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Abstract

This study investigates the impact of varying biochar application rates on the
biological properties of sandy loam soil, with a particular focus on its impact on soil
health, microbial activity, and enzyme functions in agricultural applications. Biochar
analyses indicate a high carbon content (65.83% fixed carbon and 79.38% total
carbon), low O/C (0.14) and H/C (0.69) ratios, and alkaline characteristics (pH 8.28),
implying possible advantages for soil carbon sequestration, fertility, and structure.
Moreover, biochar exhibits low electrical conductivity (1.15 dS/m) and can enhance
pH levels, mitigating soil salinity risk. Toxicant investigation revealed no detectable
hazardous substances, affirming its environmental safety. The utilization of biochar
markedly affected soil enzymatic activities, including dehydrogenase and alkaline
phosphatase, signifying increased soil microbial activity and improved phosphorus
cycling. Biochar positively influenced soil microbial biomass carbon and augmented
the microbial population, encompassing bacterial, fungal, and actinomycete counts.
Statistical study validated the substantial impacts of various biochar dosages on soil
biological characteristics. This study highlights the efficacy of biochar as a sustainable
soil amendment for enhancing soil health, microbial activity, and long-term carbon
sequestration.

Keywords Biochar, Soil health, Microbial activity, Carbon sequestration, Soil enzymatic
activities, Sustainable amendment

1 Introduction

Soil-related constraints significantly limit crop production in semi-arid regions. The
dominant soil order faces numerous challenges in India, including weak structural
integrity, low fertility, and accelerated erosion. The agriculture expansion into marginal
lands, reduced fallow periods, deforestation, inappropriate farming practices, and low-
input systems exacerbate these issues, resulting in adverse economic and environmental
impacts [1]. Given the limited resilience of sandy loam soils, implementing improved
natural resource management strategies is critical to mitigating soil degradation,
enhancing agricultural productivity, ensuring food security, and reducing poverty levels
in these regions.
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Biochar is a prominent agricultural soil amendment known for its ability to enhance
soil fertility, improve nutrient retention, and promote long-term soil sustainability. Its
application has demonstrated significant potential in increasing agricultural produc-
tivity while addressing soil degradation and environmental challenges in various agro-
ecosystems. Biochar, a carbon-dense substance produced via the pyrolysis of organic
biomass, including agricultural crop residues, forest woody waste, and agro-industrial
organic solid waste, in conditions of limited or absent oxygen, has attracted consider-
able interest for its prospective advantages in agriculture [2]. Its utilization in soil is pro-
posed to promote soil porosity, water retention capacity, carbon content, and fertility,
boost agricultural yield, and aid in carbon sequestration [3, 4]. Biochar, as a stable car-
bon form, persists in the soil for prolonged durations, affecting numerous soil character-
istics and processes [5]. Soil biological characteristics, such as enzyme activity, microbial
biomass, and soil respiration, are essential indicators of soil health [6]. Soil microorgan-
isms are crucial for nutrient cycling, organic matter breakdown, and the preservation of
soil [7]. Enzymatic activities related to nitrogen, carbon, and phosphorus cycles indicate
the biochemical functioning of the soil ecosystem. Soil respiration, quantifying the emis-
sion of carbon dioxide from soil organisms, reflects microbial activity and the overall
metabolic function of the soil [8]. The biological features of soil are essential for sustain-
able agriculture, as they directly influence nutrient availability, soil structure, and crops’
resistance to diseases and pests [9, 10]. Consequently, preserving and improving these
attributes is essential for sustained soil vitality and agricultural output.

Sandy loam soils, distinguished by their elevated sand content, moderate silt lev-
els, and low to moderate clay concentration, pose distinct problems and opportunities
for agricultural techniques. These soils are recognized for their excellent drainage and
ease of cultivation. However, they frequently exhibit limited capabilities for water and
nutrient retention. In India, applying excessive fertilizers to attain elevated agricultural
yields has been common for decades, resulting in soil deterioration and environmen-
tal contamination [11]. Although several studies [12—14] have examined biochar’s influ-
ence on soil properties, most have focused on single application rates, used low quality
biochar or specific soil types. Limited research has systematically assessed how differ-
ent biochar application rates influence the biological properties of sandy loam soils in
semi-arid agriculture field. This constitutes a key research gap. The hypothesis of this
study is that varying application rates of biochar will differentially influence the biolog-
ical properties of sandy loam soils, with an optimal rate enhancing microbial activity,
enzyme functions, and overall soil health indicators more effectively than either under
or over application. This study aims to evaluate the effects of varying biochar applica-
tion rates on microbial biomass, enzyme activities, and soil respiration in sandy loam
soil; assess changes in soil health indicators in relation to biochar dose and application
frequency; and determine the optimal biochar application rate. Given the current global
emphasis on climate-resilient and sustainable agricultural practices, this study is timely.
A comprehensive understanding of the impact of varying biochar application rates on
soil biological characteristics in this region is essential. Biochar has the potential to
simultaneously enhance soil health, improve productivity, and mitigate environmental
degradation, making it a valuable intervention for sandy loam soils in semi-arid regions.
The findings of this research will contribute to developing evidence-based guidelines for
biochar use in Indian agriculture and similar agroecosystems worldwide.
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2 Materials and methods

