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Abstract
Article Info The increase in household organic waste during the COVID-19 pandemic was a source
Received : 17.06.2022 of pollution, especially in soil. The high pollution intensity in various sectors causes the
Accepted : 30.01.2024 soil to degrade and lose nutrients. This study aimed to analyze the efficacy of solid and

Available online: 06.02.2024  liquid biolistics for improving the nutritional status of latosol soil collected from Bali,
Indonesia. The experimental design was a completely randomized design. Efficacy
testing by providing solid and liquid biolistics to latosol soils in polybags at different

AllthOl‘(S) concentrations was performed five times. Macro- and micronutrient testing was

N.L.G.Sudaryati pog carried out three months after the application of the treatments. One-way ANOVA and

I.M.D.M.Adnyana * s2q the LSD test (p<0.05) were used to assess the results. The results revealed significant
differences between the treatment groups in terms of N, P, K, the C/N ratio, water

. ] content, and pH, with a probability value of 0.000 (p<0.05). Thus, solid and liquid
Corresponding author  pjglistics s are efficacious at increasing the fertility of latosol soils. The contents of N,
P, K, moisture content, pH, macronutrients (P20s, K20, C-Organic, N-Total, and C/N
ratio) and micronutrients (Fe, Mg, Mn, Na, Zn) contribute significantly to improving
soil aggregates and structures; improving the physical, chemical, and biological
properties of the soil; and improving the bioavailability of nutrients and soil quality.
The presence of microorganisms is involved in accelerating the process of
biodegradation and decomposition in soil. Thus, solid and liquid biolistics s deserve to
be developed as natural soil repairers.
Keywords: Biofertilizer, Biolistics, soil repairer, local microorganisms, domestic waste.

© 2024 Federation of Eurasian Soil Science Societies. All rights reserved

Introduction

The COVID-19 pandemic has harmed the environment, especially through the increase in household domestic
waste quality caused by large-scale social restrictions throughout Indonesia, including the Province of Bali
(Putro, 2020). The work-from-home policy contributes to an increase in organic waste and food every day
(Pappalardo etal.,, 2020; Arumugam et al.,, 2021). In addition, the impact of the COVID-19 pandemic reportedly
resulted in a decrease in waste management and management by relevant agencies (Roy et al, 2021).
According to data from the National Waste Management Information System in 2020, waste generation in 9
districts/cities in Bali reached 904,924.34 tons/year, with an average of 2,479.24 tons/day. Waste generation
increased in 2021, reaching 915,482.46 tons/year, with an average of 2,508.17 tons/day (Ministry of
Environment and Forestry, 2020, 2022). Household organic waste accounted for 40.91%, the market
accounted for 16.04%, and other waste accounted for 43.05%, with 1,178.13 tons/day left untreated (Waste
for Change, 2021), resulting in environmental pollution, including a decrease in soil fertility rates (El-Ramady
etal, 2020; Adnan et al,, 2022; Yang et al.,, 2022).

Every day, an increase in waste generation negatively impacts soil quality (Putro, 2020). This is because poorly
handled domestic organic wastewater enters and permeates the soil, worsens soil conditions, threatens the
survival of soil microbiota, and has implications for decreasing soil nutrients and causing environmental
degradation (Tsukiji et al., 2020; Waste for Change, 2021). Recent research reveals that the pollution intensity
from various sectors results in soil degradation and nutrient loss (Dehghani et al,, 2021; Suriyaprakash et al.,
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2021). Furthermore, inorganic fertilizers containing nitrogen and phosphorus significantly contribute to soil
pollutants, lowering physical, chemical, biological, and soil permeability (Eugenio et al., 2018; El-Ramady et
al,, 2020). Continuous degradation of soil results in a low number of remodeled microorganisms in the soil,
resulting in a decrease in agricultural land productivity (Geisseler and Scow, 2014; Kashyap et al.,, 2017;
Pappalardo et al., 2020).

