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Abstract: Acid sulfate soil (ASS) has major problems related to phosphorus deficiency and high
potential for N,O emissions, as well as strong acidity. The objective of this study was to evaluate
the effects of rice husk biochar and compost on P availability and greenhouse gas (GHG) emissions
in ASS in in vitro incubation studies. An ASS was amended with two types of rice husk biochar
(at rates of 0 g kg™!, 20 g kg™!, and 50 g kg~!, equivalent to 0 Mg ha~!, 20 Mg ha™!, and 50 Mg ha™!,
assuming that bulk density was 1 g cm~3 and evenly applied for 10 cm in depth) and compost (at rates
of 0 g kg1, 10 g kg™!, and 20 g kg™!, equivalent to 0 Mg ha~!, 10 Mg ha~!, and 20 Mg ha!) and
incubated. Application of compost increased labile P by 100% and 200% at rates of 10 g kg~! and
20 g kg™, respectively. Both biochars showed an increase in NaHCO3-soluble inorganic P by 16% to
30%, decreases in NaOH-soluble inorganic P and NaHCO3-soluble organic P. N,O emissions were
significantly decreased by 80% by a biochar with a higher surface area and higher NH,* adsorption
capacity at a rate of 50 g kg™! as compared with those in un-amended soil. In contrast, compost
amendment at a rate of 10 g kg~! significantly increased N,O emission by 150%. These results suggest
that in ASS, whilst compost is more effective in improving P availability, biochar is more effective in
mitigating GHG emissions, emphasizing that fundamental characteristics of organic amendments
influenced the outcomes in terms of desirable effects.

Keywords: N,O emissions; organic amendments; P deficiency; P fractions

1. Introduction

Acid sulfate soil (ASS) is the most dominant soil in the Mekong Delta (MD), covering 41%
of the total area [1]. This soil brings many difficulties for crop production because of its strong
acidity and high proportion of Fe and Al compounds which can lead to a deficiency of available
P [2,3]. The major limitation of ASS is that significant amounts of P fertilizer become unavailable to
plant due to high P sorption capacity [4]. P sorption in soil comprises both precipitation/dissolution
and adsorption/desorption processes. Fe and Al dominate the precipitation of P at acidic pH.
Adsorption/desorption of P in soil occurs on the surface of Fe and Al (hydrous) oxides and at the edge
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of clay minerals, and the adsorption/desorption processes are controlled by pH and the competition
between different anions for exchange sites.

Managing soil properties such as pH, ion composition and limiting the active Fe and Alin ASS can
increase P availability and enhance the efficiency of P fertilizers. In general, organic-based amendments
increase the pH in acid soils and can provide additional benefits such as providing available and
balanced nutrients, including P, hence saving inorganic fertilizers as well as improvement of soil
physical properties. In acid soils, organic fertilizer plays important roles in improvement of cation
exchange capacity (CEC) and soil organic carbon, reduction of Al and Fe toxicity as well as a supply of
available P [5,6]. Phosphorus availability is improved in several ways via the application of organic
matter. Guppy et al. [5] illustrated that in soil with a high P sorption capacity, organic compounds
competitively inhibit P sorption, and hence release P into soil. Furthermore, metal complexation and
dissolution reactions from Fe and Al-bound P could release P for plant uptake [5,7].

Agriculture is a major greenhouse gas (GHG) emission source, producing 60% and 50% of total
anthropogenic N,O and CHy4 emissions, respectively [8]. Agricultural production in the MD is facing
difficulties related to water scarcity due to climate change-induced salinity intrusion [9]. In order
to adapt to water limitation and salinity, a part of paddy rice has been converted to upland crops.
N,O emissions, however, are burgeoning in upland crop systems and need to be better managed. In the
case of ASS, once converted to upland cropping systems, potential N,O emissions from fertilizers can
increase 10-fold compared to those in non-ASS [10,11]. Mitigation of agricultural GHG by agricultural
practices is found to be a cost-efficient option as compared with non-agricultural options [12]. Mitigation
of CH4 and N;O emissions from soils contributes to global long-term mitigation goals.

Recently, the application of biochar (a solid material produced from biomass pyrolysis under
a low/no oxygen environment) has received attention in agriculture. Biochar amendment to soil
has been described as a promising tool to improve soil quality, sequester carbon and mitigate GHG
emissions [13,14]. Biochar has potential to alter P availability in soil by several mechanisms. Biochar
effects on soil pH can alter the precipitation/dissolution and adsorption/desorption of P [4]. P can be
sorbed onto compounds such as Ca, Mg, Fe, or Al in biochar [15-17], and consequently, P availability
may be decreased. Biochar brings available P into soils, the amounts and forms of which depend on the
production method, particularly pyrolysis temperature and materials [18,19]. Through positive effects
on phosphate-solubilizing bacteria, particularly in acid soil, biochar could contribute to increasing
P availability [20]. In addition, silicon found in high content in some biochars [21] contributes to
form Al-Si compounds [22] and mobilizes Fe(IlI)-P phases from mineral surfaces [23]. These results
suggest that biochar containing a high concentration of silicon, like rice husk biochar, may improve P
availability in soil. In general, the application of biochar decreases exchangeable Al and soluble Fe in
acid soils [24,25], but there are not many studies on using biochar to improve P availability in ASS.