2.1 Experimental site

The field experiment of biochar application was carried out from October 2022 to Sep-
tember 2023 at the Instructional Farm of the College of Technology and Engineering
(CTAE), Maharana Pratap University of Agriculture and Technology (MPUAT) in Udai-
pur (refer to Fig. 1). This area was categorized as agro-climatic zone IV-A in Rajasthan.
Further information regarding the experimental site and crop selection was elucidated in
our prior study [15].

Table 1 Delineates the attributes of the experimental site and presents essential infor-
mation concerning the soil’s diverse physical and chemical qualities. This data estab-
lished a foundation for comprehending the environmental circumstances and soil
fertility status at the study site, which was crucial for analyzing the experiment’s out-
comes and assessing its influence on soil biological features.

The cumulative rainfall for the trial from October 2022 to September 2023 was
805 mm. The daily average temperatures reached a maximum of 30.83 °C and a mini-
mum of 15.20 °C, with extremes of 41.7 °C and -4.4 °C. The daily average relative
humidity (RH) at 7:30 AM was 73.92%, ranging from 25% to 95%. At 2:30 AM, the aver-
age relative humidity was 37.84%, ranging from 6% to 92%.
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Fig. 1 Location of biochar field application site
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Table 1 Preliminary physicochemical characteristics of soil

Sr. No. Properties of Soil
1. Sand (%) 68.89
2. Silt (%) 18.57
3, Clay (%) 1254
4. Textural class Sandy Loam
5. pH 641
6. EC(dSm™) 1.02
7. Bulk density (Mg/m?) 144
8. Particle density (Mg/m?) 238
9. Porosity (%) 39.88
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Fig. 2 Layout of the experiment site

2.2 Experimental setup

The experimental strategy for biochar application utilized a randomized block design
with eight distinct treatment combinations, each reproduced three times. Treatments
were randomly assigned to plots utilizing the Fisher and Yates random number table
[16]. The arrangement and treatment allocation are depicted in Fig. 2.

The soybean straw harvested from the experimental location was utilized for biochar
synthesis. The methodology for biochar generation was delineated in our prior research
[17, 18]. The biochar yield from soybean straw at 500 to 600 °C for 6 h in the Depart-
ment of Renewable Energy Engineering, MPUAT was around 1:3 The untreated biochar
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(particles size < 8 mm) was applied to the experimental field at various rates. The specif-
ics of the eight different treatments are presented in Table 2. Control treatment refers to
soil or crop plots without biochar application, used for comparison in evaluating biochar
effects.

2.3 Biochar characterization

2.3.1 pH

According to TMECC (2001) protocols [19], the pH assessment of biochar required the
preparation of a biochar sample at a 1:20 ratio of biochar to deionized water. The mix-
ture was agitated for 90 min to facilitate enough interaction, after which the pH was
assessed using a Toshcon-Toshniwal Deluxe CL-54* pH meter.

2.3.2 Electrical conductivity (EC)

The method for EC analysis adhered to a protocol akin to that of pH measurement,
employing a modified dilution and equilibration technique [20]. Following equilibration,
the electrical conductivity of the solution was assessed with an ELICO CM 180 conduc-
tivity meter. This instrument delivered precise measurements of the solution’s conduc-
tivity, assessing its capacity to conduct electricity.

2.3.3 Liming ability

The AOAC 955.01 method [19], as specified by the Association of Analytical Commu-
nities, was employed to assess liming capacity in samples with a pH exceeding 7. This
technique utilized potentiometric titration on “as received” (wet) samples, with com-
putations grounded in dry weight to ascertain the percentage of CaCO; and report it
“per dry sample weight” During this procedure, the wet sample was titrated to evaluate
its acidity or alkalinity using a standardized solution, and the quantity of (CaCO;) was
determined based on the volume of titrant utilized. This figure was subsequently modi-
fied to reflect the dry weight of the sample, yielding an accurate depiction of the liming
capacity per unit of dry sample weight.

