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Although biochar can be considered as a potential amendment to ameliorate degraded soils with many studies
reported, little is known about its effects on acidic soils grown with elephant grass (Pennisetum Purpureum
Schumach), a bioenergy crop. The current study aimed to (1) examine the effects of coffee husk-derived biochar
on the grass’s yield and properties of acidic soil and (2) identify potential mechanisms in determining the yield. A
greenhouse pot experiment was conducted to test five treatments (no biochar — T1, 2% biochar-T2, 4% biochar-
T3, 2% cow manure-T4, and a mixture of 1% biochar plus 1% cow manure -T5) in four replicates. The pots were
grown with elephant grass for three successive harvests. Soil after each harvest was taken to analyze for 14
parameters, which were used for SQI estimation. Biochar significantly increased the biomass yield by 61 (T2) and
82 % (T3), compared to T1. pH, cation exchange capacity, and the concentration of Mehlich-1 P and
exchangeable bases (K, Na, and Ca) were significantly enhanced, while exchangeable acidity and the concen-
tration of exchangeable H', Al, and Fe were significantly decreased following biochar addition. The SQI was
significantly better in the biochar-added soil than the non-biochar soil. The improved biomass yield could be
involved in a few mechanisms, including liming effect, co-addition of nutrients with the added biochar, and
nutrient use efficiency. In brief, biochar is a potential amendment in mitigating the constraints of acidic soils,
leading to the enhanced biomass yield of elephant grass in the soils.

1. Introduction

Acidic soils, a marginal soil group popular all over the world, occupy
as much as 50 % of the world’s arable land and are likely to further
increase due to ongoing soil acidification (Kunhikrishnan et al., 2016;
von Uexkiill and Mutert, 1995). Acidic soils are commonly low in
fertility and productivity because of toxicities caused by a high con-
centration of aluminum (Al), manganese (Mn), and iron (Fe) and defi-
ciency of phosphorous (P), and bases (calcium- Ca, magnesium — Mg,
and potassium - K) (Dai et al., 2017; Kunhikrishnan et al., 2016). To
maximize benefits, it is important to apply appropriate solutions to
ameliorate the constraints of the soils. Two common directions of

effectively using the soil can be related to the cultivated crops and
agronomic practices. The former may be involved in the crop selection
such as elephant grass (Pennisetum Purpureum Schumach), a bioenergy
crop, well adaptable to the poor — quality soils and the latter may be
related to soil amendments to reduce the toxicities while correct nutrient
deficiency, thus improving the fertility of the soil.

Originated from Africa, elephant grass is a perennial tropical crop,
commonly cultivated for high-quality and high-production forage for
beef and dairy cattle. Given climate change reported recently due to the
greenhouse effect partially caused by fossil fuel burning (Nasa, 2020),
bio-energy derived from biomass can be a potential alternative in
replacement of fossil fuel. Consequently, elephant grass can be used as a
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new raw material for bioenergy production (Flores et al., 2012; Strezov
et al., 2008). Nevertheless, the additional cultivation of the grass could
result in competition between bioenergy production and food crop
production, reducing available agricultural land, and possibly threat-
ening food security.

Therefore, the marginal soils such as acidic soils could be an optimal
solution for bioenergy-crop production with many studies conducted
(Koide et al., 2018; Richards et al., 2014). The elephant grass can be
adaptable to a wide range of environmental conditions with minimal
nutrient demand and a wide range of soil pH (Strezov et al., 2008),
making it suitable for acidic soils. Nevertheless, to get a better yield of
elephant grass, the quality of the acidic soil should be improved.

One important and sustainable option to improve the quality of the
acidic soils is to use biochar as an amendment because the material has
high alkalinity (Fidel et al., 2017). Generally, biochar as a soil amend-
ment can revert or prevent soil acidification and improve soil fertility
and productivity, which were well documented by (Biederman and
Harpole, 2013; Dai et al., 2017; Ding et al., 2016). In the acidic soil,
biochar may remediate the toxic effects of Al, Mn, and Fe, while
improving nutrient deficiency of P, and other base cations (Berek et al.,
2018; Dai et al., 2017; Qian et al., 2013). These indicate that biochar
could be a suitable amendment on acidic soil grown with elephant grass.

However, our up-to-date literature search revealed that insufficient
studies were carried out to discuss the effects of biochar on the biomass
yield of elephant grass planted in acidic soils. Therefore, the current
study was conducted to (1) examine the effects of biochar on the yield of
elephant grass and quality parameters as well as soil quality index (SQI)
of acidic soil and (2) identify some potential mechanisms by biochar in
determining the grass yield on the acidic soil in Vietnam. It could be
hypothesized that biochar could increase the biomass yield of elephant
grass and improve the quality parameters of the acidic soils and that the
effect could be involved in some main mechanisms such as liming effect
and nutrient improvement.

