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Abstract: Efficient management of N fertilizers enhances crop yields and contributes to sustainable
food security. Tropical acidic soils with high Al and Fe are prone to easy loss of basic cations, such as
NH4+, via leaching and erosion. Appropriate soil amendments and agronomic practices minimize
the loss of fertilizer nutrients, improve soil nutrient retention, and maximize their uptake by plants.
This study aimed to evaluate the effects of co-applying charcoal and sago bark ash with inorganic
fertilizers on N availability, uptake, use efficiency, and dry matter production of sorghum in a tropical
acid soil. The results revealed that the co-application of inorganic fertilizers with charcoal and sago
bark ash increased sorghum plant height, dry matter production, N uptake and N use efficiency.
The soil treated with a combination of 100% of the recommended rate of charcoal and sago bark ash
(C1A1l) resulted in significantly higher sorghum dry matter production, N uptake, and use efficiency
compared with normal fertilization (U1). The C1A1 treatment resulted in significantly lower soil
available N compared with Ul. The C1Al treatment enhanced the uptake of N by the sorghum plants,
resulting in less available N in the soil after the experiment. Although the effects of co-applying
charcoal and sago bark ash on soil total N were not glaring, this practice increased soil pH and total C,
and reduced exchangeable acidity and Al3+. A long-term field study is recommended to confirm the
effects of co-applying inorganic fertilizers with charcoal and sago bark ash on sorghum productivity,
economic viability, and soil nutrient residual effects.

Keywords: nutrient use efficiency; crop productivity; fertilizers; tropical soil; organic amendments

1. Introduction

Sorghum (Sorghum bicolor L.) is the world’s fifth most significant cereal crop after
wheat, maize, rice, and barley [1]. Sorghum is cultivated all around the globe, including
North America in the United States and Mexico, and in South America in Argentina,
Peru, Nicaragua, Brazil, Uruguay, Colombia, Honduras, Venezuela, Haiti, Guatemala,
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and Salvador. It is also cultivated in 38 countries across Sub-Saharan Africa. In Europe,
sorghum is also cultivated in Albania, Romania, France, Italy, and Spain [2]. Sorghum is an
annual cereal crop, is adapted to withstand higher average temperatures than other cereal
crops [3], and is grown to provide both grain and palatable green fodder. In addition to its
use as a food crop, sorghum can be used for a variety of other purposes, including dairy
animal feed, novel foods, industrial uses, processed food starch, beverages, and ethanol [4].

Ultisols predominate in Southeast Asian soils [5]. Soil pH has a strong relationship
with nutrient availability to plants. Tropical Ultisols are acidic with high accumulations of
Al and Fe. The relatively higher rainfall intensity in the tropics contributes to the loss of soil
basic cations through leaching and erosion. This decreases the pH and fertility of Ultisols.
These soils can also be inherently acidic because of the nature of their parent materials.
Furthermore, crops cultivated on these acid soils are affected by other factors such as
toxicities of Al and Fe, nutrient deficiencies, and root infections or diseases [6,7]. Low soil
pH is exacerbated by the dissolution of Al ions on soil exchange sites into the soil solution.
The low productivity of these types of soil is also due to the lack of available P, Ca, and Mg
and rapid mineralization of organic matter [8,9]. If these soil constraints are not managed
well, there could be spiral effects and worsening of soil conditions [10]. The aforementioned
problems are further exacerbated when farmers use chemical fertilizers excessively in order
to improve soil productivity. Liming is a common practice that promotes plant growth by
increasing soil pH, reducing Al, and improving plant uptake of basic cations. However,
excessive liming has negative impacts on crop and soil productivity, such as limiting the
availability of N, P, Mn, Cu, and Zn [11]. In addition to this, liming materials are expensive,
which implies a financial burden to farmers. Nitrogen fertilization has long been known to
improve soil fertility and crop productivity. However, improper N fertilizer application
has a negative impact on the environment, such as NO3; ™ leaching below the root zone to
contaminate ground water [12] and reduction in N use efficiency (NUE) [13]. Excessive
nitrogen use also negatively impacts plants, increasing disease incidence and susceptibility
to pests [14]. Therefore, N availability and use efficiency need to be improved to avoid
NO;3~ loss through leaching.