In addition, biochar has been considered as a potential way to create a carbon sink, to increase
soil water holding capacity, and to reduce emissions of NOx and CHy [26-28]. However, the effects of
biochar on reducing GHG emissions, particularly N,O emission, are variable and strongly depend on
the attributes of both the soil and the biochar [29]. Not all types of biochar have a similar impact on a
particular soil and a particular biochar may not be equally effective on all soil types [13,30,31] because
of the influence of pyrolysis conditions and feedstock on biochar properties [32]. The surface area and
pore volume of biochar increase with the increase of pyrolytic temperature [33,34], while low pyrolytic
temperature may produce biochars which are appropriate for regulating the release of potential plant
nutrients [35]. The adsorption ability of biochar to metals and some other nutrients is correlated with
the surface area, porosity, and functional groups [36,37]. The objectives of this study were to investigate
the effects of biochar and compost, both of which were derived from agricultural by-products available
in the MD, on P fractions and GHG emissions in an acid sulfate soil originating from a rice cropping
system in the MD. We utilized two forms of biochar, commercially or laboratory-produced, since both
were made from rice husk in different ways and showed different resultant properties.
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2. Materials and Methods

2.1. Materials

Acid sulfate soil originating from a rice cropping system in Ben Tre Province, the Mekong Delta,
Vietnam (9°57'48.5” N, 106°31740.6” E) was used for incubation experiments. The soil has been classified
as Gleyi Thionic Fluvisols according to the International Union of Soil Sciences (IUSS) Working Group
World Reference Base for Soil Resources (WRB) (2015), containing jarosite within 50 cm. The land has
been used for paddy rice cultivation for more than 10 years. Soil was collected from the surface layer
(0-20 cm), air-dried and sieved though a 5 mm screen before incubation. A commercially available
compost from sugarcane filter cake and two kinds of rice husk biochar were used in this study. Biochar
A was produced using a simple technology with a biochar chamber pyrolysis unit with a nominal peak
temperature of 600-700 °C at the College of Environment and Natural Resources, Can Tho University,
Vietnam. Biochar B was produced industrially at around 600 °C. Characteristics of the soil and organic
amendments are presented in Tables 1 and 2.

Table 1. Characteristics of soil and amendments used in the experiment.

Soil Biochar A Biochar B Compost

pH (H,O) (1:5) 5.0 7.6 9.0 8.7
Electrical conductivity (EC) (mS cm™) (1:5) 042 0.50 0.89 17.1
NH;*-N (mg kg™1) 14.3 3.69 ND 20,900
NO;-N (mg kg™1) 29 12.2 ND 2530
Soluble Na (cmol, kg_l) 1.69 0.21 0.37 1.75
Soluble K (cmol. kg_l) 0.18 2.51 417 41.1
Soluble Ca (cmolc kg™') 0.15 0.24 0.78 2.98
Exchangeable * Na (cmol. kg™!) 1.31 ND 0.06 0.64
Exchangeable * K (cmol. kg™!) 1.08 2.30 5.43 14.5
Exchangeable * Ca (cmol kg™1) 3.15 1.12 1.31 414
Total C (mg g~ !) 10.4 479 471 154
Total N (mg g~1) 0.85 1.51 4.72 26.0
Total P (mg kg™!) 455 771 1100 11,500
CN 12.2 317 100 5.9
MWHC, g water g~! 0.70 5.8 34
Moisture content, % 2.5 8.4 44.6 26.8
Iodine number, mg g_1 173 110

Values were based on oven-dried weight, except for moisture content (g water 100 g fresh weight). ND, not detected;
*, exchangeable cations were determined by subtracting soluble cations from total extractable cations; MWHC,
maximum water holding capacity; Biochar A, a laboratory product; Biochar B, an industrial product.

Table 2. Phosphorus contents (mg P kg™') in different P fractions in soil and amendments.

H,O-P NaHCO;3-Pi NaHCOj3-Po NaOH-Pi NaOH-Po HCI-Pi Residual-P

Soil 13.1 20.2 19.6 129 41.6 40.0 191
Biochar A 126 549 ND 112 83.3 142 253
Biochar B 314 83.3 ND 81.3 56.7 192 371
Compost 468 1123 165 3196 1544 4624 369

ND, not detected; Pi, inorganic P; Po, organic P; P fractions were extracted followed the Hedley method [38].