2. Materials and methods
2.1. The experimental materials

Soil samples used for the current study were taken from a Rhodic
Ferralsol (FAO/UNESCO) historically planted with the coffee tree,
located at 14.019489, 108.115231, in Dac Doa district, Gia Lai province,
Vietnam. The coffee trees were cultivated 25 years ago and the soil was
degraded due to inappropriate management practices (erosion, inor-
ganic fertilizer application, product removal, and nutrient leaching).
Due to decreased bean yield, the coffee trees are about to cut down to
replant for the second cycle or possibly converted for other purposes
such as forage production for dairy cow farming. The percent of clay,
silt, and the sand component of the soil was 66.2, 23.7, and 10.1 %,
respectively (more properties of the soil shown in Table 1). About
300 kg soil in 0-15 cm surface layer was taken from 10 points distrib-
uted over around 10-ha area. The taken soil was transferred to a
greenhouse of Industrial University of Ho Chi Minh City for air-drying,

Table 1
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grinding, and sieving through a 2-mm sieve for the pot experiment.

Biochar material used for the current study was produced from the
coffee husk, using a method by Nguyen et al. (2018b) with some
modification. The kiln reactor used to produce biochar was made from a
steel sheet, which was rolled into a cylinder with a size of 0.8m x 1.5m
(width x height). The coffee husk was collected from the same soil
sampled-coffee tree plantation and air-dried before biochar production.
Cow manure was bought from the local market surrounding the coffee
plantation. Some properties of the biochar and cow manure were shown
in Table 1.

2.2. Experimental setup

The current study was set up as a completely randomized design with
four replicates in a greenhouse. Five experimental treatments included
(T1) no amendment addition, (T2) 2% biochar addition, (T3) 4% bio-
char addition, (T4) 2% cow manure addition, and (T5) a mixture of 1%
biochar plus 1% cow manure. The biochar and cow manure were mixed
with around 7-kg soil at the mentioned rates and the mixtures were re-
packed into plastic pots (18cm x 35cm, diameter x height), each of
which was pre-drilled to make 5 small holes (2 cm in diameter) at the
bottom for over-water drainage. The stem-cutting method was used to
plant elephant grass in individual pots (Ferreira et al., 2018). Individual
cuttings included 3 nodes, two of which were buried under the pot soil
and three cuttings were planted in one pot. The pots were watered
bi-daily using tap water, and no fertilizers were applied during the
6-month experiment.

2.3. Measurements

Biomass harvest: The harvest was carried out in three cuts after 2, 4,
and 6 months from planting. The harvests were implemented every 2
months because Arshadullah et al. (2010) found that the highest yield of
elephant grass could be reached after 60 days from planting. For the
harvests 1 and 2, the aboveground part at a 20-cm height from the stock
was cut, washed with tap water, and oven-dried at 70 °C until constant
weight. The dry weight was calculated in grams per harvest per pot and
used for statistical analysis. For the last harvest, the aboveground part
was collected in the same way as the two above harvests. The root mass
and stubble mass were collected by pulling out the soil, root, and stubble
from each pot onto a clear plastic sheet and a knife was used to cut the
topsoil layer (0—15 cm). After hand separating the soil from the top
layer, the biomass (root and stubble) was washed out with tap water,
separated into root and stubble, oven-dried at 70 °C until constant
weight, and weighed to determine dry mater per pot per harvest.

Chemical analyses: Before the experiment, the sieved soil, biochar,
and cow manure were sampled in three replicates for chemical analyses.
After each of three harvests, the soil from all pots was sampled sepa-
rately for the 0—15 cm surface layer, air-dried, and ground to pass a 2-
mm sieve before analyses.

Soil, biochar, and manure samples were analyzed for pH,
exchangeable acidity, exchangeable H', plant-available nutrients

Initial properties of experimental materials. (N.D. = Not Detected). Note: The soil had a particle size distribution of 66.2 for clay, 27.7 for silt, and 10.1 for sand. The

biochar had 15 % of ash content.