These problems can be managed or overcome in order to boost agricultural production
through appropriate soil management practices. The use of charcoal and sago bark ash
for soil N management is a promising approach because these materials improve NH4*
retention in soil. It is worth mentioning that Sago, particularly Metroxylon sagu, cultivated
in tropical regions of Southeast Asia, is one of the most significant starch crops used as an
industrial raw material [14]. Wahi et al. [15] reported that Sarawak, in Malaysia, is currently
one of the world’s largest exporters of sago products, with approximately 43 thousand
tonnes exported annually. It is estimated that 0.75 tonnes of sago bark waste is produced
for every tonne of sago flour produced, which is about 32,250 tonnes per year. Normally
the sago bark waste is incinerated for power generation, discharged into a nearby river, or
left to degrade naturally outside the sago mills [15]. Approximately 85% of sago bark waste
is not used, creating a possibility for agricultural waste valorization. One such method of
valorization is conversion into ash. However, excessive use of ash could lead to toxicity for
plants because it comprises some harmful compounds including radioactive Caesium-137
and other toxic elements such as As, Cu, Co, Pb, Zn, and Ni, which can damage plants
and have a negative impact on the ecosystem [16]. Despite this, sago bark ash could break
the functional groups of charcoal because of the effect of Ca and Mg. The combination of
charcoal and sago bark ash could also enhance NH,* retention in soils [17]. The use of
charcoal as an amendment results in nascent feedbacks because it provides a negatively
charged surface to enhance nutrient retention [18]. When charcoal is applied to soils, it
decomposes to produce organic compounds such as humic substances and other organic
acids. These compounds have high affinity for Al and Fe ions. As the soil pH increases,
NH," is adsorbed onto the negative exchange sites because of the deprotonation of the
functional groups (carboxyl, phenolic, and hydroxyl) [19]. The use of charcoal and sago
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bark ash as amendments enhances soil aggregate formation, which subsequently improves
NO;3™ retention through improved soil water holding capacity [20].

However, there is a scarcity of knowledge of the combined use and application to soils
of charcoal and sago bark ash, which could potentially improve the N availability, uptake,
use efficiency, and dry matter production of sorghum cultivated on tropical acid soils.
These agricultural wastes have large surface areas and high amounts of negatively charged
sites, which can act as sites for soil cation retention. This study attempted to answer the
question about whether amending chemical fertilizers with charcoal and sago bark ash
can significantly improve N availability, uptake, use efficiency, and dry matter production
of sorghum on tropical acid soils. The co-application of charcoal and sago bark ash as
amendments are intended to provide insights on the potential of these agricultural wastes
or by-products to be valorized for agronomic purposes. This would contribute significantly
to sustainable crop production in tropical acid soils. Thus, the objective of this study was to
evaluate the effects of amending inorganic fertilizers with charcoal and sago bark ash on N
availability, uptake, use efficiency, and dry matter production of sorghum cultivated on a
tropical acid soil.

2. Materials and Methods
2.1. Soil Samples Preparation and Analyses

The soil (Bekenu series, Typic Paleudults) used in this study was taken from an unculti-
vated secondary forest at Universiti Putra Malaysia, Bintulu Sarawak Campus (3°12'20.0” N,
113°04/20.0” E). The soil was sampled at a depth of 0-20 cm, after which it was air-dried,
crushed, and sieved to pass through a 2 mm sieve for characterization and through a 5 mm
sieve for the pot experiment. Before commencing the pot study, soil samples were analyzed
for their bulk density, texture, pH, electrical conductivity, total C, total N, exchangeable
NH,*, available NO3~, exchangeable acidity, exchangeable Al, exchangeable H*, and
exchangeable cations using standard procedures.

2.2. Initial Characterization of Soil, Sago Bark Ash, and Charcoal

The selected physical and chemical properties of the soil, charcoal, and sago bark ash
are summarized in Table 1. With the exception of soil texture, the selected physical and
chemical properties of the soil (Bekenu series, Typic Paleudults) used in this study were
within the ranges reported by Paramananthan [21]. However, the soil texture obtained
was comparable to that reported previously [22]. The sago bark ash used in this study was
obtained from Song Ngeng Sago Industries, Dalat, Sarawak, Malaysia. The charcoal was
obtained from Pertama Ferroalloys Sdn Bhd, Bintulu, Sarawak, Malaysia.

2.3. The Pot Experiment

The pot experiment was conducted in a net house located at Universiti Putra Malay-
sia’s Bintulu Sarawak Campus, Malaysia. The net house was constructed with an even
span design using a metal frame for the base, and a polyvinyl chloride frame for the roof.
Sorghum was used as a test crop in this study. Polybags (36.5 cm in height, 18 cm in
width, and 19.5 cm in diameter) were filled with 7 kg of soil. Nitrogen, P, and K fertilizers
were applied for optimum growth of the test crop. The amounts of urea (46% N), Egypt
Rock Phosphate (ERP) (28% P,0Os), and Muriate of Potash (MOP) (60% K;0), which is also
known as Potassium chloride (KCl), used were based on MARDI's [23] recommendations
for maize. The amounts of urea, ERP, and MOP used were 130 kg ha~! urea: 214 kg ha™!
ERP: 67 kg ha—! MOP equivalent to 60 kg ha~! N, 60 kg ha~! P,Os, and 60 kg ha~! K,0.
The amounts of the inorganic fertilizers (urea, ERP, and MOP) were fixed at 100% of the
recommended rates except for the treatment without fertilization. The fertilizers were
applied on the soil surface in two equal splits at 10 and 28 days after sowing (DAS). The
amount of charcoal used was based on 10 t ha~! which is equivalent to 359.8 g per 7 kg
soil for this pot study [24,25]. The sago bark ash used was based on 5 t ha~!, which is
equivalent to 179.9 g per 7 kg soil for this pot study [26-28]. The charcoal rates were
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varied by 25, 50, 75, and 100%. The sago bark ash rates were varied by 25, 50, and
100%. These amounts were scaled down from the standard fertilizer recommendation
for maize cultivation per plant basis (based on a planting density of 27,777 plants ha™!)
(Tables 2 and 3). Currently, sorghum is not commonly planted on Malaysian Ultisols. Since
this research investigates the cultivation of sorghum on these Ultisols, and sorghum is a
cereal like maize, the fertilization program for maize was adopted for this study to obtain
preliminary information about growing sorghum on these acidic soils.