2.3.4 Carbon stability

The carbon stability of biochar can be assessed by determining the molar ratio of hydro-
gen (H) to organic carbon (C) [21]. This ratio elucidates the biochar’s extent of carbon-
ization and stability, with diminished H-to-organic carbon ratios signifying enhanced
carbon stability. This evaluation assessed the appropriateness of biochar for enduring
carbon sequestration and soil enhancement objectives.

2.3.5 Toxicant assessment

As specified by the International Biochar Initiative [19] criteria for biochar utilized in
soil applications, this test evaluated potential toxicants. Samples for toxicant evaluation
were prepared by standard laboratory protocols, which included grinding and homog-
enizing the biochar to guarantee consistency in testing and the acid digestion procedure.

Table 2 Details of various treatments
Treatments T, T, L T, Ts Te T, Tg
Biochar (ton/ha) Control 4 8 12 16 20 24 28
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Employ the suitable analytical method of ICP-MS (Thermofisher, iCAP RQ) at CSMCRI,
Bhavnagar, to detect and quantify hazardous metals.

2.4 Soil sampling

Soil samples were collected from the same experimental plots to ensure consistency.
A sanitized stainless-steel core cutter was used to extract soil from the upper 0-15 cm
layer, corresponding to the primary root zone and active microbial layer. Sampling was
performed in a zigzag configuration across each plot, with 5-7 subsamples per plot
taken from evenly spaced points to capture spatial variability [22]. After collection, these
subsamples were meticulously combined in a sterile polyethylene container. The soil
samples were after that sealed in pre-labelled, airtight sampling bags and conveyed to
the soil laboratory. Upon arrival, each sample was stored fresh at 4 °C for the soil biologi-
cal characteristics analysis.

2.5 Determination of soil biological properties

Soil alkaline phosphatase (AlP) activity was measured using the following method given
by Tabatabai and Bremner [23], and soil dehydrogenase activity was determined using
the Anthrone extraction method as outlined by Casida et al. [24]. Soil microbial biomass
carbon (SMBC) was analyzed through the Chloroform-Fumigation incubation tech-
nique developed by Vance et al. [25]. Bacteria, fungi, and actinomycetes were cultured
on specific agar mediums, and colony counts were adjusted by the dilution factor and
expressed as colonies per gram of dry soil. These methods provide critical insights into
soil enzyme activities and microbial biomass, essential indicators of soil health and bio-
logical functioning.

2.6 Data analysis

The Design Expert-13 software was utilized to assess notable variations in soil biologi-
cal characteristics at different biochar doses by one-way analysis of variance (ANOVA)
[26]. Post-hoc comparisons were performed using Tukey’s Honestly Significant Dif-
ference (HSD) test to validate the statistical significance of the results. This statistical
method facilitates the identification of the effects of varying biochar levels on soil biol-
ogy through mean comparison and significance determination.

3 Result and discussion

3.1 Biochar properties

The proximate and final analysis of biochar discussed in our prior study [17] underscores
its appropriateness for soil application. The research indicates that the biochar pos-
sesses a fixed carbon content of 65.83%, which is advantageous for long-term soil carbon
sequestration. The carbon concentration is 79.38%, suggesting its potential as a carbon-
rich soil supplement. The biochar exhibits low H/C (0.69) and O/C (0.14) ratios, signify-
ing enhanced stability and aromaticity. These attributes render it helpful in enhancing
soil fertility and structure, so making it an advantageous option for agriculture. The
biochar has a pH of 8.28, indicating alkalinity and the capacity to elevate soil pH when
applied as a soil amendment. The biochar, with an EC of 1.15 dS/m, exhibits low salin-
ity, indicating a reduced likelihood of soil salinity problems upon application. Literature
indicates that the electrical conductivity of biochar varies from 0.04 dS/m to 54.2 dS/m
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[27]. Furthermore, its liming potential of 5.14% CaCO; equivalent indicates its profi-
ciency in neutralizing soil acidity, comparable to the impact of 5.14% calcium carbonate,
hence improving soil pH and fostering soil fertility. Biochar comprises several inorganic
constituents, including metal carbonates, sulfates, phosphates, silicates, and chlorides.
Research indicates that the alkalinity of biochar is associated with the amount of CaCO,
MgCO;, Mg(OH),, and MgO [28]. These attributes collectively highlight the appropri-
ateness of biochar for soil enhancement, providing advantages such as improved soil
structure and increased nutrient availability.

ICP-MS analysis revealed that Chromium, Cobalt, Nickel, Arsenic, Selenium, Molyb-
denum, Cadmium, Mercury, Lead, and Boron were below the detection limits in the
biochar. This absence of potentially harmful elements suggests minimal risk of soil con-
tamination [29] or adverse environmental [30] and human health effects, supporting the

suitability of the biochar for sustainable agricultural and environmental applications.