Available concentration (mg

Exchangeable concentration(mg kg™ ')

-1
Material ~ Statistics pH  OC (%) TKN (%) CEC (cmol(+) kg™ kg ™)
NHj NO3  Mehlich-1P Al Fe Mn Ca Mg K Na
Soil Mean 59 29 0.18 12.8 27.7 8.2 15.4 822 49 6.8 1820 27.4 231.8 481.0
SE 0.0 0.2 0.02 0.2 0.8 0.2 0.5 1.5 05 02 7.0 1.1 6.3 1.7
Biochar Mean 9.8 58.2 0.58 170.4 ND ND 157.4 2.1 2.1 0.2 886.7 178.2 19025.8 1231.0
SE 0.0 03 0.05 1.2 0.0 0.0 1.6 0.4 05 00 192 1.2 197.3 15.4
Manure Mean 7.2 257 1.04 28.0 433.4 90.4  4309.0 0.2 23 34 15784 1626.7 101244  3637.9
SE 01 07 0.05 0.4 8.2 1.3 14.8 0.0 01 01 908 99.8 300.2 14.4
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(Mehlich-1 P, NH4, and NO3), exchangeable cations (Al, Fe, Mn, Na, K,
Mg, and Ca), and cation exchange capacity (CEC). Besides, the before -
experiment soil was analyzed for particle size distribution (Carter and
Gregorich, 2008), total Kjeldahl nitrogen (TKN) (Phares et al., 2020),
and organic carbon (OC), and the biochar and cow manure were
analyzed for OC and ash content (for biochar). The materials were added
with distilled water at a 1:2 (w/w) ratio and the extract was measured
for pH. OC was measured using the Walkley — Black method.
Exchangeable acidity and H' were measured using the titration method
(Carter and Gregorich, 2008). The concentrations of NHf and NO3 were
measured using 2 M KCl (Carter and Gregorich, 2008). Available P was
determined based on the Mehlich-1 method (HCI + H,SO4 extraction)
(Novak et al, 2018) and the extract was measured using the
Murphy-Riley colorimetric method (Murphy and Riley, 1962). The
concentrations of exchangeable Al, Fe, Mn, Na, K, Mg, and Ca were
measured using the barium chloride method (Carter and Gregorich,
2008) and the extract was measured using Inductively coupled plasma -
optical emission spectrometry (ICP-OES). CEC was measured using the
ammonium acetate method as used in Nguyen and Lehmann (2009).

2.4. Statistical analyses

All original data were subjected to statistical analysis using one-way
Analysis of Variance (ANOVA) for a completely randomized design. The
simple linear regression analysis was performed to examine the de-
pendency of biomass yield on individual soil parameters. Additionally,
the soil quality index (SQI) was computed based on the principal
component analysis/factor analysis method (Mukherjee and Lal, 2014)
using Eq. (1)

SQI = Z Wi 8 (@)
i=1

Where n is the number of soil parameter; w; is the weightage of the ith
parameter, and s; is the score of the ith parameter. The w; (the weightage)
was determined using the principal component analysis/factor analysis
and s; is determined through Egs. (2) and (3). The fourteen soil pa-
rameters analyzed were divided into three groups, including “more is
better”, “less is better” and “neutral”. The more-is-better parameters
included all soil parameters having positive correlations with biomass
yield; the less-is-better parameters included those having negative cor-
relations with biomass yield and the neutral including those having no
relationship with biomass yield. For the more-is-better and neutral pa-
rameters, s; is determined following Eq. (2).

Xi — Xinin
S — (2)

Xmax — Xmin
For the less-is-better parameters, s; is determined following Eq. (3)

Kmax — Xi
3

Xmax — Xmin

Where Xi, Xmin, and Xmq, are the analyzed value, minimum value, and
maximum values of the parameter i, respectively.

The principal component analysis/factor analysis (PCA/FA) was
used to determine the weightage (w;) of individual soil parameters. The
PCA/FA was applied to the whole data following the procedure
described by Mukherjee and Lal (2014). Factors having either eigen-
value greater than 1 or a percentage greater than 5% were retained for
weightage estimation of the soil parameters having a high loading value
(>0.5) with the corresponding factor. The weightage was computed as
that sﬁi,.: where e; is the eigenvalue of factor i, and Sum is the sum of the
eigenvalue of all factors remained after PCA/FA. The computed SQI was
also subjected to statistical analyses, including one-way ANOVA and
simple linear regression analysis as mentioned above.
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3. Results
3.1. The biomass yield of elephant grass

In general, the aboveground biomass of elephant grass of treatment 3
(T3, soil added with 4% of biochar) was the highest, and that of T1 (soil
added without any amendment) and T4 (soil added with cow manure)
was the lowest in three successive harvests over 6 experimental months
(Fig. 1a). For the first harvest, T3 had the aboveground biomass yield of
44.7 (g pot™ 1), significantly higher than the other treatments and T1 had
the lowest aboveground yield (13.1, g pot1). For the second and the
third harvests, the highest aboveground biomass was also found in T3,
while the lowest biomass was found in T1. Along the three harvests, the
aboveground yield of T3, T2 (soil added with 2% biochar), and T5 (soil
added with 1% biochar plus 1% cow manure) decreased to a greater
extent than the other treatments. The root weight and stubble weight
were also significantly higher in treatment 3 than in treatments 1 and 5
(Fig. 1b and c). Finally, the total biomass of T3 was the highest, followed
by T2, T5, T4, and T1 (Fig. 1d).

