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ABSTRACT

The potential of calcareous soils in semi-arid dryland areas is considerable; however, these soils face major con-
straints, including high pH, low organic matter content, and limited nutrient availability, which often result in low
crop productivity. This study aims to evaluate the effectiveness of the integrated application of locally sourced
organic biochar and arbuscular mycorrhizal fungi (AMF) inoculation in improving calcareous soil conditions
and enhancing sorghum yield. The field experiment was conducted using a randomized complete block design
(RCBD), involving seven types and dosages of biochar and two levels of mycorrhizal application. Biochar was ap-
plied prior to planting, while AMF was directly inoculated onto sorghum seeds. The results demonstrated that the
combination of biochar and mycorrhiza significantly reduced soil pH from alkaline towards neutral, and increased
organic carbon content, total nitrogen, available phosphorus, exchangeable potassium, and cation exchange capac-
ity (CEC) compared to both the control and single-treatment groups. Furthermore, the integrated treatment also
led to increases in dry biomass, plant N and P uptake, and sorghum grain yield. These improvements are associ-
ated with the release of organic acids from biochar, enhanced soil microbial activity, and the expansion of root
absorption zones by mycorrhiza. Thus, the synergy between biochar and mycorrhiza has proven to be effective and
sustainable for the rehabilitation of calcareous soils in semi-arid dryland environments.
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INTRODUCTION

One of the main challenges of semi-arid
dryland areas in East Nusa Tenggara, aside from
climatic factors, is that these regions are pre-
dominantly characterized by calcareous soils.
The most prominent characteristics of calcare-
ous soils include a shallow solum, low fertil-
ity due to limited soil nutrient content and low
organic carbon levels (>2%), as well as an al-
kaline reaction, which restricts the availability
of nutrients for plant growth. As a result, the
productivity of dryland areas remains relatively
low (Matheus, 2024). Nevertheless, calcareous
soils possess significant potential for agricultur-
al development due to their favorable physical

properties, particularly their loose texture and
good drainage capacity.

One promising approach to improving the
productivity of calcareous soils is the utilization
of biochar. Numerous studies have revealed that
biochar serves as an important soil amendment,
playing a significant role in enhancing the soil’s
water and nutrient retention capacity, reducing
excessive pH (alkalinity), and improving cation
exchange capacity (Abukari et al., 2022; Abu-
jabhah et al., 2016). This is attributed to the fact
that biochar contains carbon that is highly resis-
tant to decomposition, allowing it to persist lon-
ger in the soil and function as an effective carbon
sink (Wang et al., 2016; Kammann et al., 2017,
Murtaza et al., 2023). The increase in soil carbon
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reserves is crucial for improving soil ecosystem
functions and supporting climate change miti-
gation through long-term carbon sequestration
(Lehmann et al., 2011; Woolf et al., 2010; Kam-
mann et al., 2017; Murtaza et al., 2023). Thus,
the addition of biochar not only improves the
physical and chemical properties of the soil but
also strengthens the role of soil as a sustainable
carbon reservoir, particularly in calcareous soils
(Zimmerman et al., 2011; Chen et al., 2017; Liu
et al., 2013).

In addition, the presence of biochar also func-
tions as a source of stable organic carbon, thereby
improving soil structure and reducing nutrient
losses through leaching (Murtaza et al., 2023; Dai
etal., 2017; Agegnehu et al., 2016). Various stud-
ies have concluded that biochar amendments have
superior capabilities in improving soil proper-
ties, including physical, chemical, and biological
characteristics, compared to mineral amendments
(Martinez et al., 2018; Mensah, 2015). Therefore,
the addition of biochar not only improves the
physical and chemical properties of the soil but
also strengthens the role of soil as a sustainable
carbon reservoir (Zimmerman et al., 2011; Chen
etal., 2017; Liu et al., 2013).

In addition to biochar as a soil amendment,
the presence of arbuscular mycorrhizal fungi also
plays a vital role in improving soil quality and
plant nutrition in calcareous soils. Mycorrhizal
inoculation in calcareous soils can enhance nu-
trient uptake, stimulate the development of plant
roots and hyphal networks, and increase plant
tolerance to environmental stresses (Al-Silmawy
et al., 2025; Gtierefia et al., 2015). Mycorrhi-
zae have also been shown to contribute to the
improvement of soil physical properties, par-
ticularly soil structure and aggregation, as well
as to promote beneficial soil microbial activity,
thereby creating more favorable conditions for
plant growth in both dryland and calcareous soils
(Mustafa et al., 2019; Giierena et al., 2015; Al-
Silmawy et al., 2025).