In light of these concerns, it is crucial to implement integrated waste management, including agricultural land,
to minimize land degradation in Bali. The use of synthetic fertilizers in the community harms the environment,
so new efforts have been made to use household and market organic waste (leaves, fruits, and vegetables)
enriched with local microorganisms and fungi (Trichoderma sp.) as soil repellents and soil fertility enhancers
called biolistics. Solid and liquid biolistics products were made to stop the use of inorganic fertilizers, which
kill microorganisms in the soil and cause the nutrients in the soil to run out (Du et al., 2020). Raw materials
are sourced from waste and passed through the fermentation system (Suthar et al., 2017; Vassileva et al,,
2021). They are useful for increasing microbial biomass and bioconversion of microbial substrates, enzymes,
and primary and secondary metabolites (Vassileva et al.,, 2021). In addition, bacterial and fungal inoculations
of the main ingredients of biofertilizers reportedly increase the bioavailability of soil nutrients through
nitrogen fixation and mobilization of phosphorus, potassium, and iron nutrients and improve the soil
structure by improving its aggregation and stability (Rashid et al., 2016).

This study aimed to evaluate and analyze the efficacy of solid and liquid biolistics for improving the nutritional
status of latosol soil in Bali, Indonesia. Type land latosols are spread throughout the Bali region and have a
relatively low fertility rate. This research is expected to contribute to the use of waste as a useful soil
remediation agent.

Material and Methods

Study design: This study utilized an experimental design with a completely randomized design. There were
six treatment groups, and each group was replicated five times, as determined using the Federer equation
(Darwin et al.,, 2021). In this study, solid and liquid biolistics were applied at different levels in latosol soils
with low fertility rates in large polybags; 20 polybags were given solid biolistics with different levels of P1
(157 g/polybag), P2 (314 g/polybag), P3 (471 g/polybag), and P4 (628 g/polybag); five pure positive controls
(PCs) were given 100% NPK; and five negative controls (NCs) were given without treatment. Moreover, liquid
biolices that are ready for use are then applied to the soil utilizing 1 L of liquid biolases mixed in 5 L of clean
water and poured into 20 polybags at different concentrations, namely, P1 (208.4 mL/polybag), P2 (417
mL/polybag), P3 (533.8 mL/polybag) and P4 (834 mL/polybag). Moreover, five pure positive controls (PCs)
were given 100% NPK, and five negative controls (NCs) were not treated. A total of 60 polybags with a total
of 30 polybags were given solid biolistics, and 30 polybags were given liquid biolistics. The intensity of soil
fertilization was carried out once every two weeks for a duration of three months. The soil fertility rates were
measured using the parameters nitrogen (N), phosphorus (P), potassium (K), the C/N ratio, moisture content,
and acidity level (pH) one week after the treatment ended. Macro- and micronutrients in solid and liquid
biolistics were measured in integrated testing laboratories.

Sample: Federer’s formula was used to determine the number of samples and tests used (Adnyana, 2021).
The formula used was (n-1) (t-1) = 15, and the results were obtained for six treatment groups with five
replicates each; 30 samples were used for solid biochemical testing, and 30 samples were used for liquid
biochemical testing.

Laboratory testing: After solid and liquid biolistics were applied, soil nutrient testing was conducted in the
laboratory via several tests. The soil N (%) levels were determined using a spectrophotometer set to a
wavelength of 636 nm and the following standards for testing organic fertilizer. At a wavelength of 651 nm,
Walkley and Black used a spectrophotometer to measure the levels of C-organic (%). The amounts of
significant (P and K) and minor (Fe, Mn, Zn, and Na) nutrients in the soil were measured using Morgan Wolf
extract. Spectrometry was used to measure P05, KO total, and N-total (Kjeldahl), and a pH meter was used
to measure the pH. The Regulation Number 01 of 2019 of the Minister of Agriculture of the Republic of
Indonesia on organic fertilizers, biological fertilizers, and soil reformers was used to guide all tests (Ministry
of Agriculture, 2019).