3.2 Accounting for biochar carbon added to soils

The total change in carbon stocks of soils correlated with biochar amendment varies
according to the amount of biochar applied per hectare (see Fig. 3). For each increment
of biochar application from 4 tons/ha to 28 tons/ha, the corresponding carbon stock
change in the soil increases linearly. Specifically, at 4 tons/ha, the carbon stock change
is 1.87 tons/ha. With every additional 4 tons/ha of biochar, the carbon stock change
increases by approximately 1.87 tons/ha, resulting in respective carbon stock changes of
3.73 tons/ha, 5.60 tons/ha, 7.46 tons/ha, 9.33 tons/ha, 11.19 tons/ha, and 13.06 tons/ha
for the treatment T to Ty, respectively. This linear relationship suggests that increasing
biochar application rate leads to a proportional increase in soil carbon sequestration,
highlighting the biochar potential as a sustainable soil amendment for enhancing soil
carbon storage and mitigating climate change. Understanding the percentage of feed-
stock carbon transformed into chemically stable biochar is crucial for estimating the
biochar’s Carbon Decay Rate (CDR) value [31, 32]. However, for national greenhouse gas
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Fig. 3 The total change in carbon stocks of biochar amendment soil
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accounting, it is equally important to consider the impact on other carbon stocks result-
ing from the utilization of biomass and waste materials in biochar production [33].

3.3 Dehydrogenase activity
Figure 4 depicts the effect of different biochar application rates on soil dehydrogenase
activity. The utilization of biochar markedly enhanced soil dehydrogenase activity (P
< 0.01), associated with elevated biochar application rates compared to control treat-
ments. A maximum of 14.92 mg TAF per gram of soil per hour was recorded at 28 t/ha,
while a minimum of 9.19 mg TAF per gram of soil was noted in the control treatment.
The application rate of biochar can substantially influence soil dehydrogenase activity,
an enzyme critical for organic matter decomposition and microbial activity in soil [34].
In this study, dehydrogenase activity recorded a mean value of 12.74 + 0.05 mg TAF
g ! soil h-, based on three replicates per treatment. Data analysis was carried out using
a one-way ANOVA, and the observed differences among treatments were found to be
statistically significant at the 1% level. Biochar can function as a home and substrate for
soil microbes, fostering an advantageous environment for microbial growth. The aug-
mentation of microbial biomass and activity induced by biochar can result in elevated
soil dehydrogenase activity [35]. Biochar additions can improve nutrient availability
in the soil, supplying vital nutrients for microbial metabolism and enzymatic activity.
Enhanced nitrogen availability may enhance soil dehydrogenase activity [36]. Biochar
can affect soil pH and regulate soil acidity or alkalinity. Optimal pH levels are essen-
tial for microbial activity, particularly dehydrogenase activity. Alterations in soil pH
generated by biochar may influence the activity of soil dehydrogenase enzymes. Biochar
enhances water retention, soil structure, and aeration, fostering a more conducive envi-
ronment for soil microbes. Improved soil physical characteristics may indirectly enhance
soil dehydrogenase activity by fostering microbial development and activity [37]. Biochar
comprises organic carbon and functional groups that can engage with microbial popula-
tions and soil organic matter. These interactions may affect the breakdown of organic
materials and the activity of soil dehydrogenase enzymes. The impact of biochar on soil

dehydrogenase activity may fluctuate over time as biochar decomposes and engages with
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Fig. 4 Biochar effect on the dehydrogenase activity in the soil
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the soil microbial community [38]. Biochar amendment improved nutrient cycling by
stimulating bacterial communities associated with higher B-glucosidase and phospha-
tase activities [39]. The initial stimulatory effects of biochar on dehydrogenase activity
may diminish or stabilize over time.

3.4 Alkaline phosphate activity

Figure 5 illustrates the effect of different biochar application rates on soil alkaline phos-
phatase activity. The use of biochar markedly (p <0.01) enhanced soil alkaline phosphate
activity relative to the treatment without biochar. The range was identified as 92.11 to
136.54 mg PNP/g soil h. With the increase in biochar application quantity, a notable
improvement in soil alkaline phosphate activity was measured, with the application of
28 t/ha of biochar resulting in the peak alkaline phosphate activity of 136.54 mg PNP/g
soil h. This indicates a 48.23% increase in alkaline phosphatase activity relative to soils
without biochar application.