Research on the individual potential of bio-
char and arbuscular mycorrhizal fungi has been
extensively conducted (Al-Silmawy et al., 2025;
Liang et al., 2023; Kammann et al., 2015; Bie-
derman and Harpole, 2013; Liu et al., 2013).
However, studies that synergize the application
of biochar and mycorrhiza for the rehabilitation
of calcareous soils in semi-arid regions remain
limited. Therefore, it is necessary to conduct an
investigation to evaluate the synergy between
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biochar application and mycorrhizal inoculation
in improving the productivity of calcareous soils
in dryland areas and enhancing sorghum yield.

MATERIALS AND METHODS

Study site description

The field experiment was conducted dur-
ing the March—June 2023 growing season at
the Experimental Farm of the State Agricultural
Polytechnic of Kupang, located in Oesao Vil-
lage, Kupang Tengah District, Kupang Regency
(10°07'1.6" S; 123°48'38.1" E). The research site
is characterized by clay-textured soil (71.25%),
poor drainage, an alkaline soil pH of 7.71, and an
organic carbon content of 2.17%.

Experimental design

The field experiment was arranged in a ran-
domized complete block design (RCBD) with a
factorial treatment structure. The first factor was
the type and dosage of biochar, comprising seven
treatments: (1) control/no amendment, (2) live-
stock manure biochar at 2 t ha™', (3) livestock ma-
nure biochar at 4 t ha™', (4) maize cob biochar at 2
t ha™', (5) maize cob biochar at 4 t ha™, (6) gliri-
cidia pruning biochar at 2 t ha™', and (7) gliricidia
pruning biochar at 4 t ha'. The second factor was
mycorrhizal application, consisting of two levels:
without mycorrhiza and with mycorrhiza. Each
treatment combination was replicated three times,
resulting in a total of 42 experimental units. Each
experimental plot measured 1.2 X 4 m, with a 1
m buffer between plots. All treatment combina-
tions were evaluated to assess their effects on
soil chemical properties, nutrient uptake, and sor-
ghum yield in calcareous dryland conditions.

The biochar utilized in this study was pro-
duced from locally sourced organic materials,
specifically livestock manure, maize cobs, and
gliricidia prunings, through pyrolysis at a tem-
perature of 350 °C. The chemical characteristics
of the resulting biochar are presented in Table 1.

In general, biochar derived from plant resi-
dues (such as maize cobs and gliricidia prunings)
tends to exhibit higher organic carbon content and
macronutrient levels (notably phosphorus and
potassium) compared to biochar produced from
livestock manure. These differences are attribut-
able to the intrinsic properties of the feedstock
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Table 1. Chemical properties of biochar

Biochar type pH C-org (%) N P(%) K (%)
Livestock manure 8.92 46.39 0.26 0.20 4.37
Maize cob 7.85 66.87 0.32 0.32 6.65
Gliricidia pruning 7.65 59.65 0.28 0.28 5.38

materials and the pyrolysis process, which influ-
ence the formation of stable carbon fractions and
the concentration of specific minerals. Conse-
quently, each type of biochar demonstrates dis-
tinct advantages: livestock manure biochar is par-
ticularly effective in increasing soil pH, whereas
maize cob and gliricidia biochars are more ad-
vantageous for enhancing organic carbon content
and the availability of macronutrients. Therefore,
plant residue-derived biochars are considered
more suitable for improving the fertility of cal-
careous soils.

The arbuscular mycorrhizal fungi (AMF)
inoculum used in this study was obtained from
the Soil Biology Laboratory, Faculty of Agricul-
ture, University of Nusa Cendana, Kupang, and
consisted of a mixed culture of indigenous AMF
species (Glomus mosseae, Glomus fasciculatum,
and Rhizophagus irregularis) commonly found
in calcareous soils of East Nusa Tenggara. The
inoculum was prepared using a carrier-based sys-
tem with sterilized vermiculite as the substrate,
where vermiculite was autoclaved at 121 °C for
30 minutes, mixed with AMF spores and root
fragments at a 1:1 (v/v) ratio, and incubated at
2542 °C with 60-70% relative humidity for 4
weeks to allow spore germination and hyphal de-
velopment before storage at 4 °C. The resulting
inoculum contained approximately 50-80 spores
per gram of carrier material with >85% viabil-
ity, which was mixed with sterile distilled water
(10 g inoculum per 100 ml water) and applied
to sorghum seeds at a rate of 2 g inoculum per
100 seeds, ensuring uniform distribution of AMF
spores on the seed surface before air-drying for
30 minutes prior to planting.