Table 1. Key physical and chemical properties of Bekenu series (Typic Paleudults), sago bark ash,
and charcoal used in the pot study.

Properties Soil Sago Bark Ash Charcoal
pH (H,O) 4.61 9.99 7.74
pH (KCl) 3.95 9.66 7.31
EC (uS cm™1) 35.10 5.75 0.27
Bulk density (g m~3) 1.25 nd nd
Total C (%) 2.16 nd 81.92
Total N (%) 0.08 1.37 1.54
Exchangeable NH4* (%) 0.00049 0.00026 0.00023
Available NO3 ™ (%) 0.00049 0.00026 0.00023
CEC (cmol kg™ 1) 4.67 13.13 nd
Exchangeable K* (cmol kgfl) 0.06 9120.00 1435.20
Exchangeable Ca®* (cmol kg™1) 0.02 3361.20 2346.67
Exchangeable Mg?* (cmol kg 1) 0.22 433.73 409.07
Exchangeable Na* (cmol kg 1) 0.03 348.00 99.38
Exchangeable Fe?* (cmol kg ~1) 1.09 8.43 41.90
Exchangeable Mn2* (cmol kgfl) 0.01 nd nd
Total titratable acidity (cmol kgfl) 1.15 nd 0.10
Exchangeable H* (cmol kg~1) 0.13 nd 0.05
Exchangeable A* (cmol kgfl) 1.02 nd 0.047
Sand (%) 71.90 nd nd
Silt (%) 13.50 nd nd
Clay (%) 14.60 nd nd
Texture (%) Sandy loam nd nd

Note: The values given are on dry-weight basis; nd = not determined.

Table 2. Percentages of charcoal, sago bark ash, nitrogen, phosphorus, and potassium fertilizer rates
used for the treatments.

Treatment
Treatment Code Soil Charcoal Sago Bark Ash N P K
o 10 tha-1 5tha-1 60 kg ha—1 60 kg ha—1 60 kg ha—1

SO Soil 0% 0% 0% 0% 0%
Ul Soil 0% 0% 100% 100% 100%
C1 Soil 100% 0% 100% 100% 100%
Al Soil 0% 100% 100% 100% 100%
ClA1 Soil 100% 100% 100% 100% 100%
C2A3 Soil 75% 50% 100% 100% 100%
C2A4 Soil 75% 25% 100% 100% 100%
C3A4 Soil 50% 25% 100% 100% 100%
C4A4 Soil 25% 25% 100% 100% 100%

Note: SO: soil only; Ul: soil with urea, P, and K fertilizers only (normal fertilization); C1: 100% charcoal; C2:
75% charcoal; C3: 50% charcoal; C4: 25% sago bark ash; Al: 100% sago bark ash; A3 50% sago bark ash; A4:
25% sago bark ash.
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Table 3. Treatments evaluated in the pot experiment.

Amendments Rate Fertilizers Rate

Treatment Code Soil (kg) Charcoal Sago Bark Ash Urea  ERP MOP

g Polybag—1

S0 7 ] } } - }

Ul 7 - - 47 77 24

c1 7 359.8 - 47 77 2.4

Al 7 ; 179.9 47 77 2.4
Cl1A1 7 359.8 179.9 4.7 7.7 24
C2A3 7 269.8 89.9 4.7 7.7 24
C2A4 7 269.8 449 4.7 7.7 2.4
C3A4 7 179.9 449 4.7 7.7 24
C4A4 7 89.9 449 4.7 7.7 24

Note: SO: soil only; Ul: soil with urea, P, and K fertilizers only (normal fertilization); C1: 100% charcoal; C2:
75% charcoal; C3: 50% charcoal; C4: 25% sago bark ash; Al: 100% sago bark ash; A3 50% sago bark ash; A4:
25% sago bark ash.

