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Abstract

This study explored a practical approach to restoring degraded agricultural soils in Irags arid regions by combining
biofertilizers (Azotobacter chroococcum and Bacillus megaterium) with boron supplementation. Conducted over 120 days
using a randomized complete block design with four treatments: control, biofertilizer alone, boron alone, and a biofertilizer-
boron combination, the research aimed to improve soil health and provide tangible benefits for farmers facing infertile,
desertified lands. Results showed that the combined treatment improved soil properties, reducing pH from 8.40 + 0.05 to 8.20
+ 0.06 and electrical conductivity (EC) from 3.10 + 0.08 to 2.80 + 0.09 dS m™ (P < 0.05), while increasing organic carbon
from 0.30 = 0.02% to 0.50 £ 0.04%, nitrogen (N) from 33 + 2.0 to 58 + 3.0 mg/kg, phosphorus (P) from 5.0 £ 0.3 to 11.0 =
0.6 mg/kg, potassium (K) from 82 + 3.5 to 90 + 4.5 mg/kg, and boron (B) from 0.20 + 0.02 to 1.10 + 0.06 mg/kg (all mean +
SE, n =3, P < 0.05). Using biofertilizers together with boron-enhanced soil fertility more effectively than either treatment
alone. This approach offers farmers a low-cost, environmentally friendly method to improve crop growth and restore soil
health. The observed improvements over 120 days demonstrate that even short-term interventions can support agricultural
productivity, enhance soil quality, and help communities adapt to desertification. Long-term monitoring is recommended to

confirm the sustainability of these benefits.
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1. Introduction

Desertification is a major environmental issue,
characterized by the deterioration of dryland ecosystems due
to human activities and climate fluctuations. According to
the United Nations Convention to Combat Desertification
(UNCCD, 2020), more than one-third of the Earth)s land area
is affected by desertification, threatening the livelihoods of
over a billion people living in these regions. Soils in these areas
suffer from low organic matter, nutrient deficiencies, increased
salinity, and unstable pH levels. These conditions not only
reduce agricultural productivity but also impair essential soil
functions, such as nutrient cycling and water retention, thereby
complicating efforts to sustainable land management (Lal, 2015;
Smith et al., 2019).

The use of chemical fertilizers to improve soil fertility
in degraded lands raises sustainability concerns due to
environmental impacts, including groundwater pollution,
soil acidification, and long-term degradation (Johnson, 2021).
Excessive fertilizer use also decreases soil biodiversity and
overall soil health, highlighting the need for more sustainable
alternatives (Tilman et al., 2022).

Among these alternatives, containing
beneficial microorganisms—such as nitrogen-fixing bacteria
and phosphate-solubilizing fungi—can enhance soil fertility
and support plant growth. These biofertilizers improve nutrient
availability and strengthen interactions between plants and soil,
helping to rehabilitate degraded soils (Nguema-Ona et al., 2021).

biofertilizers

Boron is an essential micronutrient that plays a crucial
role in plant functions, including cell wall formation,
reproductive development, and crop productivity. Degraded
soils often lack adequate boron due to leaching and reduced
organic matter content, limiting the « <soib>s capacity to retain
this nutrient (Thompson, 2023). Recent studies suggest that
combining biofertilizers with essential nutrients such as
boron can produce synergistic effects, improving both soil
fertility and plant productivity in degraded environments
(Vessey, 2003).

Although the individual benefits of biofertilizers are well
established, their combined effects on degraded soils remain
underexplored. Understanding the interactions between
microbial activity and nutrient availability can provide
practical solutions to improve both chemical and biological
soil qualities (Barea et al., 2005).

This study aimed to evaluate the effectiveness of
an integrated approach using biofertilizers and boron to
improve soil chemical properties and functions in arid desert
areas. It also sought to demonstrate how this approach can
offer practical, eco-friendly solutions to restore degraded
ecosystems, enhance agricultural productivity, and mitigate
soil deterioration. The findings are expected to help local
communities achieve more sustainable land management
and contribute to global understanding of soil restoration
under changing climatic conditions, supporting sustainable
development goals.

* Corresponding author e-mail: mohammed.rahim@atu.edu.iq
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2. Materials and Methods:
2.1 Study Site:

The field test was conducted in the desert region in
southern Iraq, which has a dry climate, with an average
annual rainfall of 150 mm and an average annual temperature
of 25°C. Before starting the experiment, the soil samples
were collected from random sites at a depth of 0-30 cm.
Samples were air-dried under controlled conditions, crushed
with a hammer, and passed through a 2 mm sieve to obtain
homogeneous material. After that, Composite samples were
then prepared for the analysis of soil chemical, physical, and
biological properties (Table 1).