Research procedure

The experimental procedure commenced
with the preparation of the field plots, which
were uniformly tilled in accordance with the
RCBD and the predetermined plot layout to
ensure soil homogeneity prior to treatment ap-
plication. Subsequently, biochar was applied at

treatment-specific rates before sorghum sowing.
The biochar was incorporated in furrows aligned
with the designated planting distances and lightly
mixed into the soil within the furrow area. There-
after, AMF inoculum was thoroughly mixed with
sorghum seeds prior to planting. The inoculated
seeds were then sown directly into planting holes
at a spacing of 80 x 40 cm, as specified in the
experimental design.

Basal fertilization was applied at planting us-
ing P fertilizer (SP-36) and K fertilizer (KCI) at
rates of 90 kg ha™ and 60 kg ha™, respectively.
Meanwhile, N fertilizer (urea) was applied at a
total rate of 120 kg ha™', divided into two appli-
cations: 50% at 2 weeks after planting and the
remaining 50% at 45 days after planting. During
the growth period, weed control was performed
manually to prevent nutrient competition, and ir-
rigation was provided regularly to maintain op-
timal soil moisture for plant growth. All other
maintenance practices were applied uniformly
across all plots.

The sorgum plants were harvested at the
predetermined maturity stage and according to
established harvest criteria. All yield data were
subsequently observed and analyzed based on
the research parameters. Through this structured
implementation process, it is expected that all
treatments were applied consistently, thereby en-
hancing the validity and informativeness of the
research findings.

Observed parameters

Soil samples were collected at the end of the
experimental period for the analysis of soil chem-
ical properties. The parameters assessed included:
soil pH (measured using a pH meter in H,O ex-
tract), organic carbon content (determined by the
Walkley and Black method), total nitrogen (ana-
lyzed using the Micro Kjeldahl method), avail-
able phosphorus (Bray-2 method), exchangeable
potassium, and cation exchange capacity (CEC)
(both extracted with IN NH4OAc). Plant sam-
ples were collected at the maximum vegetative
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stage (50 days after planting) to determine total
nitrogen and total phosphorus content in plant tis-
sues. For yield and yield component parameters,
measurements were conducted for grain weight
per plant (g/plant), 1000-grain weight (g), and
sorghum yield per hectare (t/ha). All analyses
and measurements were performed using stan-
dardized laboratory and agronomic procedures to
ensure that the resulting data accurately and sys-
tematically represent the effects of the treatments.

Statistical analysis methods

Statistical analyses in this study were per-
formed using analysis of variance (ANOVA) to
evaluate the effects of treatments on each observed
parameter. When significant differences were de-
tected, post hoc comparisons were conducted us-
ing the least significant difference (LSD) test at a
5% significance level to distinguish among treat-
ment means.

RESULTS AND DISCUSSION

Soil chemical properties

The results of the study indicate that the appli-
cation of biochar in combination with mycorrhiza
had a significant effect (p<0.05) on improving

Illlﬂ ®

by

bc
=b

AR

B

Control Biochar Biochar

Livestock Livestock Maize Cob Maize Cob Gliricidia

Manure 2 Manure 4
t.ha t/ha

Without Mycorrhiza

the chemical properties of calcareous soil at the
end of the experiment. In general, all observed
variables (soil pH, organic carbon, total nitrogen,
available phosphorus, exchangeable potassium,
and cation exchange capacity) showed improve-
ments in soil chemical properties compared to the
control, particularly in the treatment involving
maize cob biochar at a rate of 4 t ha™ combined
with mycorrhiza. This finding confirms that the
combination of these two soil amendments can
synergistically enhance soil fertility quality. The
effects of biochar type with and without mycor-
rhiza on soil chemical properties are presented in
Figures 1-6. Each figure shows the comparison
between treatments with and without mycorrhizal
inoculation for specific soil parameters.

Soil pH alteration

The analysis of Figure 1, indicates that the
application of various types of biochar, both ap-
proaches near-neutral pH values (7.56-7.59) in
the lower-dose biochar treatment (2 t ha™). The
most significant pH reduction was observed in
the treatment combining maize cob biochar at a
rate of 4 t ha™' with mycorrhiza, reaching a pH
of 7.44. Meanwhile, biochar treatments without
mycorrhiza also resulted in a decrease in pH, al-
though the effect was less pronounced compared
to the combination with mycorrhiza. Although
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Figure 1. Soil pH (pH H,0) under different biochar treatments with and without mycorrhiza
[Bar chart showing pH values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
according to the LSD test at the 5% significance level
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this reduction is relatively small, it has a highly
important effect on calcareous soils, which are
generally alkaline in nature (Shen et al., 2016).