The soil, charcoal, and sago bark ash were mixed thoroughly, after which they were
moistened with tap water at 60% water holding capacity a day before sowing. The sor-
ghum seeds were soaked in water for 24 h before sowing to ensure good germination and
plant establishment [29]. Thereafter, the seeds were sown in planting holes (1 seed per hole)
at a depth of 3—4 cm per hole. The holes were then covered with loose soil. Two seeds were
sown per polybag, after which they were thinned to one at 7 DAS. The volume of water
used for each polybag was maintained at 50% to 60% water holding capacity throughout the
pot study. The sorghum plants were checked and monitored regularly for pest attack and
disease infestation throughout the experiment. The plants were monitored until harvest at
55 DAS. The treatments evaluated in this pot study are shown in Table 3.

2.4. Plant and Soil Chemical Analyses after Harvest

The sorghum plants were harvested at 55 DAS, which is the maximum reproductive
stage before grain filling and physiological maturity stage of sorghum plants. This is the
booting stage during which time nutrient and dry weight accumulation peaks. The plants
were partitioned into leaves, stem, and roots. The roots were cleansed from soil using tap
water. All the plant parts were oven dried at 60 °C until constant weight was attained,
after which, their dry weights were determined using a digital weighing balance. Then,
plant samples were used to determine total N using the Kjeldhal method [30]. For the
soil, samples were collected, air-dried, ground, and sieved to pass 2 mm sieve. Then,
they were analyzed for pH, exchangeable acidity, exchangeable Al, exchangeable HT,
total C, CEC, total N, exchangeable NH,;", and available NO3~.Soil pH in water and KCl
were determined in a 1:2.5 (soil: distilled water or KCl) using a digital pH meter [31].
Exchangeable acidity, exchangeable Al and exchangeable H* were determined using acid-
based titration method [32]. Total C was calculated as 58% of the organic matter using
the loss of weight on ignition method [33]. Cation exchange capacity (CEC) of soil was
determined using the leaching method [34] followed by steam distillation [35]. Total N
was determined using Kjeldhal method [30]. Exchangeable NH;* and available NO; ™
were determined using the Keeney and Nelson method [36]. Nitrogen uptake in stem,
leaves, and roots was determined by multiplying their concentrations with the dry weight
of the plant parts. The N use efficiency was determined using the equation described by
Dobermann [37]:

Uptake = Concentration x Dry weight (g)

Nutrient Use Efficiency (%) = ((uptake with fertilizer — uptake without
fertilizer))/(total amount of fertilizer that had been applied) x 100
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2.5. Experimental Design and Statistical Analysis

The experimental design used in the pot experiment was Completely Randomized
Designed (CRD), performed in triplicate. A normality test, using Shapiro-Wilk test, was
carried out before analysis to ensure the data obtained satisfies the assumptions of ANOVA.
Analysis of Variance (ANOVA) was used to test treatment effects and means of treatments
were compared using Tukey’s Studentized Range (HSD) test at p < 0.05. The Statistical
Analysis System (SAS, Cary, NC, USA) version 9.4 was used for the statistical tests.

3. Results and Discussion
3.1. Effects of Charcoal and Sago Bark Ash on Sorghum Dry Matter Production

The treatments with charcoal and sago bark ash (C1A1, C2A3, C2A4, C3A4, and C4A4)
resulted in taller plants (Figure 1) and dry matter production (leaves, stem, and roots)
(Table 4, Figure 2) compared with normal fertilization (U1). Soil only (S0) resulted in the
lowest sorghum plant height. The sorghum plant leaf dry matter for Al and C1A1 was
significantly higher than those of SO, U1, C1, C2A4, and C4A4. The sorghum plant stem
dry matter values for C1A1 and C3A4 were the highest. The sorghum plant stem dry
matter was the lowest for soil only (S0), followed by normal fertilization (U1). Treatment
with 100% charcoal and 100% sago bark ash (C1A1) significantly enhanced the rooting of
sorghum compared with other treatments. The sorghum plant roots” dry matter for normal
fertilization (U1) was similar to that of the charcoal only (C1) treatment.

Soil only resulted in the lowest sorghum plant height and dry matter production due
to lack of nutrients to sustain their growth and development. The significant increase in the
aboveground biomass for the higher rates of charcoal and sago bark ash suggests that this
treatment combination improved the availability of nutrients for uptake by the sorghum
plants [38].

250

—_—

i

(=)
1

200 A
100

|||H””

CIA1 C2A3 C2A4 C3A4 C4A4
Treatrnents evaluated in the pot study

Plant height (cm)

N
S
1

Figure 1. The effects of treatments on sorghum plant height at fifty-five days after sowing. Means
with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
test at p < 0.05, and « 0.05 thatis a > b > ¢ > d. Bars represent the mean values + SE of triplicates.
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Table 4. Effects of amending nitrogen, phosphorus, and potassium fertilizers with charcoal and sago

bark ash on dry matter production of sorghum plants.