Table 1. Some Chemical and Physical Properties of the Studied Soil

Attributes Values 1nel;sl*l$'§:1?1fen .
Soil pH (pH) 8.5
Electrical conductivity (ECe) 32 dS m-1
Organic Carbon 0.3
Gypsum 1.5 %
Lime 12
Cation exchange capacity (CEC) 8 cmol kg-1
Available nitrogen 30.43
Available phosphorus 5.36
Available potassium 80.32
mg kg-1 soil
Available boron 0.22
Exchangeable Calcium 1500
Exchangeable Sodium 200
Bulk density 1.6 gem™?
Porosity 40 %
Sand 65
hofi(;icins e 2 %
Clay 10
soil texture Sandy Loam

*The analyses were conducted at the laboratory of the Directorate of
Agriculture in Karbala, Iraq.
2.2 Biofertilizers:

A commercial biofertilizer containing Azotobacter
chroococcum (AZl), a nitrogen-fixing bacterium, and
Bacillus megaterium (BM2), a phosphate-solubilizing
bacterium, was used. Seeds of Pennisetum glaucum L.
were coated with 20 g of biofertilizer per kilogram of seeds.
The biofertilizer contained 1 x 10® CFU g' of Azotobacter
chroococcum and 1 x 108 CFU g of Bacillus megaterium to
ensure sufficient microbial activity. Microbial strains were
obtained from reputable culture collections to ensure their
validity under experimental conditions. Colony-forming
units (CFU g') were standardized to ensure uniform
application. Seed coating was chosen as the application
method to enhance microbial colonization of roots, which is
particularly effective in the arid environment of the study
site.
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2.3 Boron Application:

Boron was used in the form of boric acid (H3Bo3
contains 17% boron), with the rate of adding 2 kg per hectare.
The rate corresponds to 0.34 kg elemental B ha™. Boric
acid was dissolved in water and evenly applied to the soil
surface. Application volume per plot was standardized, and
no additional insecticides were used to avoid contamination.
The soil was then lightly tilled to incorporate the mixture
into the top 5 cm, ensuring uniform distribution. This
percentage was determined by the initial experiments to
ensure the availability of adequate boron in sandy loam soils
while avoiding potential toxicity.

2.4 Experimental Design:

The experiment was conducted according to a
Randomized Complete Block Design (RCBD), consisting
of four treatments, each repeated three times. Each replicate
represents an independent field plot (biological replicate)
to account for spatial variability within the field. The
treatments were: (1) control without biofertilizer or boron,
(2) only biofertilizer, (3) boron only, and (4) a mixture of
fertilizers and boron. The area of each piece was4m2 (2 mx
2 m), and the adjacent pieces were separated by a barrier of 1
m to prevent mutual pollution. Each plot measured 2 x 2 m (4
m?) and was separated by 1 m buffer zones to prevent cross-
contamination. Pennisetum Glaucum L. Drip irrigation was
used to simulate desert conditions while supporting plant
growth. Soil moisture was maintained at 50% field capacity,
monitored with a tensiometer. The experiment lasted for a

120-day growth season.

2.5 Soil Sampling:

Soil samples were collected from each plot at a depth
of 0—15 cm on two occasions: prior to treatment application
(baseline) and at the < experiment>s conclusion (120 days
post-sowing). Five soil cores were randomly sampled per
plot, then combined into a composite sample. These samples
were air-dried, ground, and passed through a 2 mm sieve to
prepare them for chemical analysis.

2.6 Soil Chemical Analysis:
Soil properties
established laboratory protocols (Table 2). Soil pH and

chemical were assessed using
electrical conductivity (EC) were measured in a 1:2 soil-
to-water suspension using a glass electrode pH meter and a
conductivity meter, respectively, according to the methods
by Jackson (1973). Organic carbon content was determined
via the Walkley-Black chromic acid wet oxidation method
(Walkley & Black, 1934). Available nitrogen was quantified
using the alkaline permanganate distillation technique as
outlined by Subbiah and Asija (1956). Available phosphorus
was extracted with sodium bicarbonate and measured
colorimetrically using the Olsen method (Olsen et al., 1954).
Exchangeable potassium was extracted with 1 N ammonium
acetate and analyzed by flame photometry, as described by
Hanway and Heidel (1952). Available boron was extracted
with hot water and determined colorimetrically using the
azomethine-H method (Berger & Truog, 1944). All analyses
were conducted in triplicate (n = 3) and reported as mean +
standard deviation (SD) to show replicate variability.
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Table 2. Soil chemical properties after 120 days