3.2. Soil properties

The pH value, organic carbon (OC), and cation exchange capacity
(CEC) of the original soil samples were 5.9, 2.9 (%), and 12.8 (cmole(+)
kgfl), much lower than those of the tested biochar (9.8, 58.2, and
170.4), and cow manure (7.2, 25.7, and 28.0), respectively (Table 1).
The concentrations of NHj (433, mg kg’l), NOs- (90.4, mg kg’l), and
Mehlich-1 P (4309, mg kg ™1) of the cow manure were much higher than
the other experimental materials. The tested soil also had the concen-
tration of exchangeable Al, Fe, and Mn much higher than the other
materials, while biochar had an exchangeable K concentration higher
than the other materials, and cow manure had the concentration of
exchangeable Ca, Mg, and Na better than the others.

After the first harvest, soil CEC (17.7, cmole(+) kg’l) and pH (7.8) of
T3 were significantly higher than the other treatments, and lowest in the
T1 (13.6, and 6.0, respectively) (Fig. 2a and b). After the second harvest,
these two soil parameters of T3 also were still highest, but after the third
harvest, these parameters were statistically similar in all five treatments.
In contrast, the soil of T1 was significantly higher in exchangeable
acidity and exchangeable H' than the other treatments, especially T3
and T2 after the first harvest (Fig. 2c and d). After the third harvest,
exchangeable acidity was still significantly highest in T1 and lowest in
T3, while exchangeable HT was not clearly different in all five
treatments.

For the first and second harvest, the concentrations of NHZ (21.1 and
20.3, mg kg™!) and NOs3- (15.2 and 23.6, mg kg™) of T4 were the
highest and those of T3 (14.5 and 14.8; 11.2 and 16.0, respectively)
were the lowest (Fig. 3a and b). For the last harvest, the concentration of
these two forms of nitrogen was not different among the five treatments.
Along the harvest times, the concentration of NH; was decreased while
that of NO3- was increased in all five treatments. The soil of treatments
2, 3, 4, and 5 was improved with available P concentration, compared to
treatment 1 after all three harvests (Fig. 4a). For the first and the third
harvest, the concentration of Mehlich-1 P of T5 was the highest (21.0
and 17.4, mg kg’l), and its concentration of T1 (14.8 and 9.8) was the
lowest of the five treatments, while for the second harvest, its concen-
tration of T4 was the highest (18.2) and that of T1 was the lowest (13.0,
mg kg™ 1). The concentration of Mehlich-1 P was decreased along the
harvest times in all five treatments. The concentration of exchangeable
Al was the highest in treatment 1, 68.0 (after the first harvest), 72.1
(after the second harvest), and 78.5 (mg kg’l, after the third harvest)
and the lowest in T3 (13.8, 36.7, and 42.9, mg kg™1), respectively
(Fig. 4b). Along the harvest times, the exchangeable Al concentration
was increased but its difference among the three harvests of T3 was
greater than that of T1. For the exchangeable Fe concentration, T3 had
the concentration significantly lower, and T1 and T5 had the
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Fig. 1. Biomass yield of elephant grass in three successive harvests of five treatments. For each harvest in panel a and within each panel (panels b, ¢, and d), columns
attached with the same letter were not significantly different from the others. The error bars indicated standard errors (SE) computed from 4 replicates.

concentration significantly higher than other treatments only after the
first harvest (Fig. 4c). The concentration of exchangeable Mn was not
different among five treatments in three harvests, varying from 3.9 to
7.3 (mg kg™ 1) (Fig. 4d).

Of the four base cations, soil K of T3 had the exchangeable concen-
tration (1076, 937, and 558, mg kg’l, after the first, second, and third
harvest, respectively) significantly higher than that of the other treat-
ments in all three harvests (Fig. 5a). Along with the harvest times, the
concentration of exchangeable K was decreased in all five treatments,
and the greatest decrease was found with T3 and the smallest decrease
was with T1. The concentration of exchangeable Na and Mg was highest
in T4 and lowest in T1 after only the first harvest. For Ca, its
exchangeable concentration was still highest in T4 after the first and the
second harvest, and lowest in T1 (Fig. 5c). After the third harvest, its
concentration was not significantly different among the five treatments.
The similarity of the four base cations was a decrease in their
exchangeable concentration along the harvest times.