Leaves Stem Roots Total
Treatments
(g Plant—1)

S0 1.53¢ 4+ 0.1 0.48f+0.02 0.59 f + 0.06 2.608 + 0.07

Ul 8984 4+ 0.38 6.71¢ +0.18 10.33€ + 0.54 26.02f 4+ 0.36

C1 16.93¢ +1.37 14944 4+ 1.03 11.88¢ + 1.77 43.75¢ + 1.54

Al 30.102 + 0.76 27.09b + 0.95 43.89b¢ 4+ 1.63 101.07° £+ 2.07
C1A1 30.742 + 0.79 34172 +1.11 59.09 @ + 3.37 1242 4219
C2A3 26.943b 4+ 037 27.75P +0.94 4690 + 1.69 101.59° + 2.29
C2A4 2395P +1.18 172249 £ 0.6 30.44 9 4+ 1.01 71.629 £ 1.16
C3A4 28.233b + 15 30.392b + 1.1 45.76° +1.03 104.38° + 1.24
C4A4 24.86° +0.75 22.67 ¢+ 0.15 36.18 <d 4+ 0.92 83.70 € + 0.68

Note: Means within a column with different letters are significantly different using Tukey’s test at p < 0.05 and

« 0.05.

Figure 2. Effects of treatments on sorghum shoot and root growth at booting stage.

3.2. Effects of Charcoal and Sago Bark Ash Amendments on Sorghum Nitrogen Uptake and

Use Efficiency

Values of nitrogen content in the sorghum plant parts are presented in Table 5. The
effects on total N content in sorghum plant parts were similar among the soil only (S0),
inorganic fertilizer with charcoal only (C1), and the combined treatments (C1A1, C2A3,
C2A4, C3A4, and C4A4). The effects of C1 and Al on N content in the sorghum leaves
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were significantly different. The treatment effects were similar for the N content in the
stems. This finding is in agreement with that of Nguyen et al. [38], who found that the
amendments had no effect on N in plant parts because differences in N isotopic composition
between roots and leaves reflected a fractionation during N transformation within the plant
when the roots and leaves are products of the same source of N. The significant differences
in leaves and roots could be attributed to how these plant parts are related to N in terms of
metabolic activity. Furthermore, N is an essential component of biomolecules, nucleic acids,
chlorophyll, and several secondary metabolites. The insignificant differences in stem N
content are attributable to the harvesting of the plants at the maximum growth stage before
reaching their reproductive stage [39].

Table 5. Effects of amending nitrogen, phosphorus, and potassium fertilizer with charcoal and sago
bark ash on nitrogen content in sorghum plant parts at fifty-five days after sowing.

Leaves Stem Roots Total
Treatments N (%)
S0 1.182P +0.19 1.022 +0.22 0.953b +0.02 3.153b +0.38
U1l 1492 +0.17 0.902 + 0.04 1212 +0.16 3.60 2 + 0.06
C1 1.072 £+ 0.05 0.832 +0.18 1.212 +0.09 3112 +0.16
Al 0.79° +0.05 0.812 +0.08 0.86 ab¢ £+ 0.10 245P +0.19
C1A1 1.652P +0.15 0.742 + 0.06 0.88 3P + 0.02 3.273b 4+ 0.21
C2A3 1.393 +0.16 1.16 2 4 0.05 0.44 ¢+ 0.06 2.992b 4+ 023
C2A4 1162 +0.16 1.092 +0.02 0.60 b¢ + 0.06 2.853b +0.11
C3A4 1.213b +0.02 1.002 4+ 0.05 0.65 ¢ 4+ 0.06 2.852b 4+ 0.08
C4A4 1.56 3P +0.22 1112 £0.12 0.83abc +0.11 3.503P +0.24

Note: Means within a column with different letters are significantly different using Tukey’s test at p < 0.05 and
o 0.05.

Nitrogen uptake in the sorghum plant leaves, stem, and roots is summarized in Table 6.
The soil only treatment resulted in the lowest total N uptake, whereas the 100% charcoal and
100% sago bark ash (C1A1) combination treatment resulted in the highest total N uptake.
Uptake of N in the sorghum leaves for C1A1, C2A3, C3A4, and C4A4 was significantly
higher compared with the normal fertilization (U1), charcoal only (C1), and sago bark ash
only (A1). For the N uptake in the stem, the combination of 75% charcoal with 50% sago
bark ash (C2A3) resulted in the highest uptake. However, the effect was similar to the other
combination treatments except C2A4. The 100% charcoal and 100% sago bark ash (C1A1)
combination significantly increased N uptake in the roots of the sorghum plants. The effects
of combining 75% charcoal with 25% and 50% sago bark ash (C2A3 and C2A4) on N uptake
in the roots were comparable to those with normal fertilization (U1) and charcoal only (C1).

Table 6. Effects of amending nitrogen, phosphorus, and potassium fertilizer with charcoal and sago
bark ash on Sorghum nitrogen uptake.