" - Organic C Available N\ Available P Available K Available B
Treatment EC (dS/m) %) (el ) i) i) sl
Control 8.40+0.05 | 3.10+0.08 | 0.30+0.02 33+2.0 50+0.3 82+3.5 0.20 +0.02
Biofertilizer | 8.30+0.06 | 2.90+0.07 | 0.40+0.03 48 £2.5 10.0£0.5 84 £ 4.0 0.20 +0.02
Boron 8.40+0.05 | 3.00+0.08 | 0.30+0.02 35+1.8 6.0+0.3 83+3.2 1.00 + 0.05
Biofertilizer | ' 50+0.06 | 2802009 | 050004 |  58+30 110406 90445 110+ 006

*Note: Values represent mean + standard deviation of three replicates (n=3).

2.7 Statistical Analysis:

The obtained data were analyzed using one-way analysis
of variance (ANOVA) with SPSS software (version 26.0).
ANOVA assumptions were checked, and exact P-values were
reported for significant effects. All results are expressed as
mean + standard deviation (SD). The SD values indicate the
variability among replicates. Differences among treatments
were evaluated by comparing mean values and their
associated standard deviations.

3. Results and Discussion:

The summary in the accompanying schedule showed
the effects of fertilizers and boron processors applied alone
or in conmbination on the chemical properties of the soil
in the region. All values are presented as mean + standard
deviation (SD) of three independent field replicates (n = 3) to
show the variability among replicates

3.1 Soil pH

The soil has a pH of 8.5, indicating strong alkalinity,
which is typical for desert soils in Iraq (Qadir and Azeez,
2020). In the control treatment, the pH slightly decreased
to 8.40 + 0.05, perhaps due to the accumulation of alkaline
cations during irrigation (Richards, 1954). The + SD values
indicate variability among independent plots (biological
replicates). The application of mineral fertilizers alone
reduced the soil pH to 8.30 + 0.06. The combined treatment
of biofertilizers and boron fertilizers resulted in the greatest
decrease, lowering the pH to 8.20 + 0.06. This decrease may
be related to the production of organic acids by Chroococcum
and Bacillus Megaterium, which release H" ions during
microbial metabolism (Marschner, 1995; Ajeel & Al-Hakeim,
2024; Ajeel et al., 2025). The decrease in pH during joint
treatment might suggest an interventional reaction, which
could be driven by boron. These results support previous
studies showing that boron enhances microbial activity in
alkaline soil (Tariq et al., 2017).

3.2 Electrical Conductivity (EC)

The primary conductivity of the 3.2 dS m™ soil, which
reflects a moderate salinity that corresponds to the conditions
of the Iraqi desert (Abdulrahman, 2025). After treatment,
the conductivity decreased slightly to 3.10 £ 0.08 dS m™
in the control group, and to 2.90 + 0.07 dS m™ and 3.00 +
0.08 dS m™! with biomed fertilizers alone and boron alone,
respectively. The joint treatment achieved the lowest electric
conductivity of 2.80 + 0.09 dS m™". The + SD values indicate
variability among independent plots (biological replicates).

These declines might suggest a potential improvement
in salt filtration and soil structure, which could be related
to increases in organic materials and microbial activity,

thus possibly promoting water leakage (Nguema-Ona et
al., 2021). Boron can reduce salt stress by stabilizing cell
membranes, thereby improving the soibs ability to resist salt
accumulation (Shorrocks, 1997; Tariq et al., 2017). This is
consistent with evidence that integrated nutrient strategies
enhance soil physical properties in salt environments (Six et
al., 2006).

3.3 Organic Carbon

Organic carbon levels remain fixed at 0.30 + 0.02% in
the control and boron treatments alone, indicating a slight
contribution to soil organic matter (SOM). In comparison,
biofertilizer alone increased organic carbon to 0.40 + 0.03%,
whereas the joint treatment increased it to 0.50 + 0.04%.
This improvement may be due to the use of biofertilizers that
stimulate increased microbial mass and root secretions (the
main components of SOM) (Lal, 2009). The superior results
of the common treatment might reflect the combined growth
of plants and root biomass with biotechnology and boron,
which could increase carbon inputs (Smith et al., 2019; Ajeel
& Al-Hakeim, 2024; Ajeel et al., 2025). These results suggest
that integrated nutrient management likely contributes to
increased organic materials in deteriorating soil (Six et al.,
2006).