The results of the mean alkaline phosphatase activity under various biochar applica-
tion rate was found 118.48 + 0.15 mg PNP/g soil h with three replicants of each treat-
ment, indicating high precision in measurement. Statistical analysis was conducted
using a one-way ANOVA and results show a significant enhancement in alkaline phos-
phatase activity with increasing biochar doses. This rigorous experimental design and
statistical validation ensure the reliability and reproducibility of the findings. The appli-
cation of biochar can affect soil alkaline phosphatase activity, a crucial enzyme in phos-
phorus cycling [40]. The biochar impact on soil alkaline phosphate activity is complex.
The biochar porous structure and elevated surface area can provide a habitat for soil
microorganisms, potentially augmenting microbial populations that contribute to phos-
phorus mineralization and enzymatic activity [41, 42]. Moreover, biochar may mod-
ify soil pH, establishing conditions that enhance the activity of alkaline phosphatase
enzymes. Additionally, biochar can aid in stabilizing and maintaining organic phospho-
rus molecules in the soil, hence affecting their availability for microbial mineralization
and enzymatic hydrolysis [43, 44]. The influence of biochar on soil alkaline phosphate
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activity is contingent upon the properties of the biochar and soil, requiring site-specific
assessments for a thorough understanding of its impacts [45, 46].

3.5 Soil microbial biomass carbon

Figure 6 illustrates the effect of different biochar doses on the soil microbial biomass
carbon (SMBC). The experimental results demonstrate a substantial impact of varying
biochar dosages on the SMBC. The MBC of soil was measured at 142.38, 164.64, 180.31,
206.53, 236.25, 256.19, 268.73, and 303.07 mg/kg for Treatments T1 through T8, respec-
tively. The maximum SMBC measured was 303.07 mg/kg with a 28 t/ha biochar appli-
cation rate, while the minimum was noted in the control treatment. The use of biochar
significantly influences SMBC, however its effects may fluctuate over time. Mitchell et
al. [47] reported no substantial alteration in SMBC during a brief interval (20-30 days)
post-biochar treatment, although showed enhancements in SMBC levels after one year.
Similarly, Ameloot et al. [48] noted a 29% increase in SMBC in sandy loam soils treated
with biochar produced from willow wood pyrolyzed at temperature of 700 °C. Luo et al.
[49] likewise showed elevated SMBC levels in clay loam soils supplemented with bio-
char generated at identical temperatures. The data indicate that although biochar can
improve soil microbial biomass in the long term, the integration of biochar with organic
amendments may alleviate the early decline in SMBC.

The results for SMBC are presented as mean values with corresponding standard
errors to ensure data clarity and reproducibility. For instance, the SMBC mean value
was 220.74 + 1.99 mg/kg, calculated from three replicates. Statistical analysis was per-
formed using a one-way ANOVA, and the differences among treatments were found
to be significant at the 1% level. Biochar positively influences SMBC by improving soil
structure, enhancing nutrient availability, and increasing organic carbon content. Its
porous structure provides a habitat for microorganisms, while its high surface area aids
in retaining water and nutrients. These factors collectively boost MBC, contributing to
enhanced overall ecosystem productivity. The use of biochar can markedly affect soil
MBC, which is a favorable indicator of soil nutrient cycling and microbial activity [50].
Biochar can improve SMBC by offering a habitat and substrate for soil microorganisms,
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Fig. 6 Effect of biochar on the soil microbial biomass carbon in the soil
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hence promoting microbial growth and activity [51, 52]. Moreover, biochar amendments
can enhance soil physico-chemical characteristics, fostering a conducive environment
for microbial populations. The influence of biochar on MBC may fluctuate over time and
across different locations, and high application rates of biochar could inhibit microbial

biomass.

3.6 Soil microbial population

The application rate of biochar markedly affects soil microbial communities, encompass-
ing bacteria, fungi, and actinomycetes. Increased biochar applications often provide an
environment that enhances the proliferation and variety of microbial populations. This
improvement is due to biochar’s capacity to promote soil structure, nutrient accessibil-
ity, and moisture retention, which are essential for microbial growth and activity.

Figure 7 depicts the effect of biochar application rates on the proliferation of the soil
bacterial community. The use of biochar considerably (p<0.01) affects soil bacterial
populations, increasing both their variety and abundance. The populations of soil bac-
teria ranged from 53.38 to 82.50 x 10° CFU/g, with the maximum and minimum values
recorded in treatments of 28 t/ha and the control treatment, respectively. The biochar
porous structure creates an advantageous environment for bacteria, supplying both pro-
tection and vital materials for their proliferation. This habitat enhancement results from
biochar’s capacity to hold moisture and nutrients, essential for bacterial activity. Fur-
thermore, biochar modifies soil pH to a more neutral state, fostering a more conducive
environment for a broader spectrum of soil microbes. Consequently, augmenting the
biochar application rate often fosters a more robust and diversified bacterial population,
thereby enhancing soil health and nutrient cycling.