3.3. Relationships of the biomass yield and soil properties

After the first harvest, the aboveground biomass of elephant grass
was significantly correlated with soil properties, including CEC, pH,
exchangeable acidity, the concentration of exchangeable H', NH{, NO3,

Mehlich-1 P, exchangeable Al, Fe, Ca, and K (Table 2). The positive
correlations were found with CEC, pH, the concentration of Mehlich-1 P,
and the concentration of exchangeable Ca, and K, while negative cor-
relations were found with the other soil parameters. After the second
harvest, the aboveground biomass was significantly and positively
correlated with CEC, pH, Mehlich-1 P, and exchangeable K, and nega-
tively correlated with exchangeable acidity, exchangeable H', and
exchangeable Al (Table 2). After the third harvest, the aboveground
yield of the grass was well correlated with pH, exchangeable acidity, and
the exchangeable concentration of Al and K (Table 2).

PCA/FA showed that of the five factors having the highest eigen-
value, factor 1 had high loading value with pH, exchangeable acidity,
CEC, exchangeable Al, and exchangeable K; factor 2 had a high loading
value with NHJ, Mehlich-1 P, exchangeable Fe, exchangeable Mg, and
exchangeable Na; factor 3 had with exchangeable H' and NO3; factor 4
had with exchangeable Ca, and the last one had with exchangeable Mn
(Supplemental Table 1). Fig. 6a showed that T3 had the highest SQI and
T1 had the lowest SQI of the five treatments after each of three harvests.
The SQI was also decreased along the harvest times and the difference in
SQI among the three harvests of T3 was the greatest and that of T1 was
the smallest. The SQI was significantly correlated with the biomass yield
after each of the three harvests (Fig. 6a, b, and c). This relationship
explained as much as 79, 81, and 33 % of the total variance of the
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Fig. 2. CEC (a), pH (b), exchangeable acidity (c), and exchangeable H" (d) of soil after each of three harvests. For each harvest within individual panels, columns
attached with the same letter were not significantly different from the others. The error bars indicated standard errors (SE) computed from 4 replicates.

biomass yield after the first, second, and third harvest, respectively.
4. Discussion
4.1. The effects of biochar on the biomass yield

There are many studies conducted to address the effects of biochar on
the growth and biomass yield of various crops (Jeffery et al., 2011; Ye
et al., 2019). The increment of biomass yield by biochar addition higher
on the acidic soils than the other soils (Jeffery et al., 2011) may indicate
that biochar could be a potential amendment for acidic soils in
improving crop productivity. Nevertheless, biochar addition on soils
planted with elephant grass was limitedly reported and discussed, while
its addition on the other bio-energy crops was reported more frequently.
For example, the grain yield of sorghum was increased by 100 % as a
result of biochar addition in combination with NPK fertilizer applica-
tion, compared to non-biochar and NPK fertilizer application (Steiner
et al., 2007). The biomass yield of switchgrass was increased by 8.3 %
through biochar addition on various marginal soils in the US (Koide
et al., 2018). The current study found that biochar addition at 2 and 4%
increased the biomass yield of elephant grass by 61 and 82 %, averaged
over 3 harvests, compared to the non-biochar treatment. In addition, the
effects of biochar on biomass yield and soil properties were weakened

along the three harvests, being stronger in the first harvest and weaker in
the last harvest. Similarly, Cornelissen et al. (2018) found that the effect
of rice-husk biochar on corn yield faded from season 2 onwards and
Steiner et al. (2007) reported that biomass yield of biochar treatments
was reduced rapidly after the first harvest. These findings could be
useful for reference in planting other crops, especially bio-energy crops
in acidic soils. Some mechanisms possibly related to these effects would
be discussed in the following sections.

It is also important to notice that the elephant grass is a perennial
crop, which may need a large air space for stem and great soil volume for
root to develop. The former may not be a limiting factor for the current
study because the experimental space was larger enough for the crop to
grow while the latter could be the case, which may restrict the root and
the whole crop to develop. Nevertheless, some other studies used pot
experiments to test the effects of various experimental factors on
elephant grass (Alwi et al., 2018; Ansa, 2019; Liang et al., 2018).
Although the grass root may grow to the subsoil layers, the greatest root
portion was found within the 0—20 cm surface layer (Saraiva et al.,
2014; Zhiping et al., 2004). The current experiment was set up to have
around 30-cm soil depth within the experimental pots to capture most of
the root mass. In addition, biochar addition significantly increasing the
root weight of elephant grass after 6 months (Fig. 1b) compared to the
other treatments may indicate that the soil volume needed for the root



B.T. Nguyen et al.