This decrease is presumed to be associated
with the presence of acidic functional groups such
as carboxyl and phenolic groups, as well as organ-
ic acid compounds released from biochar, thereby
increasing the concentration of H" ions in the soil
(Dai et al., 2017). In addition, biochar plays a role
in enhancing the soil’s buffering capacity, which
facilitates the neutralization of pH through the con-
tribution of organic acids (Bruun et al., 2014b). The
presence of mycorrhizae further amplifies this ef-
fect through root exudates and hyphal metabolites
that are capable of dissolving basic cations and
stimulating soil microbial activity, thus rendering
the soil environment more reactive and supporting
nutrient availability (Barrow and Hartemink, 2023;
Ferrarezi et al., 2022; Chen et al., 2017).

A similar study was also reported by Ahmad
et al. (2020), which demonstrated that biochar
can reduce the pH of calcareous soils by 0.2-0.4
units, thereby increasing the availability of mac-
ro- and micronutrients. The results of the pres-
ent study confirm that although biochar is often
associated with increasing pH in acidic soils, in
calcareous soils, its effect is instead a beneficial
reduction in pH (Glaser et al., 2015). The addition
of mycorrhizae, although not drastically lowering
the pH, contributes to maintaining soil pH stabil-
ity through its biological activity, thus ensuring

that the soil environment remains optimal for
sorghum growth (Yang et al., 2020). Therefore,
it is evident that the synergy between biochar and
mycorrhizae is more effective in lowering and
stabilizing soil pH compared to single treatments.

Soil organic carbon content

The application of biochar from various
sources significantly increased soil organic carbon
(SOC) content compared to the control. In the con-
trol treatment, SOC levels ranged only from 2.17%
to 2.20%, whereas treatments with biochar elevated
these values to 2.48-2.68%. The highest increase
was observed in the treatment with maize cob bio-
char at a rate of 4 t ha™' combined with mycorrhiza,
reaching 2.68% (Figure 2). The mycorrhizal treat-
ment further enhanced this effect by increasing root
exudates and rhizodeposition, thereby providing
additional organic matter in the rhizosphere.

These findings confirm that biochar, par-
ticularly high-dose maize cob biochar combined
with mycorrhiza, serves as a potential ameliorant
for improving the chemical fertility of calcare-
ous soils through increased SOC content. This
increase not only augments the pool of organic
matter but also acts as a source of stable carbon
(recalcitrant carbon), thus contributing in the long
term to the enhancement of soil organic matter
reserves (Vahedi et al., 2022) and strengthening
the function of sustainable soil ecosystems. The
stable carbon in biochar originates from aromatic
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Figure 2. Soil organic carbon content (%) under different biochar treatments with and without mycorrhiza
[Bar chart showing organic C values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
according to the LSD test at the 5% significance level
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structures formed during pyrolysis, which are
highly resistant to microbial activity (Abukari et
al., 2022; Abujabhah et al., 2016).

The increase in SOC content following bio-
char application is primarily attributed to two main
factors. First, biochar introduces stable carbon
(recalcitrant carbon) that is resistant to microbial
decomposition, allowing it to persist in the soil for
extended periods. Second, the presence of biochar
stimulates microbial activity, which subsequently
accelerates the decomposition of organic matter
and promotes the formation of more stable soil ag-
gregates (Lehmann et al., 2011; Jeffery et al., 2015;
Chen et al., 2017). In addition, biochar contributes
to improving soil structure and enhancing water
retention capacity, which in turn supports root
growth and root exudation. The presence of my-
corrhizae further amplifies the effects of biochar by
increasing root exudation and microbial activity in
the rhizosphere, thereby ensuring a more sustain-
able reserve of soil organic carbon (Abujabhah et
al., 2016; Smith and Read, 2008)

Total nitrogen

The total nitrogen content in the control treat-
ment was relatively low, at approximately 0.17%.
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The application of biochar, whether derived from
livestock manure or maize cob, increased the to-
tal soil nitrogen (N-total) content to a range of
0.21-0.24%. The highest increase was observed
in the treatment with maize cob biochar at a rate
of 4 t ha™' combined with mycorrhiza, reaching
0.24% (Figure 3).

These results indicate that biochar application
can reduce nitrogen losses through leaching and
volatilization, as the porous structure of biochar
is capable of adsorbing ammonium (NH4") and
nitrate (NOs") ions, thereby maintaining nitro-
gen availability in the soil (Murtaza et al., 2023).
In addition, biochar creates a conducive micro-
habitat for soil microorganisms involved in the
nitrogen cycle, such as nitrogen-fixing bacteria
and organic matter decomposers, thus increas-
ing soil N content. The increase in total nitrogen
due to biochar application is consistent with the
concept that biochar acts as a nitrogen reservoir
while simultaneously slowing the mineralization
cycle, resulting in more stable nitrogen in the soil
(Clough et al., 2013).

