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ABSTRACT

In our previous study, biochars derived from poultry manure (PMB) and rice husk (RHB) where shown to be
promising sources of nutrients to the soybean crops that were grown in the ferric acrisol soils. Furthermore
Bradyrhizobium japonicum inoculated soybean seeds were concluded to be advantageous. However, no field
study was found for the rhodic lixisol soil types. Here we report effects of such biochars on soybean crops grown
in rhodic lixisol soils were examined in terms of root dry weight (unit), shoot dry weight (g plant?), total plant
dry weight (g plant™), seed weight (g), grain yield (Mg ha*), number of nodules (nodule number plantt), nodule
dry weight (g plant™) and harvest index (unit). Our results showed 4 kg Mg ha* PM had a superior effect on the
grain yield of the soybeans coated with B. japonicum. In this study B. japonicum coated seeds produced both
high numbers as well as dry weights of nodules in response to PM and biochars either alone or in combinations.
The harvest index of the un-inoculated soybeans upon treatment with 5 kg Mg ha® RHB + 2 kg Mg ha! PMB
was found to be the highest. We successfully conclude rhodic lixisol soils to be well suited for PM and RHB
applications on both inoculated and un-inoculated soybean crops.
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1. Introduction

In Sub-Saharan Africa, the majority of tropical
soils are naturally deficient in organic matter due
to continuous nutrient mining by growing crops
and the presence of kaolinitic clays, which are
chemically inert and affect productivity (Adiaha,
2017; Vlek et al., 1997). The current practices of
soybean production in the forest-savannah
transition  agro-ecological ~ zone, especially
continuous crop farming without the return of
crop residues and fertilizer prior to soybean

cultivation, could progressively reduce Yyields.
Limitations of existing practices include nutrient
imbalances, reduced soil quality, and increased
vulnerability to erosion (Rashmi et al., 2020;
Hartemink, 2002). Additionally, soybean seeds
require substantial amounts of nitrogen (N),
phosphorus (P), and potassium (K), as well as
smaller amounts of sulfur (S) and some
micronutrients.  Although  soybean  requires
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considerably less P and S than N or K, all these
nutrients are essential for plant development.

This study builds on our previous work (Elebiyo
& Bachmann, 2024), where poultry manure (PM),
poultry manure biochar (PMB), and rice husk
biochar (RHB) were prepared, characterized, and
applied to soybean seeds inoculated with
Bradyrhizobium japonicum. However, no field
study had previously addressed rhodic lixisol soil
types. In the present investigation, rhodic lixisols
were used, with the experimental site located in
the forest-savannah transition agro-ecological
zone. Rhodic Lixisol is a tropical soil classified
under the Cutanic, Aric, and Clayic categories. It
is one of the most strongly weathered soils,
retaining remnant qualities in humid subtropical
climates, with low nutrient reserves and low
available nutrient levels. Drier regions of the
tropics and subtropics are predominantly occupied
by rhodic lixisols, covering over 435 million
hectares, particularly in East and Sub-Saharan
Africa. Literature has shown that biochar
applications are especially effective in nutrient-
poor and acidic soils (Elias et al., 2020; Elebiyo &
Bachmann, 2024). All the methods used in this
study followed the procedures described in
Elebiyo and Bachmann (2024)  without
modifications unless stated otherwise.

This study hypothesized that biochar addition
would enhance soil organic carbon, while short-
term agronomic effects would depend on pre-
existing organic carbon levels. It was expected
that combining poultry manure or poultry manure
biochar with rice husk biochar would outperform
RHB alone due to better N, P, and K availability,
improving soybean growth, nodulation, and yield.
Understanding these interactions is essential for
optimizing biochar use in sustainable agriculture
and environmental management. This research
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investigated how different biochar combinations
and Bradyrhizobium inoculation affect soybean
growth and vyield in tropical rhodic lixisols. The
findings are anticipated to guide effective biochar
application strategies in improving global food
security.

2. Material and Methods

2.1 Raw materials

The raw materials used in the present study were
poultry manure (PM) and rice husk (RH),
previously collected from local rice millers and
poultry farms (Elebiyo & Bachmann, 2024).
These materials were then converted into biochars
following the procedures described in Elebiyo and
Bachmann (2024). The chemical profile of the
resulting biochars has also been previously
reported (Elebiyo & Bachmann, 2024).

2.2 Experimental site

This study was conducted at the College of
Agriculture, Ejura's Research Farm in Ghana
between May and August 2017. The site is
situated at a latitude of 07°23'04” N and longitude
01°21'32" W, with an elevation of approximately
249 m above sea level (see Fig. 1). The
experimental site lies in the forest-savannah
transition agro-ecological zone. The criteria for
site selection were consistent with those used in
Elebiyo and Bachmann (2024).