Time and Location: This research was conducted at Greenhouse Tanam.id, Denpasar, for six months
(January-June 2021) at the Treatment and Technical Implementation Unit of the Biosciences and
Biotechnology Laboratory and the Soil Chemistry and Fertility Laboratory of Udayana University to test
macro, micro, and soil fertility nutrients based on predetermined parameters.

Instruments and Materials: The instruments used in this study consisted of personal protective equipment,
needles, trays, hoes, punches, analytical scales, acid chambers, buckets, hammers, hacksaws, paralons, knives,
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measuring cups, electric stoves, destilators, spectrophotometers, beker glasses, Erlenmeyer flasks, ovens,

hanging scales, digital scales, large polybags, timba, gadgets, and stationery. The research materials used were

40 kg of kitchen and market organic waste (fruit, leaf, and vegetable), 5 kg of bamboo leaf, 5 kg of rice laundry

water, coconut water, sack, trash bag, plastic, Trichoderma sp. isolate, methyl red-methyl blue, 40% boric acid,

granulated sugar, 0.1 N NaOH, 0.1 N HCI, H2S04 and latosol soil taken from Suwung landfill, Denpasar, Bali.

Research procedures

1. In the media preparation, latosol soil was inserted into a large polybag (40 cm) with a filling of 3/4 of the
total polybag weighing 4-6 kg. There were 60 polybags per row of media provided.

2. At this stage, the preparation of the biolistic materials was performed. It consists of preparing kitchen
organic waste and markets in the form of rotten fruit waste, vegetables, and leaves obtained from various
places, weighing as much as 20 kg. Isolate samples were obtained from the Food and Horticulture Plant
Protection Center (BPTPH) Semarang. A 250 g isolate of Trichoderma sp. mushrooms was propagated in
rice media.

3. At this stage, as much as 5 kg of fruit and vegetable waste was weighed and then refined using a blender.
Subsequently, 1 kg of granulated sugar and one bunch of leaves were chopped as a source of microbes, 2 L of
coconut water, and 15 L of rice laundry water. The material is a microbial growth medium containing
carbohydrates (source C), proteins (source N), minerals, and vitamins. The media was subsequently added, and
the plants were curdled for 3-5 days until fragrance. The solution was filtered and stored in a bottle, after which
the resulting gas was discharged. If the gas is removed, a solution containing microorganisms from the area is
ready to use.

4. At this stage, 20 kg of organic waste is prepared. A large bucket was prepared, and then, organic waste,
Trichoderma sp., and MOL were isolated so that the volume was as high as 0.2 L. Dopped organic waste was
spread, covered with sacks or other materials, and fermented for 2-3 weeks. The mixture was opened every ten
days, a local microorganism solution was added, and the mixture was closed again. After three weeks, the
fertilizer is disassembled by paying attention to the black or brown color of the soil, after which the solid
biolistics are ready to use.

5. Atthis stage, 15 kg of organic waste was chopped, and as much as 500 mL of Trichoderma sp. isolates and local
microorganism solutions were added. The mixture was subsequently squeezed for one week, after which the
fragrant fragrance was filtered, after which the liquid biolistics were ready to use.

6. Totestthe soil and biolistics that are ready for use, polybags filled with latosol soil were added. Twenty polybags
were given solid biolistics at different concentrations—25% (157 g/polybag), 50% (314 g/polybag), 75% (471
g/polybag), and 100% (628 g/polybag); five pure positive controls were administered 100% NPK, and five
negative controls were administered without treatment. Moreover, liquid biolases that are ready for use are
then applied to the soil utilizing 1 L of liquid biolases mixed in 5 L of clean water and poured into 20 polybags
at different concentrations, namely, 25% (208.4 mL/polybag), 50% (417 mL/polybag), 75% (533.8
mL/polybag) and 100% (834 mL/polybag). Moreover, five pure positive controls were given 100 NPK, and 5
negative controls were not treated. Solid and liquid biologics were added once every two weeks, and the
experiments were carried out in the afternoon. Fertilization rates were based on guidelines for the use of
biological fertilizers and soil repellents. After three months of testing the fertility of the soil, the fertility level
was determined.