Leaves Stem Roots Total
Treatments
(mg Plant~1)

S0 18204 +3.14 489f+1.14 5.58 € + 0.43 28.67f +4.26

U1 134.50 ¢4 + 19.34 60.68 ¢f +3.87 123.419¢ + 1315  318.59¢ +4.75

C1 179.97 € + 12.57 127.82 e +36.13 140.78 4 +13.94  448.57 de + 39,62

Al 236.55b¢ + 1323  220.78bcd 43013  374.17P +38.89  831.50 b +53.29
Cl1A1 505.36 2 + 3541  251.56 3¢ 4+ 13.31 520.502 + 35.87  1277.422 + 81.98
C2A3 376.73 2 + 48.78 321.352 + 8.49 203.62°4 +£2580 901.70° + 5491
C2A4 276.11b¢ +£3290  188.05°4 +10.15 181924 + 1651 646.08 4 + 28.81
C3A4 340.19° + 12.87 302.11 3P +7.70 297.22b¢ + 3518 939.51b + 45.63
C4A4 385.232P +51.15  252.142b¢ + 2595  299.74bc + 3064 937.10P +55.45

Note: Means within a column with different letters are significantly different using Tukey’s test at p < 0.05 and

« 0.05.
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Nitrogen is taken up by plants variably at different stages of their growth and de-
velopment. The first of which is primary uptake phase, followed by the reduction of N
to useable forms, such as assimilation into amino acids and translocation, and ending
with remobilization of N to reproductive tissues [40]. Root growth and development are
highly responsive to nutrient availability, and are regarded as a key factor in improving
N use efficiency [41]. Root systems of cereal crops such as sorghum, rice, and maize are
classified into two types: seminal roots and crown roots. This suggests that primary roots
are responsible for N acquisition from deeper layers, whereas lateral roots occupy a larger
volume of surface soil [42]. Lateral roots are known to be more susceptible to changes in
N concentration in addition to biotic (mineralization, plant uptake, and immobilization)
and abiotic (sorption and leaching) stresses. Low N content in the early stages of plants
promotes lateral root initiation, but severe N deficit inhibits root emergence and elongation.

Figure 3 shows the effects of the treatments on N use efficiency. The normal fertilization
(U1) resulted in significantly lower N use efficiency (NUE) compared with the combined
treatments (C1A1, C2A3, C2A4, C3A4, and C4A4). Among the combined treatments,
the 100% charcoal with 100% sago bark ash (C1A1) resulted in significantly better NUE.
The effects of C2A3, C3A4, and C4A4 were similar, indicating that any of the treatments
could be chosen as a good candidate for use as a soil amendment. The combination of
charcoal and ash promotes absorption and subsequent use of N in different plant parts,
and improves NUE. Moreover, the specific surface area and large number of functional
groups in charcoal improves soil fertility and enhances NUE [43]. Soil type, macro- and
micronutrients such as P and K in soil, and crop rotation regulate N uptake and use are
reported to influence the crop requirements of N [44]. Mullen et al. [45] opined that when
the application of N exceeds the potential demand, NUE decreases. Furthermore, the N
source in the root rhizosphere influences the profile of macro and micronutrients, which
affects essential metabolic activities such as photosynthetic rate, plant growth, yield, and
NUE [46]. As a result, NUE can be improved by increasing mineral uptake in tandem with
N availability. A decrease in N concentration reduces N uptake and use of other mineral
nutrients such as P, K, Mg, and Ca [47]. However, N interactions and metabolism with
other nutrients differ depending on the environment, type of plant tissue, nutrient type,
and genotype.

Cl1Al C2A3 C2A4  C3A4  C4A4
Treatments evaluated in the pot study
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Figure 3. Effects of treatments on nitrogen use efficiency at fifty-five days after sowing. Means with
different letter(s) indicate significant differences between treatments according to Tukey’s HSD test at
p < 0.05, and « 0.05 thatis a > b > ¢ > d > e. Bars represent the mean values + SE of triplicates.
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3.3. Effects of Charcoal and Sago Bark Ash Amendments on Soil Nitrogen Fractions and pH at
Fifty-Five Days after Sowing

The effects of the treatments on soil total N are presented in Figure 4. The normal
fertilization (U1), charcoal only (C1), sago bark ash only (A1), and the combined treatments
(C1A1, C2A3, C2A4, C3A4, and C4A4) had similar effects on the soil total N. The soil
only resulted in the lowest total N. Despite having low amounts of N, ash can have a
significant impact on the N cycle, by enhancing N mineralization in soils rich in organic
matter [48]. Combining charcoal and ash has the potential to alter the N dynamics via
several mechanisms, some of which have negative impacts [49]. For example, the high C:N
ratio of the charcoal could limit mineralization of N, thus affecting plant N uptake [50].

SO

i

Cl1A1 C2A3 C(C2A4 C3A4 C4A4
Treatments evaluated in the pot study

Figure 4. Effects of treatments on soil total nitrogen at fifty-five days after sowing. Means with
different letter(s) indicate significant differences between treatments according to Tukey’s HSD test at
p < 0.05, and o 0.05 that is a > b. Bars represent the mean values + SE of triplicates.