2.3 Weather

Weather data were obtained from the Ghana
Meteorological Agency (GMet). The region
experiences a bimodal rainfall pattern, with the
major rainy season from mid-March to July and a
minor rainy season from September to November.
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The average annual rainfall is approximately 1439
mm. Monthly average temperatures range between
21.2°C and 31.2°C. Relative humidity during the
major cropping season averages 86%, while it
drops to about 55% during the minor season.

Acrisol - AC
Arenosol - AR

B Chemozem - CH
Cambisol - CM
Fluvisol - FL

I Feralsal - FR

I Gleysol - GL
Leptosol - LP

I Lixisol - LX

B Nitisol - NT
Planosal - PL

[ Plinthosol - PT
Vertisol - VR

B W ater bodies “WR

* Location of Study

Fig. 1: Soil map of Ghana based Harmonised
World Soil Map version 1.21. The dominant soil
group at the study site is predicted to be Lixisol

2.4 Soil testing

Standard soil testing procedures were employed to
determine key soil properties. Soil pH was
analyzed using the method of McLean (1982), and
electrical conductivity followed the standard
protocol outlined by Rayment and Higginson
(1992). Soil organic carbon (SOC) was estimated
using the method of Nelson and Sommers (1982).
Available phosphorus was assessed using the Bray
and Kurtz (1945) method, and total nitrogen was
measured according to Bremner and Mulvaney
(1982). Exchangeable minerals including calcium,
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magnesium, and sodium were analyzed as per
Brown and Lilleland (1946) and Moss (1961).
Total exchangeable acidity (hydrogen and
aluminum ions) was determined following the
methods outlined by Page et al. (1982). Soil
texture was determined using the hydrometer
method described by Bouyoucos (1962).

2.5 Soil sampling and treatments

Soil sampling and treatment application were
conducted following the methods described by
Elebiyo and Bachmann (2024). Briefly, poultry
manure biochar (PMB) was applied at rates of 2
and 4 Mg ha™', while rice husk biochar (RHB) was
applied at 5 and 10 Mg ha?'. Some RHB
treatments were enriched with either dry PM or
PMB. Control plots received no biochar
amendments and were maintained with plain soil
at 10 kg Mg ha™.

2.6. Soybean seed inoculation

Soybean seed inoculation followed the method
described in Elebiyo and Bachmann (2024). Seeds
were moistened using gum arabic and inoculated
with Bradyrhizobium japonicum (SoyCap) at a
rate of 10 g per kg of seeds. Each seed was
estimated to carry between 10* and 10° viable
rhizobial cells.

2.7 Soybean seed planting

Soybean seeds were planted on June 6, 2017, in
the forest-savannah transition zone. Planting was
done by placing three seeds per hole at a depth of
5-7 cm. Row spacing was maintained at 60 cm,
and intra-row spacing at 10 cm.

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025
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2.8 Experimental design

The study employed a randomized complete block
design (RCBD) as previously used in Elebiyo and
Bachmann (2024). A total of 3 blocks were
established, each consisting of 18 plots. In half of
the plots, soybean seeds were not inoculated with
B. japonicum, while the other half received
inoculated seeds. In total, the experiment
comprised 54 plots, covering a land area of 1295
m2. Plots measured 5 m x 3 m, with 2 m spacing
between blocks and 1 m between individual plots.
The complete layout is summarized in Table 1.

2.9 Fertilizer

Triple superphosphate and potassium (K) were
from muriate of potash. Fertilizers were applied to
all soybean plots one week after planting using the

band method. The application rate for phosphorus
was 30 kg P per hectare (ha™!) and potassium was
also 30 kg K per hectare (ha™) respectively
(Elebiyo & Bachmann, 2024).

2.10 Measurement of crop parameters

The soybean crops were analysed for dry biomass
(shoot, root and total) weight, nodulation, grain
yield and harvest index in accordance with
methods described in Elebiyo and Bachmann
(2024).

2.11 Statistical analysis

The data obtained for nodulation, growth, and
yield parameters of soybean were subjected to
statistical analysis using GENSTAT (2012
Edition). Analysis of variance (ANOVA) was
performed to determine significant differences

Table 1: Soil treatments at experimental site of the forest-savannah transition agro-ecological zone.
Values are on Mg ha™ basis (Elebiyo & Bachmann, 2024).

Main plot Main plot Split plot

number Treatment B. japort)icum PM pPI\EI)B RHB
1 Plain soail + - - -
Plain soil - - - -

2 10RHB + - - 10
10RHB - - 10

3 4PM + 4 - -
4PM - 4 - -

4 4PMB + - 4 -
4PMB - - 4 -

5 2PM+10RHB + 2 - 10
2PM+10RHB - 2 - 10

6 2PMB+10RHB + - 2 10
2PMB+10RHB - - 2 10

7 4PM+5RHB + 4 - 5
4PM+5RHB - 4 - 5

8 2PMB+5RHB + - 2 5
2PMB+5RHB - 2 5

9 4PMB+5RHB + - 4 5
4PMB+5RHB - 4 5

PM - Poultry manure, PMB - Poultry manure biochar and RHB - Rice husk biochar

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025
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between treatments after significant mean values
were separated using the Duncan Multiple Range
Test (DMRT) at the probability level of 5%.