7. Fertility rate testing was performed by submitting soil samples and solid and liquid biolistics to an integrated
testing laboratory, after which the data were further analyzed and test results obtained; this process ended with
statistical analysis and interpretation of the data.

Data analysis

The soil fertility rates in each group were determined using statistical analysis to assess the efficacy of solid

and liquid biolistics at different levels. Parameters The following elements were analyzed using SPSS, Inc,,

software version 25.0, with one-way ANOVA and LSD tests: nitrogen (N), phosphorus (P), potassium (K),

carbon/nitrogen ratio, moisture content, and acidity level (pH). The macro- and micronutrient contents were

analyzed descriptively and are presented in the graphs and narratives. The interpretation of the laboratory
results followed the standard guidelines of the National Standardization Agency of the Republic of Indonesia

(SNI) 19-7030-2004 on composting from domestic organic waste (National Standardization Agency of the

Republic of Indonesia, 2004) and the Regulation of the Minister of Agriculture of the Republic of Indonesia No.

01 of 2019 concerning organic fertilizers, biological fertilizers, and soil repairers (Ministry of Agriculture,

2019).
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Results and Discussion
Efficacy of solid biolistics in increasing the fertility of latosol soils

Based on solid biolistics efficacy test findings on the fertility rate of latosol soil collected in Bali, Indonesia,
Table 1 shows five parameters, namely, N, P, K, the C/N ratio, and the moisture content. The results of the one-
way ANOVA test showed that nitrogen content (N) had an F value of 32,151, with a probability value of p=
0.000<0.05. Therefore, there was a significant difference between the treatment groups. The least significant
difference (LSD) was obtained only with the P3 treatment. This was very true for P4, whereas the other
treatments did not significantly differ. An F count of 33.683 was obtained for the phosphorus content (P), with
a probability of p= 0.000<0.05. Thus, there were significant differences between the treatment groups. The
LSD test results revealed significant differences between the NC treatment and the PC, P2 treatment and P3,
and P3 treatment and P4. K was tested, and an F count of 28,540 was obtained, with a probability value of p=
0.000 <0.05. Thus, there was a significant difference between the treatment groups. The LSD test results
showed a noticeable difference in the PC treatment with P1, P2 with P3, and P3 with P4. Testing the ratio of
carbon to nitrogen (C/N) yielded a calculated F count of 21,844, with a probability value of p= 0.000 < 0.05.
Thus, there was a significant difference between the treatment groups. The LSD test results revealed
significant differences between the NC and PC groups and between the P3 and P4 groups. Furthermore, the
water content test obtained an F value of 168,499 with a probability value of p=0.000 < 0.05. Thus, there were
significant differences between the treatment groups. The LSD test revealed significant differences among the
NC+PC treatment, PC+P1 treatment, PC+P2 treatment, and PC+P3 treatment groups.

Table 1. Fertility of the latosol soil caused by the addition of solid biolistics

Parameter/Unit Treatment Mean * SD Sh\f\l}i)lllzo_ SL“cZZies;'ec p value
Negative control (NC) 0.240 + 0.0892
Positive control (PC) 0.774 £ 0.2612
P1 (157 g/polybag) 0.884 + 0.1854 "
N (%) P2 (314 g/polybag) 1.894 + 0351 0.831 9.021 32.151 0.000
P3 (471 g/polybag) 3.304 + 0.666P
P4 (628 g/polybag) 6.014 + 1.923¢
Negative control (NC) 0.320 £ 0.192a
Positive control (PC) 3.344 +0.831P
P1 (157 g/polybag) 3.606 + 0.196P "
P (%) P2 (314 g/polybag) 3714 + 0.391b 0.904 2.397 33.683 0.000
P3 (471 g/polybag) 4.580 + 0.540¢
P4 (628 g/polybag) 5.594 + 1.2614
Negative control (NC) 0.162 +0.0872
Positive control (PC) 1.666 + 0.1507
P1 (157 g/polybag) 0.724 + 0.595¢
K (%) P2 (314 g/polybag) 0.570 + 0.155¢ 0.888 3.858 28.540 0.000*
P3 (471 g/polybag) 2.292 +0.8944
P4 (628 g/polybag) 3.452 + 0.643¢
Negative control (NC) 2.506 +0.8792
Positive control (PC) 5.980 + 0.238b
) P1 (157 g/polyba 6.480 + 0.5710
C/N Ratio b7 E3 i Zgolgbag 7000 £ 0748 0.902 15205  21.844  0.000*
P3 (471 g/polybag) 7.760 + 0.876b
P4 (628 g/polybag) 11.358 + 2.959¢
Negative control (NC) 6.456 + 0.7412
Positive control (PC) 20.004 £ 2.2510
Water Content  P1 (157 g/polybag) 22.052 £1.093¢ 0.843 2835 168499  0.000*