Industrial Crops & Products 161 (2021) 113224

30 — 30
(a) NH, (b) NO;~ o
C—1 The fisrt harvest
25 | === The second harvest 251 a 2 A
mmmm The third harvest a 1
x:) 20 - a
20 { &P ol b
o ab Tab "o bel] bL b[ M a
~ 1 b a ~ 15 29¢ M ab
g L7, cba g be §
~ 15 1 a ~ L C
10 A
10 - 5
5 T T T T T O T T T T T

T1 T2 T3 T4 TS5
Treatment

T1 T2 T3 T4 TS5
Treatment
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system, especially in treatments 1, 4, and 5 to develop was still available
within the experimental time frame.

4.2. The effects of the amendments on soil properties

The tested soil was relatively low in pH (5.9), while biochar had high
pH (9.8) (Table 1), leading to enhanced pH of the biochar-added soil as
shown in Fig. 2b. Similarly, Dai et al. (2014) reported that depending on
soil and biochar properties, acidic-soil pH was increased significantly
due to biochar addition but the increment was decreased with time after
the experiment. Having higher CEC value and the concentration of
exchangeable K, Na, Ca, and Mg (Table 1), biochar addition could ac-
count for the increased concentrations of these parameters of the
biochar-added soil, in line with other studies (Wang et al., 2014). The
change magnitude of these parameters could be determined by their
relative difference between the tested soil and added biochar. With a
similar explanation, Hailegnaw et al. (2019) found that the increased
CEC and exchangeable Ca concentration of the biochar-added soil were
found in the soils having initial CEC and the concentration of
exchangeable Ca lower than the added biochar and vice versa. The
highest increase caused by biochar addition was found with exchange-
able K concentration (Fig. 5a), mostly due to the material containing
high K concentration, which was reported by many studies (Bista et al.,
2019; Poormansour et al., 2019).

In contrast, the same soil added with biochar had significantly lower
exchangeable acidity and exchangeable concentration of H™ and Fe after
the first harvest (Figs. 2¢c, d, and 4 c) as well as exchangeable Al con-
centration after all three harvests (Fig. 4b). The changes in these pa-
rameters are much related to soil chemistry, which is commonly
reflected through pH value. An increase in soil pH would lead to a
reduction of these parameters, typically exchangeable acidity and
exchangeable Al concentration (Hamilton et al., 2003; Jha et al., 2016;
Sanchez, 2019). The exchangeable acidity is comprised of exchangeable
AI®* and HY, of which the Al portion was decreased with biochar
application rates, but increased with harvest times, varying from 28 to
44 % (after the first harvest) to 61-76% (after the third harvest) in the
current study (data not shown). These indicated that biochar addition
may have a relatively stronger effect on removing the exchangeable H"
ion, while had a relatively weaker effect on exchangeable AI**
reduction.

The concentration of NHZ was found to decrease while that of NO3

was to increase with harvest times in the current study (Fig. 3). This is in
line with finding from a study by Dai et al. (2014) and the authors found
that the decreased concentration of NH4 and increased concentration of
NOs was negatively correlated with each other. The authors also
pointed out that nitrification was the process mainly responsible for the
decrease of NHZ concentration and the increase of NO3 concentration
over the experimental duration. In general, the concentration of NH}
and NO3 can be determined by the balance of ammonification and
nitrification. Stronger nitrification due to aerobic soil conditions than
ammonification may result in a decrease in NHJ concentration and an
increase in NO3 concentration after three harvests in the current study.
A slight increase in NHj concentration over three harvests in treatment
3 could be considered as a random effect because an additional statis-
tical analysis was conducted and showed that the NHj concentration
after three harvests of treatment 3 was not significantly different. The
amendments also played an important role in influencing the concen-
tration of these two nutrients. With a negative priming effect (Rittl et al.,
2015), the suppression effect of biochar on native soil C mineralization
could lead to reduced soil N mineralization because the two processes
are commonly accompanied by each other (Jensen et al., 1997). This
could be the main reason to explain the lower concentration of NHZ and
NO3 of treatments 2 and 3, compared to other treatments. Moreover,
cow manure containing a greater concentration of NHJ and NO3
(Table 1) could lead to a higher concentration of these two N forms of
the treatments 4 and 5. Both processes of negative priming effect from
biochar addition and co-addition of NHf and NO3 from cow manure
possibly happening in the treatment 5 may explain its concentration of
NHj and NO3 lower than the treatment 4 but higher than the other
treatments after the first harvest (Fig. 3). In addition, the adsorption of
NHZ and NO3 on biochar (Fidel et al., 2018) could be an additional
reason in explaining the lowest concentration of the two nutritional
forms of nitrogen in the biochar treatments 2 and 3. The better growth of
elephant grass in treatment 3 could be another reason to reduce these
two forms of nitrogen due to the grass uptake and biomass removal after
the first harvest.