3. Results and Discussion
3.1 Soil characteristics

The general characteristics of the soil at the
experimental site were found to be similar to those
of our previous study (Elebiyo & Bachmann,
2024). The soil type, however, was found to be
rhodic lixisol (FAO/JUNESCO Soil Map of the
World Legend; Adu, 1992; Sys et al., 1993). The
pH tests revealed that the chemical characteristics
were very acidic (pH =5.44). The pH is, however,
found lower than that reported for ferric acrisol
(Elebiyo & Bachmann, 2024). The SOC content
was 0.39% and was found marginally appropriate
for soybean cultivation; the SOC of a previous
study was found to be moderate (Elebiyo &
Bachmann, 2024) (Table 2). The characteristics of
treated soil at the experimental site are shown in
Table 3.

3.2. Growth of Soybeans with biochar-enriched
soil and B. japonicum on a continuous cropping
farm

In the present study, the outcomes of the root dry
weight, shoot dry weight, and total plant dry
weight of soybeans were not statistically different
in their significance (p < 0.05) after applying 4
Mg ha? PM, 10 Mg ha™ RHB and 4 Mg ha™
PMB alone or in combination. Effects of B.
japonicum coated seed on soybean root, shoot, or
total plant dry weights were also found to be
statistically similar in their significance (P > 0.05)
after applying PM, RHB, and PMB alone or in
combination. B. japonicum-coated seed had no
significant (P > 0.05) effect on soybean root,
shoot, or total plant dry weight (Fig. 2-4).

It is seen from Fig. 3 that 4 kg Mg ha™' PM alone,
and in combination with 5 kg Mg ha' RHB
showed an increase in the dry shoot biomass. The
findings were comparable to the un-inoculated
soybean control samples. In fact, in this study 5 kg
Mg ha™' RHB combined with 4 kg Mg ha™ PM
showed the highest dry shoot weight relative to

Table 2: Soil physical and chemical properties prior to the experiment for soybean production in a
rhodic lixisol of forest-savannah transition agro-ecological zone

Soil parameter Unit Rhodic Lixisol charaifei:istics Ferric Acrisol charaife irlistics
pH (1:2.5 H,0) 5.44 S3 5.64 S2
Electrical conductivity (dS/m) 0.6 S1 0.6 S1
Organic carbon (%) 0.39 S3 1.81 S2
Total nitrogen (%) 0.01 NA 0.03 NA
Awvailable phosphorus (mg kg?) 8.71 NA 9.4 NA
Calcium (g kgh) 2.34 NA 2.23 NA
Magnesium (gkg?h 0.22 NA 0.11 NA
Potassium (gkg?h 0.26 NA 0.13 NA

Suitability: S1 (high), S2 (moderate), S3 (marginal), N (unsuitable), NA: Not available

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025
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Table 3: Nutrient status of treated rhodic lixisol from the forest-savannah transition agro-ecological

Zone
. 10t 4t 4t  2tPM+ 2tPMB+ 4tPM+ 4tPMB+ 2tPMB+
Soil parameter RHB PM PMB 10tRHB 10tRHB 5tRHB 5tRHB  5tRHB
Organic carbon 071 044 041 0.74 0.72 0.57 0.57 0.56
Total nitrogen 0014 0017 0016  0.017 0.017 0.018 0.018 0.015
Awvailable phosphorus 174 491  38.6 37.4 32.2 42.8 42.8 28
Calcium 234 254 242 2.44 2.38 2.42 2.42 2.38
Magnesium 0226 0235 0231  0.233 0.232 0.234 0.234 0.229
Potassium 0293 0327 0291  0.326 0.308 0.307 0.307 0.292

the control. The application of 4 kg Mg ha™ PM,
10 kg Mg ha™ RHB, 4 kg Mg ha PMB, 10 kg
Mg ha RHB + 2 kg Mg ha™ PM, and 5 kg Mg
ha™ RHB + 4 kg Mg ha PM to the inoculated
soybean seeds showed enhanced dry shoot
biomass relative to the controls. The application of
Mg ha?' RHB + Mg ha?' PMB in varying
formulations on the contrary showed poor results,
implying that more organic amendment is
required.

From Fig. 4 it can be seen that inoculated
soybeans treated with Mg ha™ PM and Mg ha™!
RHB alone or in combination yielded high dry
root biomass. In Fig. 5 it is obvious that PM and
RHB are promising sources of nutrients to the
inoculated soybean seeds.