2.2. Incubation Experiment

The incubation experiment was performed at 25 °C with units consisting of 80 g of dry soil
(control) or 80 g of dry soil + amendment (biochar or compost) in a 250 mL jar. The experiment was
laid out in three replicates with three rates of amendment as in Table 3. The biochar or compost was
thoroughly mixed with dry soil to obtain a completely homogeneous mixture. Subsequently, a solution
containing inorganic N, P and K was added to attain the required moisture from analytical grade
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NH4NOj; and K,HPOy (equivalent to the recommended dose for sesame in the MD). Soil moisture
was adjusted to be equivalent to 70% of the maximum water holding capacity (MWHC) of the initial
soil, following other studies [39,40], and at this moisture level both nitrification and denitrification are
expected to occur. The incubation experiment was conducted without adjusting bulk density. At this
moisture level and without compacting, soil thicknesses were around 30 mm (for Cont, Comp10,
and Comp20), 31 mm (for CharA20 and CharB20), and 33 mm (for CharA50 and CharB50). During the
incubation period, the jars were covered with a parafilm sheet that allows gas exchange but minimizes
evaporation. Soil moisture was kept constant by adding deionized water every day in the first 10 days,
then every two days in the next 35 days, and every 3—4 days until the end of the experiment.

Table 3. Application rate of organic materials and chemical fertilizers for the 250 mL jars (corresponding
field application rates).

Biochar A, g Biochar B, g Compost, g

Soil, g N-P,05-K,0, mg (kg ha~1)

(Mg ha™1) (Mg ha™1) (Mg ha™1)

Cont 80.0 4.8-4.8-3.2 (60-60-40)
CharA20  78.4 1.6 (20) 4.8-4.8-3.2 (60-60-40)
CharA50 76.0 4.0 (50) 4.8-4.8-3.2 (60-60-40)
CharB20  78.4 1.6 (20) 4.8-4.8-3.2 (60-60-40)
CharB50 76.0 4.0 (50) 4.8-4.8-3.2 (60-60-40)
Compl0  79.2 0.8 (10) 4.8-4.8-3.2 (60-60-40)
Comp20 784 1.6 (20) 4.8-4.8-3.2 (60-60-40)

All the values were based on oven-dry weight. Cont, soil without amendment; CharA20, soil + 20 g kg™! of Biochar
A; CharA50, soil +50 g kg’1 of Biochar A; CharB20, soil +20 g kg’1 of Biochar B; CharB50, soil + 50 g kg’1 of Biochar
B; Comp10, soil + 10 g kg™! of compost; Comp20, soil + 20 g kg™! of compost. In parentheses, application rate as
converting to Mg ha~! for biochar and compost and kg ha~! for inorganic NPK fertilizers, assuming application for
10 cm in depth with a bulk density of 1 g cm™.

2.3. Gas Sampling and Measurement

Gas samples were collected at day 0, 1, 2, 3, 5, 10, and 20 of incubation to measure GHGs
(CO,, CHy, and N,O). For each gas sampling time, jars were closed 40 min before collecting gas samples
by robber covers with stopcocks. Headspace gas samples (10 mL) were collected by using 25 mL
polypropylene syringes connected to stopcocks and transferred to 3 mL vials with a previously made
vacuum. The concentrations of CO,, CH, and N,O at each collecting time were measured by manually
injecting 0.5 mL, 1 mL, and 1 mL of the headspace gases into a gas chromatograph (GC, Shimadzu
GC-8A, Japan) with a thermal conductivity detector (TCD), GC (Shimadzu GC-14B, Japan) with a
flame ionization detector (FID) and GC (Shimadzu GC-2014, Japan) with an electron capture detector
(ECD), respectively. GHG fluxes were calculated based on linear increase during the accumulation
period from closing (0 min, 15 min, 30 min, and 45 min) [41].

Cumulative CO,, CH4 and N,O emissions were weighted by the time intervals between two
sampling dates (Equation (1)) [42].

7
Cumulative = Z M x24 x (d; +diq) 1)
i=1

where f; is the CO,, CH, or N,O flux at the ith sampling (CO,: pg CO, l<g_1 soil h~1; CHy: ng CHy
kg~! soil h™1; N,O: ng N,O kg~! soil h™!) and d; denotes the day of the ith sampling.

2.4. Soil Sampling for Chemical Analysis

Soil pH and electrical conductivity (EC) were measured after 1.5 months of incubation. Soils were
collected to sequential fractionation for phosphorus after 1.5 and 6 months of incubation, following
other studies [43,44].
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A parallel incubation was set up using 20 g of soil in a 50 mL jar with the same rates of amendment
and inorganic fertilizers to determine the dynamics of soil ammonium (NH4") and nitrate (NO3™)
contents at day 0, 1, 2, 5, and 45 of incubation because the N;O emission occurred mainly in the first
5 days.