Figure 8 depicts the impact of various biochar application dosage on the proliferation
of soil fungus. The application rate of biochar considerably (p<0.01) affects soil fungal
populations, mostly due to alterations in soil microbial habitats and physicochemical
features. The populations of soil fungus ranged from 18.27 to 28.50 x 10° CFU/g, with the
treatment of 28 t/ha producing the highest values and the control treatment yielding the
lowest. Increased biochar application can alter the soil ecology, enhancing conditions for

8

T1 T2 T3 T4 TS T6 T7 T8

Treatments

=) =2 3 ~ >
< W < W <
T T T T T

Bacteria (No. x 10° cfu/g)

n
n

n
=]

Fig. 7 Effect of biochar on the bacteria population in the soil
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Fig. 9 Effect of biochar on the actinomycetes population in the soil

fungus proliferation. The porous structure of biochar offers a protective environment for
fungus, and its alkaline characteristics can modify soil pH, hence favoring the prolifera-
tion of specific fungal populations over others. Furthermore, the enhanced soil structure
and augmented water retention resulting from biochar application can facilitate fungal
spore germination and mycelial proliferation. The specific impacts on soil fungal popula-
tions can differ based on the types of biochar, its application rate, and the intrinsic soil
conditions.

Figure 9 illustrates the impact of different biochar application dosage on the growth
of the soil actinomycetes population. The varying application rates of biochar consider-
ably (p < 0.01) affect soil actinomycetes populations, acting as a crucial determinant of
their activity and abundance in soil ecosystems. The population of actinomycetes was
found to range from 19.74 to 32.47 x 10* CFU/g. Treatment T yielded the highest acti-
nomycetes populations, measuring 32.47 x 10* CFU/g. An observable enhancement in
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soil alkaline phosphate activity was identified with the increasing application of biochar.
Numerous studies indicate that biochar, characterized by its extensive surface area and
porous architecture, offers an optimal environment for actinomycetes, which are essen-
tial for organic matter decomposition and the enhancement of soil health [53, 54]. The
incorporation of biochar into soil can improve moisture retention and nutrient acces-
sibility, hence promoting the proliferation of beneficial bacteria. With the rising applica-
tion of biochar, there is frequently a concomitant increase in actinomycetes populations,
which can enhance soil structure, fertility, and promote plant health by inhibiting soil-
borne diseases through antibiotic synthesis.

The microbial population data presented in this study are based on three replicates,
and the results are showing the mean bacterial population was 71.31 + 0.24, the mean
fungal population was 24.76 + 0.09, and the mean actinomycetes population was 27.72 +
0.10. The one-way ANOVA statistical analysis results show the differences among treat-
ments were found to be significant at 1% level of significance (p < 0.01). The enhance-
ments in soil aggregate formation may be attributed to the presence of organic material
and organic carbon in biochar, which serve as essential binding agents [55, 56]. The
porous characteristics and elevated interior surface area of biochar promote its func-
tion as a stabilizing agent and augment microbial growth. These microbes then produce
transient chemicals that facilitate the formation of soil aggregates [57]. The presence of
oxidized carboxylic acid groups on the biochar particles surface likely enhances the soil
aggregates stability, hence improving the soil’s structural integrity [58]. The integration
of biochar into soil can markedly modify its physical and chemical properties, fostering
a more conducive environment for microbial proliferation [59]. The appeal of biochar
to microorganisms is partially attributed to its surface hydrophobicity; when combined
with fertilizers, biochar can augment microbial populations and hence increase nutri-
ent availability. The increase in microbial activity is ascribed to biochar’s influence on
soil properties, its capacity to neutralize toxic substances, and its provision of protection
against predation [60]. Steiner et al. [61] noted that biochar’s high water retention capac-
ity further bolsters microbial activity.

The structure of biochar, characterized by holes that provide refuge for soil bacteria
from predators, is essential for sustaining microbial communities [62]. Pores above 200
nm facilitate optimal environments for bacterial habitation, while smaller pores assist in
the retention of water and nutrients vital for microbial existence [63]. The alkaline bio-
char properties promote the growth of gram-positive bacteria relative to gram-negative
bacteria [65], and as biochar matures, a reduction in pH has been noted to enhance fun-
gal proliferation [66].