3.4 Available Nitrogen (N)

The nitrogen available modestly increased from 30 mg
kg™ to 33 + 2.0 mg kg in the control group, which may
reflect natural variation. The application of fertilizers
increased available nitrogen to 48 + 2.5 mg kg™!, possibly
due to nitrogen fixation by Chroococcum (Mahdi et al.,
2010). The common treatment also increased it to 58 + 3.0
mg kg, suggesting that boron may promote plant growth
and root nodulation, thereby enhancing nitrogen fixation
efficiency (Blevins & Lukaszewski, 1998; Thompson, 2023).
This result is consistent with studies showing that boron may
improve nitrogen absorption in alkaline soil (Tariq et al.,
2017).

3.5 Available Phosphorus (P)

Available phosphorus in the control group remained
unchanged at 5.0 + 0.3 mg kg, while boron alone
increased it slightly to 6.0 + 0.3 mg kg™'. The application
of biofertilizers increased phosphorus availability to 10.0
+ 0.5 mg kg, and the joint treatment reached the highest
level at 11.0 = 0.6 mg kg™". This increase may be associated
with phosphate solubilization by Bacillus megatherium,
converting insoluble phosphate into a plant-available form
(Adesemoye & Kloepper, 2009). The improvement in joint
treatment might result from boron-stimulated root growth,
thereby expanding the soil volume available for phosphorus
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absorption (Marschner, 1995; Tariq et al., 2017). These
results highlight the potential of synergistic interactions
between microorganisms and micronutrients to improve
phosphorus availability.

3.6 Available Potassium (K)

Potassium gradually increased from the initial dose
of 80 mg kg™ to 82 + 3.5 mg kg™ in the control group, 84
+ 4.0 mg kg™ in biotechnology alone, 83 + 3.2 mg kg™ in
boron alone, and 90 + 4.5 mg kg™ in the joint treatment.
Although biofertilizers do not directly solubilize potassium,
improving soil structure and microbial activity can enhance
nutrient cycling and reduce extraction losses (Nguema-Ona
et al., 2021). The increase in joint treatment might reflect
improvements in root distribution and nutrient absorption
efficiency, as suggested by similar studies (Lal, 2009; Smith
et al., 2019).

3.7 Available Boron (B)

Available boron in the control group was 0.20 + 0.02 mg
kg™ and was similar to that with biofertilizer alone (0.20 +
0.02 mg kg™'). Boron alone increased availability to 1.00 +
0.05 mg kg', while the combined treatment increased it to
1.10 = 0.06 mg kg™'. Direct boron supplements (supposed
to be 2 kg B ha™') may help correct boron deficiency and
bring levels within the optimal range for plant growth
(0.5-2.0 mg kg™') (Gupta, 1993). The measured values
are above the critical deficiency threshold (~0.5 mg kg™)
and well below the toxicity level (~5 mg kg™), suggesting
safe and agronomically effective supplementation (Brdar-
Jokanovi¢, 2020). The slight increase in joint treatment
might be related to increased boron retention due to higher
organic matter content (Thompson, 2023; Tariq et al., 2017),
reflecting complementary effects of organic and inorganic
amendments.

4. Conclusion:

This study demonstrates that combining microbial
fertilizers with boron supplements provides an effective and
sustainable strategy for rehabilitating chemically degraded
soils in arid environments. This integrated approach
significantly improves key soil properties, including
stabilizing pH, reducing salinity, increasing organic carbon,
and enhancing the availability of nitrogen, phosphorus,
potassium, and boron. By simultaneously addressing nutrient
imbalances and microbial activity, this dual treatment
strengthens efforts to restore soil health while minimizing
environmental harm.

The novelty of this approach lies in its combination of
biological interventions with essential micronutrients, which
reactivates nutrient cycles and enhances soil resilience
against alkalinity-induced deterioration. These findings
offer practical guidance for expanding environmentally
friendly land management strategies and contribute
directly to achieving global sustainable development goals,
particularly SDG 15.3, which focuses on combating land
degradation. By linking agricultural productivity with
environmental sustainability, this research supports climate-
resilient solutions for drylands at risk.
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