2.5. Chemical Analysis

Soil pH (H,O) and EC were determined by extracting soil with deionized water at a ratio of
1:5 (soil:water, w:v) and shaking for 1 h at 120 rpm. The extracts were measured using a pH meter
(Metrohm 744) and an EC meter (Horiba B-173). Ammonium and nitrate contents were determined by
extracting 2.5 g soil with 25 mL of 2 M KCL. The extracts were analyzed for NO3;~ content by UV-VIS
spectrometry at 220 nm and NHy* content was measured with the indo-blue method [45]. Iodine
number was determined by extracting 0.5 g biochar with an iodine solution followed the method
described by American Society for Testing and Materials (ASTM) International [46]. Total N and C
were determined using a CN Corder MT-700 apparatus (Yanaco Co., Japan). Soluble Na, K, and Ca
were determined by extracting with deionized water at a ratio of 1:10 (soil:water) and shaking for
1 h at 120 rpm. The mixture was centrifuged at 8000x g and passed through filter paper (Advantec
No. 5C) and ions in the filtrate were determined with flame photometry (Flame Photometers, BWB).
Exchangeable Na, K, and Ca were obtained by subtracting soluble cations from extractable cations.
Extractable cations were analyzed by extracting soil samples (2.5 g) three times with 0.1 M BaCl,
solution (each time in 30 mL, shaking for 1 h at 120 rpm) and determined with flame photometry [45].
P fractions were analyzed followed the Hedley method [38]. Fresh soil samples equivalent to 0.5 g
of oven-dried soil were sequentially fractionated into the following forms: H,O, 0.5 M NaHCOj3
(pH 8.5), 0.1 M NaOH, 0.1 N HCl, and residual P. For each extraction step, 30 mL of extraction solution
was added into a centrifuge tube containing a 0.5 g soil sample. The centrifuge tube was shaken for
16 h, centrifuged at 8000x g, and inorganic P (Pi) in the solution was measured (H,O-P, NaHCO5-Pi,
NaOH-Pi, and HCI-Pi). The remaining residue was kept for the next extraction. The extraction solution
was topped up from 5 mL to 10 mL in the digestion tube, and the extract was digested with 4 mL
condensed H»SO4 and 30% of HyO, at 250 °C until the solution became transparent. Aliquots of
extractions and digestions were adjusted to pH 7 by adding NaOH or HCl and made up to 50 mL before
the measurement of total P (Pt). Organic P (Po) fraction was calculated by the difference between Pt and
Pi (Equation (2)). The final residue was digested by adding 6 mL condensed H,SO,:HClOy (1:2, v:v)
for residual P.
Po = Pt —Pi 2)

where Po (mg P kg™!) is organic P, Pt (mg P kg™!) is total P (for each fraction), and Pi (mg P kg™!) is
inorganic P.

2.6. Adsorption Ability

The adsorption abilities of biochar to NH;*, NO;~, and PO,>~ were determined separately.
Samples (0.2 g) were collected into centrifuge tubes (50 mL of volume) and mixed with 25 mL of NH4 ™,
NO3~, and PO,3~ solutions at different concentrations (0 mg L™!,2mg L™}, 10mg L~!, and 100 mg L1).
The centrifuge tubes were shaken for 24 h at 120 rpm, centrifuged at 8000x g in 10 min, and the
supernatant was filtered through filter paper (Advantec No. 5C). The adsorption capacity of biochar
was calculated based on the concentration of NH; ", NO;~, and PO,3~ remaining in the filtered solution
(Equation (3)).

ac=G=CA @3)
m
where AC (mg g‘l) is the capacity of biochar in adsorbing NH;*, NO3~ or PO,4%", and Ci (mg L1
and Cf (mg L™!) are the initial and final concentrations of each ion before and after biochar addition,
respectively. V (L) is the volume of ion solution, and m (g) is the dosage of biochar.
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2.7. Data Analysis

Significant differences (p < 0.05) between treatments were identified by one-way ANOVA followed
by Fisher’s test. A normality test was conducted for residuals of data for every parameter. If the
normality was not met as assessed by Kolmogorov—Smirnov’s test, the data were log-transformed
prior to ANOVA. The average of replicates (n = 3) is presented with standard deviation in all tables
and figures. Pearson’s correlation analysis together with regression tests were used to investigate the
relationships between gas emissions and chemical characteristics of the soil. All statistical tests were
conducted with Minitab (Version 18) software.