An experiment adding a pine wood biochar and bacterial mixture to sandy loam soils
resulted in a 16% increase in bacterial population density after four weeks [69]. How-
ever, Quilliam et al. [62] also noted instances where biochar application did not pro-
mote microbial colonization, possibly due to its lower nutrient content relative to the
surrounding soil and a tendency to adsorb low-molecular-weight substances. Recent
field studies in other degraded soils show microbial responses to biochar similar to ours,
but with notable regional differences. For example, a landfill cover trial using peanut-
shell biochar improved soil pH, organic matter, nutrient availability, plant growth, and
microbial richness [67], while a restored mine study reported enhanced soil nutrients,
plant performance, and more complex microbial networks [68]. Overall, biochar tends
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to boost microbial diversity and soil quality in disturbed sites, though effects vary with
feedstock, rate, soil chemistry, and vegetation. These findings highlight the need for site-
specific assessments and multi-site, long-term studies to evaluate broader applicability.

3.7 Statistical analysis

Statistical analysis of soil biological properties under varying biochar application rates
involved twenty-four experimental runs utilizing parametric configurations suggested
by full factorial randomized design (FFRD) using Design Expert-13 software. Dehydro-
genase activity, alkaline phosphate activity, SMBC, and soil microbial populations (fungi,
bacteria, and actinomycetes) were assessed as response variables. Analysis of variance
and fit statistics using the FFRD technique examined soil biological property responses
(see Table 3). All responses exhibited high F-values ranging from 444.26 to 29775.54,
indicating significant biochar effects on the biological properties of soil. Additionally, all
responses had P-values below 0.01, signifying significance at the 1% level. The P-values
less than 0.01 show the significant effect of various biochar doses in soil amendment.
Regression models with lower P-values and larger F-values were deemed significant [70].
Evaluation based on regression coefficient (R*) values indicated satisfactory agreement
(R* = 0.99) between experimental outcomes and calculations, meeting the criterion for
an appropriate model.

The fit statistics for various biological properties of soil under different biochar appli-
cation rates provide important insights into the variability and consistency of these
soil biological indicators. Standard deviation, as a measure of variability, allows us to
understand the spread or dispersion of values around the mean for each property [71].
Dehydrogenase activity, with a low standard deviation of 0.05, indicates very consistent
results across different biochar rates, suggesting a stable microbial respiratory process.
Alkaline phosphatase activity, which has a higher standard deviation of 0.15, exhibits
more variability, indicating that biochar influences phosphate cycling processes in soil to
a greater extent, depending on application rates. Soil microbial biomass carbon (SMBC)
has a relatively large standard deviation of 1.99, reflecting significant variability in how

Table 3 ANOVA and fit statistics for various biological properties of soil

Source Dehydroge- Alkaline SMBC Bacteria Fungi Acti-

nase Activity  Phosphate nomy-
Activity cetes

Biological Properties

Sum of Square 7340 4979 69,110 1925 247.81 37741

DF 7 7 7 7 7 7

Mean Square 1049 697.00 9872.84 275.00 3540 53.92

F-Value 444.26 29775.54 2498.68 4648.16 4481.28 5459.82

P-Value <0.01 <0.01 <0.01 <0.01 <001 <0.01

Remark S S S S S S

Fit Statistics

Std. Dev. 0.05 0.15 1.99 0.24 0.09 0.10

Mean 12.74 11848 220.74 7131 24.76 27.72

CV. (%) 038 0.13 0.90 034 0.36 0.36

R? 0.99 0.99 0.99 0.99 0.99 0.99

Predicted R? 0.99 0.99 0.99 0.99 0.99 0.99

Adeq precision 204.48 502.94 140.17 200.24 199.22 221.88

DF=Degree of Freedom; C.V. = Coefficient of variation; Std. Dev.= Standard Deviation; S=Significant; R?=Coefficient of
determination
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Table 4 Post-Hoc tukey’s HSD multiple comparison test for soil biological properties under different

treatments
Mean Diff  SEM qvalue Prob Alpha Sig LCL UcCL

APA DTA 105.74 1200 1246 0 0.05 1 69.92 141.57
SMBC DTA 207.02 1200 2440 0 0.05 1 171.19 242.85
SMBC APA 101.28 1200 1194 0 0.05 1 6545 137.10
Bacteria DTA 5847 12.00 6.89 0 0.05 1 22.64 94.30
Bacteria APA —47.27 12.00 557 0 0.05 1 —83.10 —-1145
Bacteria SMBC —148.55 1200 1751 0 0.05 1 -18438 —112.72
Fungi DTA -12.02 12.00 141 0.92 0.05 0 —2381 —47.85
Fungi APA -93.72 1200 1105 0 0.05 1 —129.55 —57.90
Fungi SMBC —195.00 1200 2298 0 0.05 1 -23083  —159.17
Fungi Bacteria —4645 12.00 547 0.01 0.05 1 —82.28 -10.62
Actinomycetes DTA 14.98 12.00 1.77 0.81 0.05 0 —20.85 50.81
Actinomycetes APA —-90.77 1200 1070 0 0.05 1 -126.59 —5494
Actinomycetes SMBC -192.04 1200 2263 0 0.05 1 —22787  —156.22
Actinomycetes Bacteria —4349 12.00 513 0.01 0.05 1 —79.32 —7.67
Actinomycetes Fungi 296 12.00 0.35 0.99 0.05 0 —3287 38.78