The concentration of Mehlich-1 P of all four amendment treatments
was significantly higher than that of treatment 1 that could be explained
for several reasons. The first and most important reason could be
involved in the liming effect, referring to as an increment of soil pH
caused biochar. Following biochar addition, soil pH was significantly
increased (from 5.95 in treatment 1-6.46 in treatment 4 and over 7.0 in
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Fig. 4. The concentrations of Mehlich-1 P (a), Al (b), Fe (c), and Mn (d) of soil after each of three biomass harvests. For each harvest within individual panels,
columns attached with the same letter were not significantly different from the others. The error bars indicated standard errors (SE) computed from 4 replicates.

other treatments, Fig. 2b) and the exchangeable concentration of Al and
Fe was decreased (Fig. 4b and c), leading to an increase in P availability
due to a reduction of its fixation by iron and aluminum oxides in low pH
(Ding et al., 2016; Hale et al., 2020). A similar reason was also well
documented by Atkinson et al. (2010) and the change magnitude of soil
PH as a result of biochar addition could affect P sorption and desorption
and then its availability in soil (Xu et al., 2014). The second one could be
explained with co-addition of P with the amendments, which were
attributed to explaining similar findings by Nguyen et al. (2018a).
Compared to the tested soil, biochar and cow manure had a much high
concentration of Mehlich-1 P (Table 1), which could be mechanically
added to the soil, enhancing the P availability of the treatments 2, 3, 4,
and 5 as shown in Fig. 4a.

Nevertheless, most soil parameters in the current study showed a
significant difference among the five treatments after the first harvest,
but insignificant difference or lesser significant difference in the case of
SQI after the last harvest. This may indicate that some properties of the
biochar-added soil could revert to their origin after a certain time.
Ouyang et al. (2014) showed that soil C mineralization happened
rapidly within the first 80-100 days from the amendment day and af-
terward the rate of this process was quite similar among the biochar and
non-biochar added soils. From a 4-season experiment, Griffin et al.
(2017) concluded that the effect of biochar on the concentration of K,

PO,4-P, and Ca®* was found clearly in the second season and faded in the
following years. The weakening effect of biochar on soil fertility in the
current study could be explained with a few mechanisms, discussed in
the following section.

4.3. Key mechanisms of biochar in improving soil quality and the biomass
yield of elephant grass

In general, biochar addition directly improved soil quality and sub-
sequently enhanced biomass yield of the tested grass that could be
explained with a few important mechanisms, including liming effect, co-
addition of nutrients with the added biochar, and nutrient use efficiency.
The liming effect of biochar, indicated through the improvement of soil
pH or reduction of soil acidity as a result of an application of alkaline
material, could be seen in Fig. 2. The effect was identified as the main
mechanism to improve crop productivities through a meta-analysis
study (Dai et al., 2020). Liming effects led to improved SQI due to
reduced Al toxicity (reduced exchangeable Al concentration) and
improved nutrient availability (improved Mehlich-1 P and exchange-
able bases) of acidic soil in the current study, which was pointed out as
the main consequent mechanisms of biochar addition (Dai et al., 2017).
Likewise, Qi et al. (2017) found that the acidic biochar induced an un-
clear impact on nutrient concentrations, CEC, and pH, while neutral-pH
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Fig. 5. The exchangeable concentration of the base cations of soil after each of the three biomass harvests. For each harvest within individual panels, columns
attached with the same letter were not significantly different from the others. The error bars indicated standard errors (SE) computed from 4 replicates.

Table 2

The correlation coefficient of biomass yield with soil parameters after each of the
three harvests. The bold numbers indicated that the relationship was significant
at P < 0.05.