The total soil nitrogen (N-total) content in-
creased significantly in biochar treatments com-
bined with mycorrhiza compared to the control.
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Figure 3. Total soil nitrogen content (%) under different biochar treatments with and without mycorrhiza.
[Bar chart showing total N values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
according to the LSD test at the 5% significance level
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The interaction between these two amendments
plays an important role, as mycorrhiza functions to
expand the root exploration area, enhance nitrogen
uptake efficiency, and enrich nitrogen reserves in
the rhizosphere through enzymatic activity (Mus-
tafa et al., 2019; Hagemann et al., 2017). Several
studies have also reported that the application of
biochar together with mycorrhiza can increase N-
total through increased microbial biomass and soil
biological activity (Gul and Whalen, 2016). Bio-
char itself helps maintain nitrogen by improving
CEC and soil porosity, thereby reducing nitrogen
losses due to leaching (Chen et al., 2017; Bruun
et al., 2014b; Vahedi et al., 2022). Meanwhile,
mycorrhiza also improves nitrogen utilization ef-
ficiency through the expansion of the root system
and interaction with nitrogen-fixing bacteria (Yang
et al., 2020; Bruun et al., 2014b).

Available phosphorus

The results of this study consistently demon-
strate that the available phosphorus (P-available)
content increased significantly in the biochar treat-
ments compared to the control. In the control treat-
ment, the P-available value was only 6.45 ppm,
whereas in the treatment with maize cob biochar
atadose of 4 t ha! combined with mycorrhiza, the
value reached 8.11 ppm (Figure 4).

This increase in phosphorus (P) is particularly
important because calcareous soils generally have

limited phosphorus availability due to the binding
of phosphate by calcium in the form of poorly sol-
uble Ca-phosphate (Matheus et al., 2024; Abukari
et al., 2022). The application of biochar enhances
phosphorus availability (P-available) through the
release of P from its ash and by improving soil pH
towards a more moderate range, thereby facilitat-
ing the decomposition of P-Ca complexes (Liang
etal., 2023).

Exchangeable potassium

In the control treatment, the K-dd value was
only 54.05 ppm, while the application of maize cob
biochar at a dose of 4 t ha™' combined with mycor-
rhiza was able to increase K-dd to 73.91 ppm. This
increase is primarily attributed to the ash content of
maize cob biochar, which is rich in potassium (K)
(approximately 6.65%), as well as the porous and
negatively charged structure of biochar, thereby
providing a greater contribution to nutrient avail-
ability compared to biochar from other sources.

Figure 5 shows that exchangeable potassium
(K-dd) levels increased sharply in biochar treat-
ments, particularly those derived from maize cobs.
This increase is primarily influenced by two fac-
tors. First, biochar ash contains potassium that can
be released directly into the soil. Second, the pres-
ence of biochar improves CEC, enabling the soil to
better retain K* ions and reduce potassium losses
due to leaching (Rogovska et al., 2014; Rogovska
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Figure 4. Available phosphorus (ppm) under different biochar treatments with and without mycorrhiza
[Bar chart showing available P values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
according to the LSD test at the 5% significance level
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et al., 2016). The characteristics of plant residue-
derived biochar, which is rich in potassium, make
it more effective in enriching the availability of
this element compared to other types of biochar
(Liang et al., 2023; Glaser et al., 2015).

Cation exchange capacity (CEC)

The results of the study indicate that the soil
CEC increased significantly from 17.13 me/100 g
in the control to 29.42 me/100 g in the treatment
with maize cob biochar at 4 t ha™' combined with
mycorrhiza (Figure 6). This increase underscores
the role of biochar as an additional source of cat-
ion exchange sites, attributed to its large surface
area and the presence of negatively charged func-
tional groups (Glaser et al., 2015; Biederman and
Harpole, 2013). Furthermore, the ash content of
biochar also contributes basic cations that enrich
the soil nutrient reserves. Mycorrhiza further en-
hances this effect by maintaining soil aggregate
stability and stimulating microbial activity, there-
by enabling the soil system to more sustainably
retain essential nutrients (Matheus et al., 2024).