Sig equal 1 indicates that the difference of the means is significant at the 0.05 level
Sig equal 0 indicates that the difference of the means is not significant at the 0.05 level

biochar affects the overall microbial community. This variability could be due to differ-
ences in microbial response to carbon-rich biochar and its influence on organic mat-
ter availability. The standard deviation for bacteria (0.24) suggests moderate variability,
whereas fungi (0.09) and actinomycetes (0.10) show lower variability, indicating more
uniform responses to biochar application among these microbial groups. The fit statis-
tics analysis shows that while some soil biological properties, like dehydrogenase activity
and specific microbial groups (fungi and actinomycetes), respond consistently to biochar
applications, others, like SMBC and alkaline phosphatase, are more variable, reflecting
the complex and differential impacts biochar has on soil biological processes.

The coefficient of variation (C.V.) is a measure of relative variability and indicates the
dispersion of data points relative to the mean [72]. For biological properties of soil with
varying biochar application rates, the C.V. values provide insights into the consistency of
these parameters. Dehydrogenase activity, with a C.V. of 0.38%, shows a very low vari-
ability, implying high consistency across treatments. Alkaline phosphate activity has
even less variability (0.13%), indicating an extremely uniform response [73]. Soil MBC,
with a C.V. of 0.90%, displays higher variability, suggesting that biochar rates significantly
affect microbial biomass. The C.V. values for bacteria (0.34%), fungi (0.36%), and actino-
mycetes (0.36%) are all moderately low, indicating a reasonably stable microbial com-
munity response, though with some variation in how different microbial groups react to
biochar amendments. These fit statistics suggest that biochar application dosages have a
more pronounced impact on microbial biomass carbon, while enzymatic activities and
microbial populations exhibit moderate stability [38].

Tukey’s HSD multiple comparison (see Table 4) analysis revealed statistically signifi-
cant differences (p <0.05) among treatments for most soil biological properties, includ-
ing alkaline phosphatase activity (APA), dehydrogenase activity (DTA), soil microbial
biomass carbon (SMBC), and microbial populations (bacteria, fungi, and actinomy-
cetes). The largest mean differences were observed between SMBC and DTA (207.02)
and between SMBC and fungi (-195.00), indicating strong treatment effects on micro-
bial biomass. Positive mean differences indicate higher values in the first-named
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treatment, while negative values indicate higher values in the second. Fungi DTA and
actinomycetes fungi comparisons showed no significant differences (p>0.05), suggest-
ing these parameters were less responsive to treatments. Overall, the results confirm
that biochar application rates significantly influence most soil biological indicators, with
clear separations between treatment means.

4 Conclusion

This study highlights the significant advantages of utilizing biochar to enhance soil fertil-
ity and structure. The produced biochar exhibits advantageous characteristics, including
high carbon content, low O/C and H/C ratios, alkalinity, and minimal salt content, ren-
dering it appropriate for improving nutrient availability, soil pH, and overall soil health.
The lack of hazardous substances in the biochar renders it suitable for agricultural and
environmental applications. The study demonstrated that biochar at the optimal rate of
28 t/ha markedly improved soil biological characteristics, encompassing dehydrogenase
and alkaline phosphatase activity, SMBC, and microbial populations. The elevated sur-
face area, porous architecture, and optimal pH of biochar foster conditions conducive to
microbial proliferation, resulting in enhanced organic matter breakdown and nutrient
cycling. The rise in populations of bacteria, fungi, and actinomycetes indicates that bio-
char positively influences soil microbial dynamics, leading to enhanced soil quality. The
findings are significant as they provide evidence-based recommendations for the opti-
mal application rate of biochar in sandy loam soils, supporting sustainable soil manage-
ment practices in semi-arid agricultural systems. This research contributes to addressing
critical issues of soil degradation, low productivity, and environmental sustainability in
Indian agriculture and similar agroecosystems worldwide. Future studies should focus
on the long-term impacts of optimal biochar application under different climatic and
cropping conditions, its interactions with other soil amendments, and its role in mitigat-
ing climate through carbon sequestration.
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