5 kg Mg ha™ RHB + 4 kg Mg ha™ PM (18.02 g
plant™) had the highest dry biomass weight, while
5kg Mg ha' RMB + 2 kg Mg ha! PMB (10.02 g
plant™) had the lowest influence. The findings
indicate that PM released nutrients faster than
PMB. Technically, PM has a shorter-term effect
than PMB on agronomic practices. The findings
indicate that the application rate was insufficient
to address the nutrient shortfall in a timely manner
at the research site, where nitrogen and
phosphorus levels were low, organic matter was
low, and the soil was acidic. The treatments with

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025

B. japonicum produced decent but not substantial
results. PM is a more effective enhancer than
PMB, which releases nutrients slowly. Our
findings are congruent with those of Wu et al.
(2022), who found that an optimum biochar
application rate was effective in generating stable
yields or vyield increases under continuous
cropping settings. It was also reported by Wu et
al. (2022) that biochar applications increased the
total root volumes relative to control samples. In
the present study, the pH (7.88) of the PM-treated
soils is close to the pH (7.39) of one of the
biochar-treated soils in Wu et al. (2022), which
showed about a 28.06% increase in total root
volumes compared to control samples.

The study by Yusif et al. (2019) is of significance
owing to the fact that acidic soils treated with 40 t
ha™ of biochar at 8 weeks after sowing resulted in
taller plants. Increasing the quantity of biochars to
60 t ha™ led to an improvement in the number of
leaves. The optimal biochar rate for the highest
shoot dry weight, root dry weight, and nodules
was found to be 70 t ha™!, 10 t ha™', and 50 t ha™
respectively.
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Fig. 3: Shoot dry weight of soybean as influenced
by the treatments in forest-savannah transition
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Fig. 5: 100 seed weight of soybean as influenced
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Fig. 9: Nodule dry weight per plant of soybean
as influenced by the treatments in forest-
savannah transition agro-ecology. Error bars
represent standard deviation of the mean. Bars
with the same letters are not significantly
different (P<0.05).
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In line with our previous experiment (Elebiyo &
Bachmann, 2024), biochar greatly increased the
growth and yield of soybean crops in the ferric
acrisol of Ghana's Guinea savanna agro-ecological
area, where organic carbon levels were moderate,
and provided a concept for soybean cultivation. It
indicates that more organic amendment may be
required in this area.

In the study by Howard (2011), dry root mass of
soybeans was found to depend on whether the
seeds were grown in sand or soil. For example, in
sand, an increase in dry root biomass was
observed at 1.5% biochar compared to control.
However, a decrease in dry root biomass was
found when biochar application increased to 3.0%.
The opposite effects were observed for dry root
biomass grown in soils. Biochar at 3% produced
the highest dry root biomass in soil, while
comparably low results were observed at 1.5%
and 6% biochar usage.

In the study by Zhu et al. (2018), biochar
applications at 1.5% increased total root volumes
by 52.1% relative to control samples. Similarly, a
31.5% increase in total root surface area was also
evident. Root vitality was found to increase by
225.7-384.7% compared to controls at 7 days
after germination. At 10 days after germination,
root vitality was 92.7% higher than in the control
samples.

In the study by Shekedir (2022), applications of
10 t ha! biochar and Rhizobium were found to
boost root dry mass by 1.6-fold (2.06 g) compared
to control (1.30 g). Total root volumes were also
improved by such applications.

3.3 Soybean 100 seed weight, grain yields, and
harvest index using biochar-enriched soil and
B. japonicum on a continuous cropping farm

Using PM, RHB, and PMB alone or in
combination significantly boosted soybean seed
weight, grain yield, and harvest index (p < 0.05).
Bradyrhizobium coated soybean seeds had a
substantial impact (P < 0.05) (Fig. 5-7). Shekedir
(2022) showed that for common beans treated
with 10 t ha™! biochar + Rhizobium, the number of
nodules increased by 221.2% compared to the
control samples. When lowering the application
rate to 10 t ha™ biochar + Rhizobium, a 36.52%
increase in nodule number was reported compared
to controls.

The highest 100-seed weight of soybean was
measured with the application of 4PMB (11.94),
while the lowest weight was recorded for 10RHB
(11.03). The greatest grain yield at harvest was
obtained under the application of 4PM (4.306),
whereas the lowest was reported for SRHB4PMB
(2.433). The greatest impact on harvest index was
recorded for B5RHB2PMB (0.3036), while
5RHB4PM gave the lowest value of 0.1527 PM
was more impactful on nutrients due to its
stronger response in terms of grain yield.

The increase in soybean grain yield and harvest
index might be attributed to both single and
combined treatments of PM, RHB, and PMB, as
the control showed the lowest yield. The impact
was stronger for RHB enriched with PM and PMB
than for RHB alone. The results are consistent
with Elebiyo and Bachmann (2024), although the
yield observed in this study was lower than in a
similar experiment conducted on ferric acrisol in a
semi-deciduous forest in Ghana, where organic
matter was higher. This suggests that additional
organic matter is required on rhodic lixisols to
improve grain yield and harvest index. It also
implies that there is room for further improvement
in yield outcomes.

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025
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Bradyrhizobium was able to influence 100-seed
weight and harvest index, likely due to enhanced
P and K availability from the organic amendments
aiding nitrogen fixation, although this was
insufficient to significantly affect overall yield.
Bradyrhizobium inoculation, in combination with
or separate from applications of PM, RHB, and
PMB, has the potential to substantially enhance
soybean grain yields.