Normal fertilization (U1) resulted in the highest soil exchangeable NH,* (Figure 5).
Regardless of the treatment type, the effects of C1, Al, C1A1, C2A3, C2A4, C3A4, and C4A4
on soil exchangeable NH4* were similar. The reduction in NH,* availability in the soils
with charcoal can be explained by the contribution of bioavailable C compounds, which
are able to stimulate microbial activities, resulting in soil inorganic N immobilization for a
period of time. These findings are consistent with those of Deenik et al. [51], who reported
that soil NH4* decreases with increasing soil microbial activity.

Figure 6 shows the effects of the treatments on soil available NO3;~ at 55 DAS. The
soil only (S0), normal fertilization (U1), and charcoal only (C1) treatments resulted in
higher available NO3~ compared with those of sago bark ash only (A1) and the combined
treatments (C1A1, C2A3, C2A4, C3A4, and C4A4). Nitrate in the soil decreased for the ash
and combined treatments, because these amendments enhance root absorption and the
use of so0il NO3~ and NHy*. The charcoal also adsorbs shallow inorganic N in the soil and
reduces N loss, which ultimately increases plant growth [52].
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Figure 5. Effects of treatments on soil exchangeable ammonium at fifty-five days after sowing. Means

with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
testat p < 0.05, and « 0.05 that is a > b > c. Bars represent the mean values =+ SE of triplicates.
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Figure 6. Effects of treatments on available nitrate at fifty-five days after sowing. Means with different
letter(s) indicate significant differences between treatments according to Tukey’s HSD test at p < 0.05,
and « 0.05 that is a > b > ¢ > d. Bars represent the mean values & SE of triplicates.

The effects of the treatments on soil pH in water and KCl were similar in pattern
(Figures 7 and 8). The soil only (S0), normal fertilization (U1), and charcoal only (C1)
treatments resulted in significantly lower soil pH in water compared with A1, C1A1, C2A3,
C2A4, C3A4, and C4A4 (Figure 7). For the soil pH in KCl, the combination of 100% charcoal
with 100% sago bark ash resulted in a higher pH value compared with all of the other
treatments (Figure 8). The lower soil pH of soil only (S0) was due to the soil’s inherently
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acidic nature (Table 1). The increase in soil pH after the addition of ash is consistent with
the results of Perkiomaéki et al. [53], who reported that ash is alkaline and can influence soil
microbial activities variably. The treatments with high ash content explains the effective
liming capability compared with the treatments without ash. The high content of charcoal
also contributed to an increase in soil pH. The combined use of charcoal and ash improved
soil pH because of the neutralizing properties of the ash and the functional groups of
the charcoal.

;JII|||||l

Al ClAl C2A3 C2A4 C(C3A4 C4A4
Treatments evaluated in the pot study

w2 EN W [« ~
1 1 1 1 J

Soil pH in Water

]
1

Figure 7. Effects of treatments on soil pH in water at fifty-five days after sowing. Means with different
letter(s) indicate significant differences between treatments according to Tukey’s HSD test at p < 0.05,
and « 0.05 that is a > b > ¢ > d. Bars represent the mean values + SE of triplicates.

_ 3.5 1
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g
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C1A1 C2A3 C2A4 C3A4 C4A4
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Figure 8. Effects of treatments on soil pH in potassium chloride at fifty-five days after sowing. Means
with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
testat p < 0.05, and « 0.05 thatis a > b > ¢ > d. Bars represent the mean values =+ SE of triplicates.
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3.4. Effects of Charcoal and Sago Bark Ash Amendments on Selected Soil Chemical Properties at
Fifty-Five Days after Sowing

The reduction in soil exchangeable acidity, AP*, and H* are related to the increase
in the soil pH (Figures 9-11). The soil only (S0) treatment resulted in the highest soil
exchangeable acidity, followed by normal fertilization (U1) (Figure 9). The co-application of
inorganic fertilizers with the amendments resulted in lower soil exchangeable acidity. The
normal fertilization (U1) treatment resulted in no significant difference in soil exchangeable
AIR* compared with the soil only (S0) treatment (Figure 10). The use of inorganic fertilizers
with amendments such as charcoal alone (C1) or in combination decreased exchangeable
Al. The co-application of inorganic fertilizers with 100% sago bark ash (A1), 100% charcoal
with 100% sago bark ash (C1A1), and 75% charcoal with 50% sago bark ash (C2A3) also
resulted in negligible amount of soil exchangeable AI**. When compared with the soil only,
the combination of both amendments (C1A1, C2A4, C3A4, and C4A4) resulted in lower
soil exchangeable H*.

These findings are similar to those of Nigussie et al. [54], who reported that the increase
in soil pH for treatments with charcoal was due to its high surface area and porous structure,
which increase soil CEC and binds Al and Fe to soil exchange sites. This explains why
the soil only and normal fertilization treatments demonstrated higher acidity compared
to the treatments with ash and charcoal amendments. Vithanage et al. [55] opined that
the reduction in exchangeable Al** and H* could be attributed to the formation of Al
complexes by oxidized organic functional groups, such as phenolic and carboxylic groups,
on the surface area of charcoal.