(% [w/w])

P2 (314 g/polybag)
P3 (471 g/polybag)
P4 (628 g/polybag)

21.896 £ 1.306¢
25.354 £ 0.7594
28.740 £ 1.154¢

Abbreviations: * = significant difference (p<0.05); different letters = significant difference according to the LSD test
(p<0.05); same letter = no significant difference according to the LSD test (p> 0.05); N= nitrogen; P= phosphorus; K=
potassium; C/N = carbon-to-nitrogen ratio.
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Efficacy of liquid biolistics in increasing the fertility of latosol soils

The efficacy of liquid biolistics on the fertility rate of latosol soil collected from Bali, Indonesia, was evaluated
using five criteria, namely, the concentration of N, P, and K; the C/N ratio; and the acidity level (pH), as shown
in Table 2. The statistical test results showed that the nitrogen content (N) obtained from the F count was
140,511 (p = 0.000 < 0.05). Thus, there was a significant difference between the treatment groups. The LSD
test results showed a very noticeable difference in all treatment groups, NC, PC, P1, P2, P3, and P4, with values
of p<0.05. The phosphorus content (P) was tested, and a calculated F count value of 35,380 was obtained, with
a probability of p = 0.000 < 0.05. Thus, there was a significant difference between the treatment groups. The
LSD test results revealed noticeable differences between P2 and P3 and between P3 and P4. K was obtained
from an F count of 111,935, with a probability value of p = 0.000 < 0.05. Thus, there was a significant difference
between the treatment groups. According to the LSD tests, there were clear differences between the negative
control (NC) and positive control (PC) groups and between the PC treatment and P1, P1 treatment and P2, and
P3 treatment and P4. Testing the ratio of carbon to nitrogen (C/N) yielded an F count of 188,959 with a
probability value of p = 0.000 < 0.05. Thus, there was a significant difference between the treatment groups.
The LSD test results showed very noticeable differences in the negative control treatment (NC) compared to
the positive control (PC), P1 treatment with P2, P2 treatment with P3, and P3 treatment with P4. Furthermore,
acidity level (pH) testing yielded a calculated F value of 11,555, with a probability value of p = 0.000 < 0.05.
Thus, there was a significant difference between the treatment groups. The LSD test results showed a
noticeable difference between the negative control treatment (NC) and the positive control (PC).

Table 2. Fertility of the latosol soil caused by the addition of liquid biolistics