According to Shekedir (2022), the combination of
biochar and Rhizobium inoculation had a
significant (P < 0.01) effect on nodule number,
dry biomass, root volume, pod count, and seed
yield. When compared to Rhizobium inoculation
alone, a combined application of 10 t ha™ biochar
and Rhizobium significantly increased pod and
seed production. Similarly, Sun et al. (2020)
validated that both biochar type and inoculation
influenced seedling growth performance. Their
findings demonstrated that combined application
of 10 t ha™* biochar and Rhizobium improved pod
number and seed yield compared to Rhizobium
alone.

Ayalew et al. (2021) further reported that
inoculation of cowpea with strain CP-24
significantly increased 100-seed weight by 13%
relative to the control, although this did not
translate into a significant improvement in overall
yield.

3.4 Soybean nodule number and nodule dry
weight with biochar-enriched soil and B.
japonicum on a continuous cropping farm

Bradyrhizobium  japonicum-coated  soybean
application significantly increased nodule number
and the dry weight (P < 0.05) (Fig. 8 and 9). The
sole and combined application of PM, RHB, and
PMB did not significantly (P < 0.05) improve

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025

nodule number but caused variation across the
treatments. Fig. 8 and 9 revealed that the
performance of B. japonicum depends on the
availability of organic matter and nutrients.

The lowest number of nodules was found in
10RHB (13.60) and control (16.13) plots, while
the plot with 5RHB2PMB (27.33) and PMB
(22.42) had the most. The control (0.0802) and
10RHB (0.0847) had the lowest dry weights, but
the plot amended with 5SRHB2PMB (0.1282) and
PMB (0.1345) had the greatest.

Overall, the result indicated that inoculation
treatments outperformed non-inoculated therapies.
This result revealed that the application of
Bradyrhizobium japonicum stimulates nodulation,
particularly in tropical soils with a low native
Bradyrhizobium strain population, which may be
insufficient, and so increased the plant's response
to Rhizobium strain inoculation (Abaidoo et al.,
2007). Moretti et al. (2018) found that Rhizobia
inoculation increased soybean nodule dry weight
compared to the control. When B. japonicum
inoculant was applied to soybean, the nodule dry
weight and number increased by two to three
times compared to the control. The positive
increase in nodule number in soybean plants is
consistent with the findings of Gtodowska et al.
(2017). Biochar improved nodulation
performance, but not significantly. Ofori (2017)
found that mixing rock phosphate and
Bradyrhizobium spp. promoted nodulation in
soybean and cowpea by around 61.5%. According
to Shamim et al. (2015), nodulation increased
when biochar and NPK fertilizer were applied
together, with the combined application having
the greatest influence. Shikha et al. (2023)
demonstrated that biochar-based Rhizobium
inoculants boosted nodulation, root weight, shoot
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weight, nut yield, and soil nutrient uptake in
groundnut.

In conclusion, our data show that utilizing alkaline
biochars and B. japonicum-inoculated seeds in
soils without a history of soybean farming can
increase the number of nodules. 4PMB and
5RHB2PMB will be effective organic additives
for improving soybean nodulation.

4. Conclusion

The findings from the rhodic lixisol in the forest-
savannah transition agro-ecology imply that soil
pH and organic matter levels should be increased
for improved legume yield and nodulation.

PMB outperformed PM in terms of soybean
nodule formation. It indicates that nodulation
requires slow-release nutrients. The results
suggest that nutrient release from PM was faster
than that of PMB on soybean crop growth
biomass. As a result, PM is more effective in
enriching RHB and has a shorter time effect than
PMB, which informs agricultural applications.
Under a sufficient soil pH, the combined
application of PM or PMB could result in a short-
term improvement in overall performance.

The soybean's root, shoot, and total plant dry mass
remained unchanged (p > 0.05) after applying PM,
RHB, and PMB alone or in combination, likewise
the application of B. japonicum-coated seed.
Using PM, RHB, and PMB alone or in
combination significantly boosted soybean seed
weight, grain yield, and harvest index (p < 0.05).
Bradyrhizobium japonicum application resulted in
a significant (P<0.05) increase in nodule number
and dry weight (Fig. 8 and 9). This confirms the
study's alternate hypothesis that nutrient-enriched
biochar has a higher fertilization potential than

RHB or non-biochar. The application of B.
japonicum coated soybean seeds considerably
boosted nodule number and dry weight in a ferric
acrisol of the semi-deciduous agro-ecological
zone.

The addition of 4 Mg PM and 5RHB2PMB
resulted in the maximum number of nodules and
grain yield when compared to 10 Mg RHB and 4
Mg PMB because the pH, phosphorus, and
potassium levels in the soil were highest.
Available phosphorus and potassium were shown
to be connected with root, shoot, and total plant
dry weight, but NPK in soil appeared to be
somewhat correlated with grain (R2 > 0.46).