Biomass yield after each of the three harvests

Soil parameters

Harvest 1 Harvest 2 Harvest 3
pH 0.86 0.73 —0.53
Exchangeable acidity —-0.71 —0.88 —0.47
Exchangeable H —0.77 —0.49 —0.09
CEC 0.78 0.78 -0.21
NH3 —0.44 —0.43 -0.12
NO3 —0.47 —0.30 —-0.13
Mehlich-1 P 0.79 0.44 0.33
Exchangeable Al —0.83 —-0.71 —0.49
Exchangeable Fe —0.49 0.30 —-0.07
Exchangeable Mn —0.15 —0.03 0.15
Exchangeable Ca 0.50 0.34 0.37
Exchangeable Mg 0.31 0.41 0.36
Exchangeable K 0.82 0.84 0.50
Exchangeable Na 0.43 0.18 0.19

biochar significantly enhanced soluble nutrient concentrations and pH
of acidic soil. The second important mechanism in enhancing soil quality
and the biomass yield of elephant grass could be involved in nutrient
addition to the tested soil through the added biochar (co-addition

mechanism). Biochar, considered as a nutrient source (Ding et al.,
2016), had nutrient concentrations of Mehlich-1 P and exchangeable
bases, especially K, as well as CEC and OC much higher than the tested
soil (Table 1), leading to mechanically enriching these soil parameters
through biochar addition. These nutrients enclosed within the added
biochar resulted in better soil quality and grass yield as seen in Fig. 6.
The last mechanism related to the efficiency of nutrient usage could be
seen with NH; and NO3, which could be involved in the adsorptive
capacity of biochar (Kaur and Sharma, 2020). Nutrient adsorption
played an important role in keeping the nutrients, reducing their losses
through leaching as mentioned above, or gasification (Nguyen et al.,
2019; Weldon et al., 2019). These could be seen in Fig. 3a, which
showed that the concentration of NH} of treatment 1 was decreased
while that of treatment 3 tended to increase with three harvest times.
Similarly, the NO3 concentration was higher in treatment 1 after the
first harvest, whereas it was higher in treatment 3 after the third harvest.

The relationships between the aboveground biomass yield of the
elephant grass with soil parameters and SQI were stronger after the first
harvest (r> = 0.79) but weaker after the third harvest (r*> = 0.33)
(Fig. 6b, ¢, and d). The weakening effect of biochar could be related to a
few mechanisms. The first could be involved in soil buffering capacity,
which is the ability of soil to resist changes. From a three-year open-field
experiment, Jones et al. (2011) found that the pH of soil added with
50 ton ha~! biochar was reverted to be similar to that of the non-biochar
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harvests (b, ¢, and d). Note: significant relationships were shown with the coefficient of determination (rz), probability (p), and linear regression equation.

added soil. The change magnitude could be determined by the difference
in the buffering capacity of the soil and of the added biochar. The second
could be related to nutrient depletion through grass uptake and biomass
removal, mitigating the change of soil properties caused by biochar
addition. Nutrient uptake could be one mechanism in reducing soil
nutrient availability of the biochar-added soil (Wang et al., 2018). The
last one could be involved in nutrient losses through leaching from this
pot experiment and gasification of nitrogen. Although the current study
was conducted in a greenhouse using pots as containers for grass growth,
the bottom of the pots was drilled to create 5 small holes (2 cm in
diameter) for water drainage in case of overwatering. These holes
created an opportunity for nutrient leaching in cases of overwatering
bi-daily during the experiment. Leaching of nutrients was attributed to
being the main reason of fading the effect of biochar on corn yield
(Cornelissen et al., 2018).

The weakening effects of biochar on biomass yield and soil properties
along three harvests in the current greenhouse experiment could likely
exist in large-scale fields. This may suggest that replenishment of bio-
char after a few harvests should be implemented for better biomass
yield. A combination of biochar with inorganic fertilizers may be an
option to increase the biomass yield of the grass. Therefore, more studies
on biochar applied in acidic soils planted with elephant grass in both

greenhouse and open large-scale fields are in need to clarify the effects.
Various biochar types and application rates in combination with inor-
ganic fertilizers would be necessarily tested.

5. Conclusions

Cultivation of a bio-energy crop, such as elephant grass in acidic soils
could be a potential option in optimizing soil production. To maximize
its productivity, the application of biochar is an option because it
increased the biomass yield of elephant grass, compared to the non-
biochar and cow manure addition. Some soil properties such as pH,
CEC, available P, and exchangeable bases (K, Na, and Ca) were signifi-
cantly enhanced, while some others such as exchangeable acidity, H',
Al, and Fe were significantly decreased following biochar addition.
Consequently, SQI was significantly better in the biochar-added soil
than the non-biochar treatment. The improved biomass yield by biochar
addition could be involved in a few mechanisms, including liming effect,
co-addition of the nutrient with the added biochar, and nutrient use
efficiency. Nevertheless, the effect of biochar was weakened within
three harvests that could be involved in a few other mechanisms,
including soil buffering capacity, nutrient depletion through grass up-
take and biomass removal, and nutrient losses through leaching and



B.T. Nguyen et al.

gasification. Biochar addition increased the quality of the acidic soils
and the elephant grass’s yield but the effects got weaker after a few
harvests in the greenhouse conditions.
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