Figure 12 shows the effects of the treatments on soil electrical conductivity (EC).
The soil only (S0), co-application of inorganic fertilizer with charcoal only (C1), and the
treatments with 25% sago bark ash (C2A4, C3A4, and C4A4) resulted in lower soil EC
compared to treatment with U1, Al, and C1A1, because the application of charcoal had
minimal effects towards soil EC. This observation corroborates the findings of Jones and
Quilliam [56] and Lucchini et al. [57], who reported similar effects of wood ash and charcoal
on soil EC and pH. The results show that wood ash had a significantly greater effect on
these two soil properties when compared to charcoal.
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Figure 9. Effects of treatments on soil exchangeable acidity at fifty-five days after sowing. Means with
different letter(s) indicate significant differences between treatments according to Tukey’s HSD test at
p < 0.05, and o« 0.05 thatis a >b > ¢ > d > e > f. Bars represent the mean values =+ SE of triplicates.
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Figure 10. Effects of treatments on soil exchangeable aluminum at fifty-five days after sowing. Means
with different letter(s) indicate significant differences between treatments according to Tukey’s HSD

testatp < 0.05, and « 0.05 that is a > b > ¢ > d. Bars represent the mean values + SE of triplicates.
Note: (nd = not determined).
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Figure 11. Effects of treatments on soil exchangeable hydrogen at fifty-five days after sowing. Means
with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
test at p < 0.05, and « 0.05 that is a > b > c. Bars represent the mean values & SE of triplicates.

Among the treatments, the soil treated with charcoal (C1, C1A1, C2A3, C2A4, C3A4,
and C4A4) demonstrated enhanced soil total C (Figure 13). The increase in soil total C is
attributed to the relatively high C content of the treatments. The soil total C was significantly
lower in S0, U1, and Al. The absence of C in these three treatments explains the lower soil
total C content. With decreasing amount of charcoal, soil total C decreased. Charcoal has
highly recalcitrant C molecules, which are poor decomposable C substrates, resulting in
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lower C mineralization of native soil C, causing deceleration of C cycling in the soil [58].
However, this is debatable, because charcoal particles promote litter decomposition as a
result of higher microbial activity [59].
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Electrical Conductivity (uS cm™)

Figure 12. Effects of treatments on soil electrical conductivity at fifty-five days after sowing. Means
with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
testat p < 0.05, and « 0.05 that is a > b > c. Bars represent the mean values + SE of triplicates.
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Figure 13. Effects of treatments on soil total carbon at fifty-five days after sowing. Means with
different letter(s) indicate significant differences between treatments according to Tukey’s HSD test at
p < 0.05, and « 0.05 thatis a >b > ¢ > d > e. Bars represent the mean values + SE of triplicates.

The results for the soil cation exchange capacity (CEC) for the various treatments
are presented in Figure 14. The normal fertilization (U1) resulted in the lowest soil CEC.
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The effects of the soil only (S0), C1, C2A4, C3A4, and C4A4 treatments on the soil CEC
were similar. These results suggest that the addition of charcoal and sago bark ash had
no significant effects on soil CEC because CEC is partly not affected by initial soil pH [60].
Conversely, Glaser et al. [61] and Yuan et al. [62] reported that the addition of charcoal to
acidic soils increased soil CEC and the amounts of exchangeable base cations.

Lilililil

Cl1A1 C2A3 C2A4 C(C3A4 C4A4
Treatments evaluated in the pot study
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Figure 14. Effects of treatments on soil exchangeable cation exchange capacity at fifty-five days after
sowing. Means with different letter(s) indicate significant differences between treatments according
to Tukey’s HSD test at p < 0.05, and « 0.05 that is a > b > c. Bars represent the mean values + SE
of triplicates.

4. Conclusions

Amending inorganic fertilizers with charcoal and sago bark ash increases sorghum
plant height, dry matter production, N uptake, and N use efficiency. This is due to the
unique properties of charcoal, which has a significant number of functional groups that are
capable of retaining NHy* for sorghum plant uptake. As a result, the applied N was used
efficiently because the combined charcoal and sago bark ash treatments reduce the potential
for NO3 ™~ leaching losses. Although the effects of co-application of charcoal and sago bark
ash on soil total N were not glaring, this practice increased soil pH, total C, and reduced
exchangeable acidity and AI**. A field study is recommended to further assess the effects
of amending inorganic fertilizers with charcoal and sago bark ash on sorghum productivity,
economic viability, and soil nutrient residual effects. Fourier transform infrared (FTIR)
spectral analysis and analysis of the element composition of the amendments using EDX-S
is necessary to identify the functional groups and chemical composition of the charcoal and
sago bark ash.
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