This study illustrates the feasibility of employing
PM or 5RHB2PMB as an alternative or addition to
synthetic inorganic fertilizer for soybean growth.
PMB generated at 350°C should be used instead of
PM to reduce odour and weight while retaining
nutrients. PMB can also address nutrient shortages
in RHB”.

The results obtained from the rhodic lixisol in the
forest-savannah agro-ecological zone show that
there is a need to boost soil pH and organic matter
content to improve the production and nodulation
of legumes

5. Reference

Abaidoo, R. C., Keyser, H. H., Singleton, P. W.,
Dashiell, K. E., & Sanginga, N. (2007).
Population size, distribution, and symbiotic
characteristics of indigenous Bradyrhizobium spp.
that nodulate TGx soybean genotypes in Africa.
Applied  Soil  Ecology, 35(1), 57-67.
https://www.sciencedirect.com/science/article/abs/
pii/S0929139306001211

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025


https://www.sciencedirect.com/science/article/abs/pii/S0929139306001211
https://www.sciencedirect.com/science/article/abs/pii/S0929139306001211

506 GBADEBO & ROBERT, Preliminary investigation of effect of rhodic lixisol

Adiaha, M. S. (2017). The role of organic matter
in tropical soil productivity. World Scientific
News, 86(1), 1-66.
https://www.semanticscholar.org/paper/The-Role-
of-Organic-Matter-in-Tropical-Soil-
Adiaha/70506d995630a3950cc51d7046972a6d73
673cab

Adu, S. V. (1992). Soils of the Kumasi Region,
Ashanti Region, Ghana. Soil Research Institute,
Memoir (8), 73-98.
https://library.wur.nl/WebQuery/titel /2279399

Avyalew, T., Yoseph, T., Petra, H., & Cadisch, G.
(2021). Yield response of field-grown cowpea
varieties to  Bradyrhizobium  inoculation.
Agronomy  Journal,  113(4), 3258-3268.
https://acsess.onlinelibrary.wiley.com/doi/full/10.
1002/agj2.20763

Bouyoucos, G. J. (1962). Hydrometer method
improved for making particle size analyses of
soils. Agronomy Journal, 54(5), 464-465.
https://acsess.onlinelibrary.wiley.com/doi/10.2134
/agronj1962.00021962005400050028x

Bray, R. H., & Kurtz, L. T. (1945). Determination
of total, organic, and available forms of
phosphorus in soils. Soil Science, 59(1), 39-46.
https://journals.lww.com/soilsci/citation/1945/010
O00/DETERMINATION_OF_TOTAL, ORGANI
C,_AND_AVAILABLE.6.aspx

Bremner, J. M., & Mulvaney, C. S. (1982).
Nitrogen—total. In A. L. Page, R. H. Miller, & D.
R. Keeney (Eds.), Methods of soil analysis: Part 2
chemical and microbiological properties (Vol. 9,
pp. 595-624). Agronomy Monograph.
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2
134/agronmonogr9.2.2ed.c31

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025

Brown, J. G., & Lilleland, O. M. (1946). Rapid
determination of potassium and sodium in plant
materials and soil extracts by flame photometry.
Proceedings of the American Society of
Horticultural Sciences, 48, 341-346.

Elebiyo, G. M., & Bachmann, R. T. (2024). Effect
of biochar type and Bradyrhizobium japonicum
seed inoculation on soybean growth, nodulation
and yield in a tropical ferric acrisol. Agricultural
Sciences, 15(6), 635-675.
https://www.scirp.org/journal/paperinformation?p
aperid=133994

Elias, D. M., Ooi, G. T., Razi, M. F. A., Robinson,
S., Whitaker, J., & McNamara, N. P. (2020).
Effects of Leucaena biochar addition on crop
productivity in degraded tropical soils. Biomass
and Bioenergy, 142, 105710.
https://www.sciencedirect.com/science/article/abs/
pii/S0961953420302440

Gtodowska, M., Schwinghamer, T., Husk, B., &

Smith, D. (2017). Biochar-based inoculants
improve soybean growth and nodulation.
Agricultural Sciences, 8, 1048-1064.

https://doi.org/10.4236/as.2017.89076

Hartemink, A. E. (2002). Soil science in tropical
and temperate regions—some differences and
similarities. Advances in Agronomy, 77, 269-292.
https://www.sciencedirect.com/science/article/abs/
pii/S0065211302770168