This increase in CEC is particularly relevant
in calcareous soils, which generally possess low
charge due to the dominance of CaCOs (Matheus
et al., 2024). Biochar, as a stable organic mate-
rial, improves colloidal charge, nutrient retention,
and nutrient availability, as reported by Bruun et

= Without Mycorrhiza

al. (2014a) in dry and sandy soils. The study by
Glaser et al. (2015) also confirms that increasing
biochar dosage is positively correlated with higher
CEC. Thus, the synergy between biochar and my-
corrhiza creates optimal conditions, wherein bio-
char provides cation binding sites and mycorrhiza
enhances soil biological activity, collectively im-
proving nutrient retention capacity and supporting
sorghum productivity in calcareous dryland soils.

Dry biomass and plant uptake of N
and P nutrients

Plant growth and productivity are fundamen-
tally determined by the plant’s ability to utilize
nutrients available in the soil. Alterations in soil
chemical properties resulting from the application
of biochar and mycorrhizae not only affect the
soil’s physicochemical conditions but also have
a direct impact on biomass accumulation and the
uptake of essential nutrients by plants. In this con-
text, dry biomass reflects the cumulative outcome
of vegetative growth, while nitrogen (N) and phos-
phorus (P) uptake indicate the efficiency of utili-
zation of key macronutrients essential for plant
development. Therefore, the analysis of dry bio-
mass as well as N and P uptake in sorghum serves
as a critical indicator for assessing the extent to
which biochar treatments, either applied singly or
in combination with mycorrhizal inoculation, can
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Figure 5. Exchangeable potassium (ppm) under different biochar treatments with and without mycorrhiza.
[Bar chart showing exchangeable K values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
according to the LSD test at the 5% significance leve
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Figure 6. Cation exchange capacity (me 100 g!) under different biochar treatments with
and without mycorrhiza. [Bar chart showing CEC values for each treatment, with separate bars for
without mycorrhiza (blue) and with mycorrhiza (orange)]. Values followed by the same letter
are not significantly different according to LSD test at 5% significance level

enhance nutrient use efficiency and support plant
productivity in calcareous dryland soils. The re-
sults of the analysis of dry biomass and nutrient
uptake are presented in Figures 7-9.

Plant dry biomass

The results of the study consistently demon-
strate that the application of biochar increases the
dry biomass weight of sorghum compared to the
control. Plants in the control treatment produced
only 69.43 g plant™ of dry biomass (without my-
corrhiza) and 73.18 g plant™ (with mycorrhiza),
whereas the combination of maize cob biochar at
arate of 4 t ha™' and mycorrhiza was able to pro-
duce a dry biomass of 85.79 g plant™! (Figure 7).

The synergy between biochar and mycorrhiza
has been proven to exert a positive effect on in-
creasing plant dry biomass. This occurs because
biochar improves soil porosity and water-holding
capacity, thereby creating soil conditions that are
more conducive to root development (Agegnehu
et al., 2016; Purakayastha et al., 2015). Simulta-
neously, mycorrhiza functions to expand the nu-
trient absorption zone through its external hyphal
network, which is capable of reaching soil areas
inaccessible to roots (Abujabhah et al., 2016). The
combination of these two treatments results in a
greater increase in dry biomass compared to the
application of either biochar or mycorrhiza alone.

Plant nitrogen uptake

Nitrogen uptake consistently exhibited a sig-
nificant increase in all biochar treatments com-
pared to the control. In the control treatment,
nitrogen uptake was only 2.15% without my-
corrhiza and 2.40% with mycorrhiza, whereas
the application of maize cob biochar at a rate of
4 t ha! resulted in the highest values, namely
3.17% without mycorrhiza and 3.34% with my-
corrhiza (Figure 8).

The increase in nitrogen uptake indicates that
biochar serves as an environmental amendment
that supports soil nitrogen availability, while my-
corrhizae contribute by expanding the root explo-
ration area, thereby enhancing N uptake. Biochar
derived from cattle manure and maize cobs dem-
onstrates high effectiveness due to its content of
decomposable organic nitrogen, which provides
a sustainable source of N for plants (Cayuela et
al., 2014). Mycorrhizae play a role in improving
the efficiency of N absorption through the expan-
sion of the hyphal system, which can access N
from areas beyond the reach of roots, as well as
by increasing the activity of enzymes involved in
nitrogen assimilation (Clough et al., 2013). This
increase in nitrogen uptake is crucial for support-
ing vegetative growth and sorghum productivity
in dryland areas, as N is a macronutrient essential
for protein and chlorophyll synthesis.
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Figure 7. Dry biomass (g plant™) of sorghum under different biochar treatments with and without mycorrhiza.
[Bar chart showing dry biomass values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
according to the LSD test at the 5% significance level
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Figure 8. Nitrogen uptake (% dry weight) of sorghum under different biochar treatments with
and without mycorrhiza. [Bar chart showing nitrogen uptake values for each treatment, with separate bars for
without mycorrhiza (blue) and with mycorrhiza (orange)]. Values followed by the same letter
are not significantly different according to the LSD test at the 5% significance level

