 20% of the carbon contained in the initial biomass can be se-
questered into the soil [10]. Long-term application of black carbon stimulated enhanced
stabilization of non-pyrogenic soil. Organic carbon can increase soil carbon stocks by
30-60% [62].

Yang et al. [47] reported additional SOC of 18.0-37.2% in cornfields through the
application of biochar, and Ma et al. [26] reported a 31.5% SOC stock effect through biochar
application in double cropping (rice-wheat) agricultural land. Wang et al. [44] reported
a SOC increase effect of 21.6% by applying biochar to paddy soil. The SOC significantly
increased to 33.2% compared to the control in this study. SOC was higher in the U and
G than in the C and R, but the increase ratio was higher in the C and R. The carbon ratio
distinctly increased in C and R soil with initial low carbon content. The highest SOC
increase rate was 47.2% in C soil and 44.6% in R soil. This is because biochar applications
are more effective in poor soil than in fertile soil [27]. Lee et al. [63] reported that when the
initial carbon content of the test soil was low, the increase rate of soil carbon compared with
the amount of carbon input from biochar was high. This is similar to the results from this
study. Thus, in poor soil, the effect of biochar on carbon storage and nitrous oxide emission
suppression was high. However, it is considered that it is necessary to select the initial soil
condition and the type of biochar for fertile soil.

4.2. Effect of Biochar Application on NyO Emission

Biochar directly and indirectly influence processes such as the uptake of low mineral
nitrogen and soil denitrification to reduce N,O emissions [64-66]. This study indicated
that sections treated with BB decreased N,O emissions by 74.5% compared with those
treated using PB. When biochar with a high C/N ratio is injected into the soil, nitrogen is
stabilized, thus suppressing N,O emission from the soil [25]. The C/N ratios of BB and PB
were 17.3 and 13.8, respectively. It is thought that BB had lower N,O emissions than PB
because its C/N ratio was 25.4% higher. C/N ratios of BB were lower than 27.3 for maize
straw biochar [14] and 46.6 for rice straw biochar [15], and 72.1 for wheat straw biochar [13].
However, it was higher than pig manure biochar and poultry manure biochar [11,12,67].
Liu et al. [68] discovered that N,O emission was higher in manure biochar than that in
straw biochar through a meta-analysis, and some studies even discovered that it increased
N,O emissions. Biochar may change N,O emissions by affecting ammonia oxidation and
denitrification, determined by the amount of biochar injected into the soil [69]. Similar to
these studies, it was found that areas treated with PB had N,O emissions that were 74.5%
higher than those in areas treated with BB. These results suggest that the difference arises
based on the features of the raw materials in the vegetable matter and animal matter. Thus,
vegetable biochar is expected to be applicable on site, but animal biochar is thought to
require further research on the amount of application.

In this study, N,O emissions of the soil decreased in proportion to the biochar applica-
tion rate. Results were the same as in a meta-analysis study by Liu et al. [68], which found
that an increase in biochar input accelerated the soil N,O emission reductions. Cayuela
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et al. [35] reported that N,O emissions were decreased according to the increasing biochar
application rate. In this study too, it was analyzed that the N,O emission decreased by
33.2% in the 20-ton ha~! treatment group that received the most biochar. This result was
lower than in the study by Zhang et al. [2] showing that N,O emissions were reduced by an
average of 38% with biochar input. It was also lower than the study by Shaukat et al. [18],
which reported a 49-61% reduction in N,O in an experiment comparing a control group
treated with nitrogen only and a group treated with nitrogen and Biochar. However, it was
higher than the meta-analysis results of Liu et al. [68], and Han et al. [70], 32% and 32.6%.
These results are similar to those of our study.

However, no significant difference was observed in upland soils between those treated
with PB and the control group, and in the case of greenhouse soil, N,O emissions increased
significantly according to the PB application rate (Figure 3). These results can be explained
in two aspects. The first reason might have been caused by its higher N concentration, which
potentially increased N substrate availability for nitrification or denitrification processes
that release N,O [40]. Indeed, biochar derived from Poultry manure was higher in T-N,
ranging approximately 2 times than BB (Table 2). Consequently, PB with more N was
incorporated into G soils that have more N concentration after amendment, which would
increase soil N availability and hence soil NyO emissions [9]. Subedi et al. [12] reported
that poultry manure biochar made at high temperature emitted about 20% more N,O than
the control, and poultry biochar made at low temperature increased by approximately
100-200% more. In addition, Subedi et al. [12] reported that poultry manure biochar
increased N,O emission about 15-253% than the control. The second reason may be related
to microorganisms and soil moisture. Soil N,O emissions are primarily a microbial process,
and soil moisture is a significant factor in N,O emissions as it regulates oxygen availability
to soil microbes [39,66,71]. Biochar could increase soil N,O emissions when the soil has
abundant inorganic nitrogen and relatively low moisture [<80% WEFPS (water-filled pore
space), the main route of N,O emissions] [35,72,73]. Therefore, upland soil and greenhouse
soil had higher NH,;* and NO; ™ contents than other soils, and it is believed that experiment
conditions of <80% WEFPS contributed to these results. Moreover, the input of PB, which
has a high nitrogen content unlike BB, accelerated nitrification, and the input of biochar
increased the amount of N, O emissions. This study shows that both biochar type and the
amount of nitrogen in the soil were important factors affecting soil N,O emission [29,74].

Shi et al. [65] proposed a reduction in the number of ammonia-oxidizing archaea
(AOA, also called ammonia-oxidizing bacteria, AOB) and an increase in the number of
nitrous oxide reductase genes (nosZ) due to biochar input as the primary reason for the
reduction in soil N,O emissions. In contrast, Li et al. [75] reported that biochar is associated
with high activity of AOA and AOB in the nitrification process, and Liu et al. [68] reported
that biochar increases the population of AOA and AOB and contributes to biochemical
reactions. Although N,O has been shown to be produced primarily by nitrification and
denitrification processes, deposition of N can improve N,O emissions by providing more
N to nitrification or denitrification communities [9]. Although data on the actual rates of
soil nitrification and denitrification are increasing, little is known regarding N, emissions
and N,O production and consumption at different scales in the field [35]. These results
suggest that additional research on biochar in the soil ecosystem’s nitrogen cycle network
and the microbiome is necessary [30].

5. Conclusions

This study attempted to evaluate the effect of improving SOC and reducing N,O
emissions according to the soil characteristics that can be used for agricultural land. As
a result, we found that the effect of biochar was higher in poor soil than in fertile soil. In
addition, the effect of plant-based biochar was higher than that of animal-manure-based
biochar. The effect of biochar was higher in carbon storage and nitrous oxide emissions in
poor soil than in fertile soil. Barley straw biochar increased SOC in all soils and reduced N,O
emissions. However, poultry biochar accelerated N,O emissions in upland or greenhouse
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cultivation land, which is fertile soil. The application of biochar improves SOC regardless
of fertility and biochar type, but can increase N,O emissions depending on soil fertility and
biochar type. Therefore, to store carbon within the soil in agricultural land and decrease
N;O emissions, rather than uniformly applying biochar to all soil characteristics, biochar
application considering soil characteristics, biochar feedstock, and the application rates
is advised. Long-term observational studies using biochar to inhibit atmospheric N,O
emissions and positively influence crop production are necessary for sustainable agriculture
in the future.
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