3. Results
3.1. Change in Soil Chemical Properties with Biochar and Compost Amendment

3.1.1. Soil pH and EC

Soil pH and EC were significantly higher (p < 0.05) in soil amended with compost, while biochar
increased soil pH but not EC (Figure 1a,b). Soil pH increased commensurate with the increased dosages
of compost and biochar. The highest increase in pH value was recorded in the treatment applied with
compost. Compared to Biochar A, amending with Biochar B resulted in higher pH value. There was
a significant increase in EC in compost treatments, with the values raised up from 0.55 mS cm™! to
0.86 mS cm~! and 1.13 mS cm™!. As for the remaining treatments, the EC values varied between
0.5mS cm™! and 0.6 mS cm™!.
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Figure 1. Soil pH (a) and electrical conductivity (EC) (b) after 45 days of incubation in response to
different amendments. The bar on the columns indicates the standard deviation of three replicates
(n = 3) for each treatment. Columns with different letters indicate a significant difference (p < 0.05)
among treatments. Cont, soil without amendment; CharA20, soil + 20 g kg‘1 of Biochar A; CharA50,
soil + 50 g kg~! of Biochar A; CharB20, soil + 20 g kg~! of Biochar B; CharB50, soil + 50 g kg™! of
Biochar B; Comp10, soil + 10 g kg™! of compost; Comp20, soil + 20 g kg™! of compost.
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3.1.2. Phosphorus Factions

The P fractions were significantly affected by both compost and biochar amendments. Amending
compost significantly increased all P fractions except for NaHCOj3-Po, and the highest values were
found for the Comp20 treatment (Table 4). Labile P, as a sum of HyO-P and NaHCO3-Pi, was increased
by 100% and 200% compared to unamended soil when applying 10 g kg~ and 20 g kg~! soil, respectively
(Table 4). The biggest increases were in NaHCO3-Pi in the Comp20 treatment, at 81.5 mg P kg~! and
141 mg P kg™! after 1.5-month and 6-month incubations, respectively. Amendment with biochar also
increased NaHCO3-Pi at the dosage of 50 g kg™!, but the differences between Biochar A and Biochar B
were not significant (Table 4). The NaOH-Pi form decreased with the increase of biochar application
dosage irrespective of biochar type after 1.5 months of incubation, but not after 6 months of incubation.
Similarly, both biochars reduced NaHCO;3-Po significantly compared to both compost amended and
unamended treatments after 6 months. Labile P in all treatments increased with time of incubation
(p < 0.001) (Table 4), and the increase in labile P was appropriate with the increase in NaHCO;3-Pi and
the decrease in H,O-P and NaHCO3-Po.

Table 4. Effects of different organic amendments on P contents (mg P kg~!) in different P fractions in
soil after 1.5 months and 6 months of incubation.

H,O-P NaHCO3-Pi NaHCO3;-Po NaOH-Pi NaOH-Po

1.5 months

Cont 11.2¢ 23.74d 17.9 abe 151 ¢d 22.9¢d
CharA20 104 ¢ 25.64 16.6 b 146 de 29.0°¢
CharA50 11.2¢ 27.6 ¢4 225ab 144 € 17.44d
CharB20 59¢€ 28.5¢d 22.7ab 151 °¢ 18.84d
CharB50 8.4d 31.0¢ 19.7 abc 146 © 19.84d
Comp10 13.4P 62.2° 15.7¢ 211°P 445°
Comp20 2724 82,52 2394 2182 53.92
6 months

Cont 19¢ 51.64 9.2ab 155 ¢d 18.3P
CharA20 15¢ 60.2 cd 44b¢ 152 ¢d 18.1P
CharA50 1.8¢ 62.8¢ 34c¢ 1474 19.8P
CharB20 24bc 60.1¢d 4,0bc 155 ¢ 19.7b
CharB50 47°b 65.8°¢ 3.7¢ 154 cd 19.6P
Comp10 16°¢ 102° 11.7° 209 P 4352
Comp20 854 1412 1292 2424 3992

Different letters in the same column indicate significant difference at p < 0.05 based on Fisher’s test. Cont, soil without
amendment; CharA20, soil + 20 g kg ™! of Biochar A; CharA50, soil + 50 g kg ™! of Biochar A; CharB20, soil + 20 g kg™!
of Biochar B; CharB50, soil + 50 g kg‘l of Biochar B; Comp10, soil + 10 g kg‘1 of compost; Comp20, soil +20 g kg‘1
of compost.

3.1.3. Ammonium and Nitrate in Soil

In the first five days of incubation, the NH4* concentrations increased in all treatments except
for the first day. After the starting incubation, CharA50 showed a decrease in NH;* concentration
compared to day 0, while other treatments showed an unchanged or increased trend in the first day
(Table 5). Nitrate concentrations increased in the first day and then decreased in all treatments until
day 5 of incubation (Table 5). After a 1.5-month incubation, the NH4* concentrations decreased
significantly in all treatments compared to prior to incubation, with the biggest decrease in the Comp20
treatment. The NO3z™ concentrations slightly increased with the application of Biochar A and compost
(with an increase of around 10 mg NO3;~-N kg~!), but decreased in soil amended with Biochar B after
1.5 months. In particular, in compost amended treatments, NH,* decreased from 313 mg NH4*-N kg™
to 161 mg NH;-N kg™! and 560 mg NH;*-N kg™ to 302 mg NH,*-N kg1, but the increase of NO3~
was only 5 mg NO;™-N kg~! and 6 mg NO3~-N kg~! by applying 10 g kg~! and 20 g kg ™!, respectively.
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Table 5. Change in NH;*-N and NO3™-N contents (mg N kg™!) in soil amended with Biochar A, Biochar
B or compost at rates of 10 g kg1, 20 g kg™!, or 50 g kg~! during 45 days of incubation.