Howard, T. (2011). The effect of biochar on the
root development of corn and soybeans in
Minnesota soil and sand. International Biochar
Initiative, 53(1), 1-23. https://biochar-
international.org/wp-
content/uploads/2018/04/T_Howard_Science Pap
er.pdf


https://www.semanticscholar.org/paper/The-Role-of-Organic-Matter-in-Tropical-Soil-Adiaha/70506d995630a3950cc51d7046972a6d73673cab
https://www.semanticscholar.org/paper/The-Role-of-Organic-Matter-in-Tropical-Soil-Adiaha/70506d995630a3950cc51d7046972a6d73673cab
https://www.semanticscholar.org/paper/The-Role-of-Organic-Matter-in-Tropical-Soil-Adiaha/70506d995630a3950cc51d7046972a6d73673cab
https://www.semanticscholar.org/paper/The-Role-of-Organic-Matter-in-Tropical-Soil-Adiaha/70506d995630a3950cc51d7046972a6d73673cab
https://library.wur.nl/WebQuery/titel/2279399
https://acsess.onlinelibrary.wiley.com/doi/full/10.1002/agj2.20763
https://acsess.onlinelibrary.wiley.com/doi/full/10.1002/agj2.20763
https://acsess.onlinelibrary.wiley.com/doi/10.2134/agronj1962.00021962005400050028x
https://acsess.onlinelibrary.wiley.com/doi/10.2134/agronj1962.00021962005400050028x
https://journals.lww.com/soilsci/citation/1945/01000/DETERMINATION_OF_TOTAL,_ORGANIC,_AND_AVAILABLE.6.aspx
https://journals.lww.com/soilsci/citation/1945/01000/DETERMINATION_OF_TOTAL,_ORGANIC,_AND_AVAILABLE.6.aspx
https://journals.lww.com/soilsci/citation/1945/01000/DETERMINATION_OF_TOTAL,_ORGANIC,_AND_AVAILABLE.6.aspx
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c31
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c31
https://www.scirp.org/journal/paperinformation?paperid=133994
https://www.scirp.org/journal/paperinformation?paperid=133994
https://www.sciencedirect.com/science/article/abs/pii/S0961953420302440
https://www.sciencedirect.com/science/article/abs/pii/S0961953420302440
https://doi.org/10.4236/as.2017.89076
https://www.sciencedirect.com/science/article/abs/pii/S0065211302770168
https://www.sciencedirect.com/science/article/abs/pii/S0065211302770168
https://biochar-international.org/wp-content/uploads/2018/04/T_Howard_Science_Paper.pdf
https://biochar-international.org/wp-content/uploads/2018/04/T_Howard_Science_Paper.pdf
https://biochar-international.org/wp-content/uploads/2018/04/T_Howard_Science_Paper.pdf
https://biochar-international.org/wp-content/uploads/2018/04/T_Howard_Science_Paper.pdf

GBADEBO & ROBERT, Preliminary investigation of effect of rhodic lixisol 507

McLean, E. O. (1982). Soil pH and lime
requirement. In A. L. Page, R. H. Miller, & D. R.
Keeney (Eds.), Methods of soil analysis: Part 2
chemical and microbiological properties (Vol. 9,
pp. 199-224). Agronomy Monograph.
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2
134/agronmonogr9.2.2ed.c12

Moretti, L. G., Lazarini, E., Bossolani, J. W.,
Parente, T. L., Caioni, S., Araujo, R. S., et al.
(2018). Can additional inoculations increase
soybean nodulation and grain yield? Agronomy
Journal, 110, 715-721.
https://doi.org/10.2134/agronj2017.09.0540

Moss, P. (1961). Limits of interference by iron,
manganese, aluminium and phosphate in the
EDTA determination of calcium in the presence of
magnesium using Cal-red as indicator. Journal of
the Science of Food and Agriculture, 12(1), 30—
34.
https://scijournals.onlinelibrary.wiley.com/doi/abs
/10.1002/jsfa.2740120105

Nelson, D. W., & Sommers, L. E. (1982). Total
carbon, organic carbon, and organic matter. In A.
L. Page, R. H. Miller, & D. R. Keeney (Eds.),
Methods of soil analysis: Part 2 chemical and
microbiological properties (Vol. 9, pp. 539-579).
Agronomy Monograph.
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2
134/agronmonogr9.2.2ed.c29

Ofori, P. (2017). Yield response of soybean and
cowpea to rock phosphate fertilizer blend and
rhizobial inoculation on two benchmark soils of
Northern Ghana (Doctoral dissertation). Kwame
Nkrumah University of Science and Technology.
https://ir.knust.edu.gh/server/api/core/bitstreams/2
7¢60899-6501-4096-9d13-aa0f5598d129/content

Page, A. L., Miller, R. H., & Keeney, D. R.
(1982). Methods of soil analysis. Part 2. Chemical
and microbiological properties (Vol. 1159).
American Society of Agronomy, Soil Science
Society of America.