Plant phosphorus uptake

The data on phosphorus uptake exhibited a
pattern similar to that of nitrogen, wherein the
biochar treatments consistently resulted in high-
er values compared to the control. In the control
treatment, phosphorus uptake was only 1.07%
without mycorrhiza and 1.24% with mycorrhiza,
while the highest increase was observed in the
maize cob biochar treatment at 4 t ha™' combined
with mycorrhiza, reaching 2.61% (Figure 9).
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This increase is attributed to the ability of bio-
char to improve soil reaction and provide avail-
able phosphorus, as well as the role of mycor-
rhiza in solubilizing bound phosphorus through
the secretion of organic acids (Shen et al., 2016;
Mukherjee and Lal, 2013). Maize cob biochar
demonstrated high effectiveness in enhancing
phosphorus uptake due to its content of decom-
posable organic phosphorus, which can be re-
leased into the soil solution, and its high adsorp-
tion capacity, which reduces phosphorus fixation
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Figure 9. Phosphorus uptake (% dry weight) of sorghum under different biochar treatments with
and without mycorrhiza. [Bar chart showing phosphorus uptake values for each treatment, with separate bars
for without mycorrhiza (blue) and with mycorrhiza (orange)]. Values followed by the same letter
are not significantly different according to the LSD test at the 5% significance level

by calcium in calcareous soils (Al-Wabel et al.,
2013; Rajapaksha et al., 2014).

Mycorrhizae play a crucial role in enhanc-
ing phosphorus (P) availability by expanding
the hyphal network, which can access P from
soil areas that are inaccessible to plant roots, as
well as through the secretion of organic acids
such as citric and oxalic acids that solubilize P
bound in soil minerals (Yang et al., 2020). This
increase in P uptake demonstrates the potential
of biochar and mycorrhizae to address P defi-
ciency in dry soils, which is a common issue
in calcareous lands where P is often bound by
calcium and thus becomes unavailable to plants
(Abukari et al., 2022; Shen et al., 2016). The
synergy between biochar and mycorrhizae cre-
ates optimal conditions in which biochar sup-
plies additional P and reduces fixation, while
mycorrhizae enhance the efficiency of P uptake
by sorghum plants.

Yield and yield components

In addition to influencing soil properties and
vegetative growth, the application of biochar and
mycorrhizae also exerts a significant effect on
sorghum yield and its yield components. Param-
eters such as grain weight per plant, 1000-grain
weight, and overall yield serve as indicators of
the effectiveness of these treatments in enhancing
productivity on calcareous dryland soils.

Grain weight per plant

The application of biochar had a significant
effect on the grain weight per sorghum plant
compared to the control. The best result was ob-
tained with maize cob biochar at a rate of 4 t ha™
combined with mycorrhiza, reaching 50.57 g per
plant (Figure 10).

This increase in grain weight indicates that
the combination of biochar and mycorrhiza is
capable of improving nutrient availability and
extending the grain filling period, thereby signifi-
cantly increasing grain weight (Rogovska et al.,
2016). Maize cob biochar demonstrated high ef-
fectiveness due to its ability to provide balanced
nutrients and improve soil conditions that support
the generative development of plants (Glaser et
al., 2015). Mycorrhiza plays a role in enhancing
nutrient uptake efficiency during the generative
phase, thus supporting optimal grain formation
and filling. Therefore, the integration of these two
treatments makes a substantial contribution to im-
proving sorghum yield components through en-
hanced nutrient availability and uptake efficiency.

Thousand-grain weight

A significant increase in the thousand-grain
weight of sorghum was observed across all bio-
char treatments, with the lowest values recorded
in the control (24.41 g without mycorrhiza and
26.08 g with mycorrhiza) and the highest in the
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Figure 10. Grain weight per plant (g plant™) of sorghum under different biochar treatments
with and without mycorrhiza. [Bar chart showing grain weight values for each treatment, with separate bars for
without mycorrhiza (blue) and with mycorrhiza (orange)]. Values followed by the same letter
are not significantly different according to the LSD test at the 5% significance level

combination of maize cob biochar at a rate of 4 t
ha' with mycorrhiza (36.47 g). This increase in
grain weight indicates an improvement in seed
quality, which is closely related to the enhanced
availability of macronutrients, particularly ni-
trogen and phosphorus, in the soil (Shen et al.,
2016) (Figure 11).