Sampling Day: 0 1 2 5 45

NH,*-N

Cont 42.7¢ 50.5P 60.52 61.42 23.24d
CharA20 44.4°¢ 473¢ 56.0 P 58.84a 17.44
CharA50 4754 46.3°¢ 54.1P 59.54 6.6
CharB20 43.3¢ 47.6P 62.92 63.02 20.2°
CharB50 4124 469°¢ 55.3b 61.02 92¢
Comp10 313 b 300P 3132b 3222 161 ¢
Comp20 560 2 5572 523 b 540 ab 302°¢
NO3_-N

Cont 344P° 4462 4392 3520 31.3¢
CharA20 33.64 4240 402°¢ 33.94d 4562
CharA50 3274 404° 39.2¢ 31.2¢ 46.62
CharB20 34.7 ¢ 4202 39.5P 29.64 243¢
CharB50 35.4P 40.02 362 25.1°¢ 18.64
Comp10 40.14 50.1° 475¢ 39.9d 54,52
Comp20 465°¢ 56.08  5443P  459¢ 52.1°b

Different letters indicate significant difference between days of incubation in the same treatment at p < 0.05 based on
Fisher’s test. Cont, soil without amendment; CharA20, soil + 20 g kg™! of Biochar A; CharA50, soil + 50 g kg™! of
Biochar A; CharB20, soil + 20 g kg~! of Biochar B; CharB50, soil + 50 g kg™! of Biochar B; Comp10, soil + 10 g kg™!
of compost; Comp20, soil + 20 g kg™! of compost.

3.2. Biochar Adsorption Capacity

Both types of biochar effectively adsorbed NH,*, but neither adsorbed PO,3~ nor NO3~ (Figure 2).
The NH,* adsorption capacity was significantly higher (p < 0.001) for Biochar A than for Biochar B.

£ 107 @pog-P L0 7 pyNo,-N L0 7 (9 NH,-N

f;c 0.8 1 —e— Biochar A 0.8 - 0.8

o 0.6 — 3 = Biochar B 0.6 - 0.6

T 04 - 04 - 0.4

é 0.2 4 0.2 - 0.2

Z 0.0 *——————=%— (0 : 0.0

£ 020 50 100 o 50 100 0 50 100
&

Equilibrium concentration (mg L)

Figure 2. Sorption isotherm of two different types of biochar to PO43~ (a), NO5~ (b) and NH,* (c).
Error bars indicate the standard deviation of four replicates (n = 4).

3.3. Gas Emissions

During incubation, N,O emissions changed significantly with time (Figure 3a). Rapid N,O
emissions occurred in the first day of incubation. After reaching the peak, NoO emissions in all
treatments declined rapidly in the next two days and then slightly declined during incubation. The N,O
emissions were influenced by amended materials. The greatest N,O emission was observed in compost
amended treatments, followed by the unamended treatment. Of the three amendments, only compost
showed a significant increase in cumulative N,O emission (an increase of 140% and 106% compared
to unamended soil for Comp10 and Comp?20, respectively). A significant reduction was observed in
Biochar A treatments but not in Biochar B treatments. The lowest cumulative N,O emissions were
observed when applying 50 g kg~! Biochar A (80% reduction compared to the unamended soil).
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Figure 3. Fluxes of N,O (a) and CO; (b) emissions from soil amended with biochar or compost. Bar charts
represent cumulative N,O (A) and CO; (B) emissions over 20 days. Emission rates are expressed as
average values from three replicates. Columns with different letters indicate a significant difference
(p < 0.05) among treatments. Error bars indicate the standard deviation of three replicates (n = 3) for
each treatment. Cont, soil without amendment; CharA20, soil + 20 g kg‘1 of Biochar A; CharA50,
soil + 50 g kg™! of Biochar A; CharB20, soil + 20 g kg™! of Biochar B; CharB50, soil + 50 g kg™! of
Biochar B; Comp10, soil + 10 g kg™! of compost; Comp20, soil + 20 g kg™! of compost.
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Except for the significantly high CO, emissions from compost treatments in the first three days,
there was no difference in CO, emissions between different amended materials (Figure 3b). Cumulative
CO; emissions of compost amended treatments were significantly higher than those of unamended
soil but there were no differences between biochar amended and unamended treatments (Figure 3B).

There was no detectable CH4 emission from any of the treatments.