Rashmi, 1., Roy, T., Kartika, K. S., Pal, R,
Coumar, V., Kala, S., & Shinoji, K. C. (2020).
Organic and inorganic fertilizer contaminants in
agriculture: Impact on soil and water resources. In
Contaminants in Agriculture: Sources, Impacts
and Management (pp. 3-41). Springer.
https:/link.springer.com/chapter/10.1007/978-3-
030-41552-5_1

Rayment, G. E., & Higginson, F. R. (1992). Sail
survey standard test method for electrical
conductivity. In Australian Laboratory Handbook
of Soil and Water Chemical Methods. Australian
Soil and Land Survey Handbooks.
https://www.environment.nsw.gov.au/resources/so
ils/testmethods/ec.pdf

Shamim, M. I. A., Dijkstra, F. A., Abuyusuf, M.,
& Hossain, A. I. (2015). Synergistic effects of
biochar and NPK fertilizer on soybean yield in an
alkaline soil. Pedosphere, 25(5), 713-719.
https://www.sciencedirect.com/science/article/abs/
pii/S1002016015300527

Shekedir, A. B. (2022). Effects of biochar and
Rhizobium inoculation on growth, yield and yield
components of common bean at Jimma,
Southwestern Ethiopia. Journal of Plant Sciences,
7(1), 165-176.
http://commaterial.org/article/10.11648/}.jps.2022
1005.11

Shikha, F. S., Rahman, M. M., Sultana, N.,
Mottalib, M. A., & Yasmin, M. (2023). Effects of
biochar and biofertilizer on groundnut production:

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025


https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c12
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c12
https://doi.org/10.2134/agronj2017.09.0540
https://scijournals.onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.2740120105
https://scijournals.onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.2740120105
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c29
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2134/agronmonogr9.2.2ed.c29
https://link.springer.com/chapter/10.1007/978-3-030-41552-5_1
https://link.springer.com/chapter/10.1007/978-3-030-41552-5_1
https://www.environment.nsw.gov.au/resources/soils/testmethods/ec.pdf
https://www.environment.nsw.gov.au/resources/soils/testmethods/ec.pdf
https://www.sciencedirect.com/science/article/abs/pii/S1002016015300527
https://www.sciencedirect.com/science/article/abs/pii/S1002016015300527
http://commaterial.org/article/10.11648/j.jps.20221005.11
http://commaterial.org/article/10.11648/j.jps.20221005.11

508 GBADEBO & ROBERT, Preliminary investigation of effect of rhodic lixisol

A perspective for environmental sustainability in
Bangladesh. Carbon Research, 2(1), 10.
https://link.springer.com/article/10.1007/s44246-
023-00043-7

Sun, Q., Liu, Y., Liu, H., & Dumroese, R. K.
(2020). Interaction of biochar type and rhizobia
inoculation increases the growth and biological
nitrogen fixation of Robinia pseudoacacia
seedlings. Forests, 11(6), 711.
https://www.fs.usda.gov/rm/pubs_journals/2020/r
mrs_2020_sun_qg001.pdf

Sys, C., Van Ranst, E., Debaveye, J., & Beenaert,

F. (1993). Land evaluation: Part IIl. Crop
requirements.  General ~ Administration  for
Development Cooperation (G.AD.C),

Agricultural Publication No. 7, 191 pp.

Vlek, P. L., Kilhne, R. F., & Denich, M. (1997).
Nutrient resources for crop production in the
tropics. Philosophical Transactions of the Royal
Society of London. Series B: Biological Sciences,
352(1356), 975-985.
https://www.ncbi.nlm.nih.gov/pmc/articles’/PMC1
691974/

CURR. INNOV. AGRI. SCI., 2(2), APRIL, 2025

Wu, D., Zhang, W., Xiu, L., Sun, Y., Gu, W.,
Wang, Y., ... & Chen, W. (2022). Soybean yield
response of biochar-regulated soil properties and
root growth strategy. Agronomy, 12(6), 1412.
https://mwww.mdpi.com/2073-4395/12/6/1412

Yusif, S. A., Popoola, N. O., Yekeen, H., Yakubu,
H., Isah, A., Yaradua, A. S., & Abdulwahab, M.
O. (2019). Ameliorative effect of biochar on
growth, nodulation and vyield of groundnut
(Arachis hypogaea L.) grown in acidic soil of
Dabagi area, Sokoto State, Nigeria. Journal of
Agriculture and Environment, 15(2), 205-213.
https://www.ajol.info/index.php/jagrenv/article/vi
ew/235293

Zhu, Q., Kong, L., Xie, F., Zhang, H., Wang, H.,
& Ao, X. (2018). Effects of biochar on seedling
root growth of soybeans. Chilean Journal of
Agricultural Research,  78(4), 549-558.
https://www.scielo.cl/scielo.php?script=sci_arttext
&pid=S0718-58392018000400549


https://link.springer.com/article/10.1007/s44246-023-00043-7
https://link.springer.com/article/10.1007/s44246-023-00043-7
https://www.fs.usda.gov/rm/pubs_journals/2020/rmrs_2020_sun_q001.pdf
https://www.fs.usda.gov/rm/pubs_journals/2020/rmrs_2020_sun_q001.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1691974/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1691974/
https://www.mdpi.com/2073-4395/12/6/1412
https://www.ajol.info/index.php/jagrenv/article/view/235293
https://www.ajol.info/index.php/jagrenv/article/view/235293
https://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0718-58392018000400549
https://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0718-58392018000400549