Maize cob biochar plays a crucial role in
providing a more balanced nutrient supply while
simultaneously improving soil structure, thereby
supporting optimal plant growth and develop-
ment (Al-Wabel et al., 2013). On the other hand,
mycorrhizal inoculation has been proven to en-
hance nutrient uptake efficiency and increase
plant resilience to environmental stresses, which
ultimately has a positive impact on yield and its
components. The combination of biochar and my-
corrhiza results in a higher thousand-grain weight
compared to other treatments. These findings re-
inforce the synergistic benefits of applying both
amendments simultaneously.

Sorghum yield per hectare

Sorghum yield (t ha™') exhibited a consistent
increase, in line with other yield components. In
the control treatment, yield reached only 2.54 t
ha™' without mycorrhizal inoculation and 2.76 t
ha™' with mycorrhizal inoculation. In contrast, the
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application of maize cob biochar at a rate of 4 t
ha™' in combination with mycorrhizae resulted in
the highest yield, reaching 3.92 t ha™', represent-
ing an increase of approximately 42% compared
to the control. This improvement underscores the
synergistic effectiveness of biochar and mycor-
rhizae in enhancing sorghum productivity on cal-
careous dryland soils (Figure 12).

The observed increase in crop yield is close-
ly associated with improvements in soil chemi-
cal properties, such as elevated levels of organic
carbon, total nitrogen, available phosphorus,
exchangeable potassium, and cation exchange
capacity. Collectively, these changes contribute
to enhanced nutrient uptake efficiency by plants
(Bruun et al., 2014a; Kammann et al., 2017).
Maize cob biochar plays a crucial role in provid-
ing a balanced nutrient supply and improving soil
structure, thereby supporting optimal plant growth
and development (Al-Wabel et al., 2013). On the
other hand, the application of mycorrhizae has
been proven to increase nutrient uptake efficiency
and plant resilience to environmental stress, which
is particularly important for maintaining produc-
tivity on marginal lands (Al-Silmawy et al., 2025;
Murtaza et al., 2023; Neina, 2019).

Thus, the integration of biochar and mycor-
rhizae not only significantly enhances sorghum
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Figure 11. 1000-grain weight (g) of sorghum under different biochar treatments with and without mycorrhiza.
[Bar chart showing 1000-grain weight values for each treatment, with separate bars
for without mycorrhiza (blue) and with mycorrhiza (orange)]. Values followed by the same letter
are not significantly different according to the LSD test at the 5% significance level
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Figure 12. Sorghum yield (t ha™') under different biochar treatments with and without mycorrhiza
[Bar chart showing yield values for each treatment, with separate bars for without mycorrhiza (blue)
and with mycorrhiza (orange)]. Values followed by the same letter are not significantly different
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yield, but also establishes a more sustainable and ~ optimizing crop productivity and resilience in
adaptive production system in semi-arid dryland  marginal land ecosystems. This integrated ap-
environments. The synergy between these two  proach has been shown to significantly increase
soil amendments serves as a key strategy for dry biomass, nitrogen and phosphorus uptake,
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grain weight per plant, and overall yield com-
pared to the control. The observed improvements
in productivity are supported by enhancements in
soil chemical properties, such as increased CEC,
available phosphorus, and exchangeable potas-
sium, all of which contribute to more efficient
nutrient uptake and plant growth. The combined
application of biochar and mycorrhizae not only
improves nutrient availability, but also enhances
the physical and biological quality of the soil,
thereby supporting plant tolerance to environ-
mental stress. These findings underscore the im-
portance of integrating both amendments for the
sustainable management of calcareous soils, and
highlight the need for further research on optimal
application rates, biochar types, local mycorrhi-
zal species, and technology adoption strategies at
the farmer level.

CONCLUSIONS

The results of this study indicate that the
combination of maize cob biochar at a rate of 4 t
ha™! with mycorrhizal inoculation is the most ef-
fective treatment for enhancing sorghum produc-
tivity on calcareous dryland soils. This treatment
was proven to increase dry biomass, nitrogen
and phosphorus uptake, grain weight per plant,
and total yield compared to the control. The ob-
served increase in productivity is closely associ-
ated with improvements in soil chemical prop-
erties, particularly CEC, available phosphorus,
and exchangeable potassium, all of which col-
lectively support nutrient uptake efficiency and
plant growth. The synergy between biochar and
mycorrhiza not only enhances nutrient availabil-
ity but also improves the physical and biological
quality of the soil, thereby strengthening plant
resilience to environmental stress. These find-
ings underscore the importance of integrating
both amendments in the sustainable management
of calcareous soils, while also opening opportu-
nities for further research regarding optimal ap-
plication rates, appropriate biochar types, local
mycorrhizal species, and technology adoption
strategies at the farmer level.
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