Pearson’s correlation analysis showed that cumulative N,O emission had a significantly negative
correlation with C:N ratio, significantly positive correlations with total N, WFPS, NH4* concentration

and NOj3~ concentration of soil prior to incubation, and soil pH after incubation (Table 6).
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Table 6. Pearson’s correlation coefficients of cumulative N,O and CO, emissions to different soil
properties in non-amended and amended soils (n = 21) at day 0 and day 45.

Day 0 Incubation Day 45 Incubation
Variable Total N C:N WEFPS NO;~-N NH;*-N NO3-N NHy*-N (PII) I—(I))
2
CO, 0.56 ** —-0.37 1% 0.251¢ 0.65 ** 0.67 ** 0.47 1 0.64 ** 0.63 **
N,O 0.73**  —0.74*** 0.68 ** 0.80 *** 0.79 *** 0.4271 0.79 *** 0.75 ***

WEPS, water-filled pore space; **, p < 0.01, ***; p < 0.001; ns, not significant.

4. Discussion

4.1. Phosphorus Fractions of Soil

Labile P, as a sum of H,O-P and NaHCOj3-Pi, was increased by the application of biochar and
particularly by compost amendment. The increase in labile P derives from labile P fractions in the
amended materials. Due to the high level of labile P in compost, the highest increase in labile P was
observed in the Comp?20 treatment. Both types of biochar used in this study had a high value of labile
P (181 mg kg™! to 397 mg kg~!), compared to a basal 33 mg P kg~! in the soil. Compost contained even
greater available P (1500 mg kg™!) than biochar, which contributed to the increase in labile P.

The availability of P changes with time because of the mineralization of soil organic P to inorganic
P, and consequent decrease in NaHCO3-Po [47,48]. These studies explained the microbially-mediated
mineralization of soil organic P to inorganic P, and this rate was faster than that of P sorption by soils,
resulting in an increase in available P. Indeed, an increase in labile P and decrease in organic P with
time were also observed in this study. P solubilizing bacteria may be involved in the processes [20].
This is supported by the study of Molla et al. [43], who reported that a maximum amount of phosphate
mineralized by organisms was obtained only at the 60th day, not the 45th, 30th, or 15th days. In addition,
a high concentration of K and a low concentration of Na in both types of biochar could contribute
to phosphatase activities since phosphatase activities can have a positive correlation with K and
negative correlation with Na [49,50]. Thus, biochar application in this study may have accelerated the
transformation from organic P to inorganic P, which provided labile P. In terms of contributing to the
conversion of organic P to inorganic P, compost and biochar had nearly similar tendencies (35 mg kg™
to 40 mg kg~! decrease in organic P during the six month incubation after the application of biochar
or compost).

Another mechanism involved in the increase in P availability is the release of P from Fe and
Al-binding P forms or the prevention of forming Fe and Al-bound P. Both types of biochar in this study
did not absorb P (Figure 2). This result agreed with results found by Zheng et al. [51], who reported that
biochar produced at low temperatures (up to 600 °C) did not adsorb PO,3~, while some other studies
have reported that P can be adsorbed by biochar produced under 600 °C [52]. Rice husk biochars used
in this study had negative charges and a capacity to adsorb positively charged ions such as NH,*
and Na™ [53]. The application of biochar could initiate complex formation with Fe and Al in ASS and
inhibit the formation of Fe and Al-bound P [54]. This hypothesis was confirmed by lower NaOH-Pi
in CharA50 and CharB50 soil compared to that in unamended soil after a 1.5-month incubation.
This result was similar to previous studies which reported that the sorption of metal ions (Fe** and
AI3") on biochar surfaces released the trapped P in those metal oxides by reducing the amount of free
Fe3* and AI®* ions in soil solutions [24,55]. A high content of silicon in rice husk biochar could also
have a positive correlation with phosphorus mobilization in soil [23]. Wang et al. [21] reported that
rice husk biochar produced at 500-700 °C contained 22-26% SiO,. Therefore, a high availability of
silicon in rice husk biochar might also contribute to immobilize Al and Fe in soil to release available
P [22,23]. Further study is necessary to confirm this aspect. In addition, the reduction in the amount
of NaOH-Pi may come from the increase in pH by applying biochar, like the previous findings by
Atkinson et al. [56] and Hong and Lu [57], who reported that the soil pH was increased by the addition
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of biochar, thus reducing the amount of P precipitated with Fe and Al. In this incubation study, the Fe-
and Al-bound P (NaOH-Pi) increased with time. In cropping systems, plants will continuously use P
in available forms and thus this phenomenon might be prevented.

4.2. Nitrous Oxide Emissions

This study was conducted under the moisture conditions of 70% of MWHC, which would favor
both nitrification and denitrification [4]. This was supported by the positive correlations between
N,O emission and both NH;* and NO3~ concentrations (Table 6). The results indicate that both
nitrification and denitrification may be involved in N,O production in this study. In the first day
of incubation, nitrification happened, which was represented by an increase in NO3;~. Ammonium
increased in Cont, CharB20, and CharB50 in the first day of incubation by mineralization. In Biochar A
amended soils, there was no increase in NH4 " (ther was even a decrease in CharA50). This proved
that Biochar A trapped NHy* by its sorption capacity or stimulated nitrogen immobilization on the
first day, and that limiting the NH,* source for nitrification might have resulted in the lowest N,O
emission. One possible mechanism for reduced N,O emissions by biochar is that NH4 " was adsorbed
onto the negative sites in the biochars, thus reducing the amount of N sources for N,O production [58].
Both types of biochar in this study had some NHy* sorption capacity (Figure 2). The application of
biochar could lead to a reduction in the source of NH4 ™" for nitrification, resulting in reduced N,O
emission. This may be supported by less N;O emission in soils amended with Biochar A, having a
higher NH,* adsorption capacity than Biochar B. In this study, biochar may not have suppressed
denitrification through decreased availability of NO3 ™~ since both types of biochar did not adsorb NO3~
(Figure 2). This result was consistent with other studies by Yao et al. [59] and Zheng et al. [51] which
showed that biochars produced at < 600 °C did not adsorb NO3 ™.

The C:N ratio also negatively correlated with N,O emission (Table 6). Biochar with a higher C:N
ratio limits the release of ammonium N, resulting in less N,O emission. This result is supported by a
previous study by Huang et al. [60], who reported that the amendment of organic matter with a lower
C:N ratio stimulated N,O emission.

Total N,O emission over 20 days showed that only Biochar A decreased N,O emission significantly.
Although both Biochar A and B were produced from rice husk, Biochar A had a higher MWHC (580%
(water/dried material) compared with 340% of Biochar B). These differences would have led to different
water-filled pore spaces (WFPSs) in biochar amended soils, which was 51% WEFPS in CharA50 and 60%
WEPS in CharB50, compared to 70% WEFPS in unamended soil. It is well known that the magnitude
of N,O emissions increased with increasing WEPS [61,62] and reached a peak of emission at 90%
WEPS [41,63]. Therefore, Biochar A, with a higher value of MWHC and a lower moisture content,
decreased WEPS in soil and may have reduced N,O emission.

In all treatments, the sharp peak in N, O flux was observed on the first day of incubation (Figure 3a).
This trend is similar to previous studies [39,64,65] that reported that emissions typically occur rapidly
after N addition. The significantly higher N,O emission from compost application in this study was
consistent with previous results [64,66]; that is, available NH;* from compost was the driving force
of N,O emission. Compost used in this study contained a high amount of NH;*-N and NO3;™-N
(20,870 mg kg~! and 2500 mg kg !, respectively). The high content of inorganic N and the low C:N
ratio in compost increased N,O emission from the compost amended soils. The positive correlations
between N, O emission and total N, NH; ", and NO3 ™~ concentrations also supported this result (Table 6).
In addition, in compost amended treatments, comparing to day 0, NH4* decreased by 152 mg NH,;*-N
kg~! and 258 mg NH,*-N kg™, but the increase of NO;~ was only 14 mg NO3;~-N kg~! and 6 mg
NO;™-N kg™ at day 45 of incubation by applying compost at 10 g kg~! and 20 g kg™!, respectively.
In general, NHj volatilization does not occur in acid soil with pH < 7, and NO, concentration was
negligible in acid soil [4,67]. These indicate the loss of NO3;~ via denitrification in compost treatments.

Taken together, our results suggest that both compost and biochar can be effective in enhancing P
availability and to overcome P deficiency in ASS in the MD. Amendment of compost with a higher
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P content could increase available P more than that of biochar. On the other hand, Biochar A with a
higher MWHC, surface area and NH4* adsorption capacity mitigated N,O emissions, whilst compost
increased such emissions. Further study could address the effects of combining biochar and compost
to investigate if such combinations could meet the goals of improving nutrients and mitigating
GHG emissions.

5. Conclusions

In this study, we investigated the effects of rice husk biochar and compost on P fractions and
mitigating GHG emission from ASS. The application of compost increased labile P and also increased
N,O emission. Biochars enhanced labile P by bringing available P into soil, converting a part of organic
P to inorganic P as well as preventing the formation of Fe and Al-bound P. These results suggest that
the constraints of P limitation due to P bound to Fe and Al in ASS could be resolved by applying
biochar. The application of biochar with a high surface area, MWHC and NH;* adsorption capacity
reduced N,O emission, and as such it would be desirable to formulate and prescribe biochar with such
properties for utilization in scenarios with ASS. Therefore, biochar amendment has the potential to
ameliorate P availability in ASS, whilst compost amendment will likely compromise GHG mitigation
in such soils.
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