Parameter/ Unit Treatment Mean * SD Sh\;lvli)lllzo_ ;?{g,zfc F p value
Negative control (NC) 0.560 + 0.181>
Positive control (PC) 12.586 + 0.805P
P1 (208.4 mL/polybag) 6.418 + 1.516¢
N (%) P2 (417 mL/polybag) 7922 +1.321d 0.933 3.233 140.511 0.000*
P3 (533.8 mL/polybag) 12.874 £ 1.331e
P4 (834 mL/polybag) 16.698 £ 0.727f
Negative control (NC) 0.802 +0.272a
Positive control (PC) 8.338 + 0.842a
P1 (208.4 mL/polybag) 5.818 + 1.8102
P (%) P2 (417 mL/polybag) 7864 + 1.1500 0.913 6.804 35.380 0.000*
P3 (533.8 mL/polybag) 13.196 + 4.591¢
P4 (834 mL/polybag) 17.106 + 1.0234
Negative control (NC) 1.300 +0.1874
Positive control (PC) 14.658 + 1.960p
P1 (208.4 mL/polybag) 8.986 + 0.406¢
K (%) P2 (417 mL/polybag) 12.516 + 0.6264 0.823 2.437 111.935 0.000*
P3 (533.8 mL/polybag) 12.546 + 0.9564
P4 (834 mL/polybag) 14.050 + 1.159¢
Negative control (NC) 5.540 + 1.0542
Positive control (PC) 13.124 +0.706P
. P1 (208.4 mL/polybag) 14.382 + 1.360P
C/N Ratio P2 (417 mL/polybag) 16.598 + 1.072¢ 0.955 0.129 188.959 0.000*
P3 (533.8 mL/polybag) 19.720 + 0.9554
P4 (834 mL/polybag) 25.090 * 6.189¢
Negative control (NC) 4.540 + 0.7632
Positive control (PC) 6.000 £ 0.612b
P1 (208.4 mL/polybag) 5.900 £ 0.418p
pH P2 (417 mL/polybag) 6.200 + 0.836 0.961 0.632 11.555 0.000*
P3 (533.8 mL/polybag) 7.000 £ 0.7900
P4 (834 mL/polybag) 7.500 + 0.5000

Abbreviations: * = significant difference (p< 0.05); different letters = significant difference according to the LSD test
(p<0.05); same letter = no significant difference according to the LSD test (p> 0.05); N= nitrogen; P= phosphorus; K=
potassium; C/N = ratio of carbon to nitrogen; pH = hydrogen power.
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Macro and micronutrient contents in solid and liquid biolistic

The results of laboratory tests on the content of solid and liquid biolistic macro- and micronutrients are
presented in Figures 1 and 2. The macronutrients contained in solid and liquid biologics include C-organic
substances; total N, P»20s, and K;0; the C/N ratio; and hydrogen. The micronutrients contained in solid and
liquid biolistics include iron (Fe), magnesium (Mg), mangan (Mn), sodium (Na), and zinc (Zn). The results
indicate that all the parameters tested related to the contents of macro- and micronutrients contained in solid
and liquid biolistics meet the minimum standards required for biological fertilizers, soil repairers, and solid
organic fertilizers; the raw materials used are from domestic organic waste according to the Indonesian
National Standard 19-7030-2004 and the Regulation of the Minister of Agriculture of the Republic of Indonesia
number 01 of 2019. The content is very useful for increasing soil fertility; improving the microbiological,
physical, and chemical structure of the soil; and accelerating the growth of organisms to help improve the
process of biodegradation and the availability of nutrients in the soil.
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Figure 1. The macronutrients contained in biolistics are Figure 2. The micronutrients contained in the biolistics
solids and liquids. are solids and liquids.
Information: (*) = Indonesian National Standard (SNI) Information: (*) = Indonesian National Standard (SNI)
Reference 19-7030-2004; (*) Minister of Agriculture of Reference 19-7030-2004; (") Minister of Agriculture of
the Republic of Indonesia Number 01 of 2019; pH = the Republic of Indonesia Number 01 of 2019; Fe = Iron
Power of Hydrogen; P20s = Phosphorus pentaxide; K20 = (pg/g); Mg = Magnesium (%); Mn = Manganese (ug/g);
Potassium Oxide; C/N = Ratio of carbon to nitrogen. Na = Sodium (%); and Zn = Zinc (ug/g)-
Discussion

Research on the efficacy of solid and liquid biolistics in latosol soils showed that nitrogen (N), phosphorus (P),
potassium (K), the C/N ratio, moisture content, and acidity level (pH) in all treatment groups significantly
improved the aggregation and biological structure of the soil, increasing the capacity and number of
microorganisms for organic matter biodegradation and opening up the soil. These results are in line with the
findings of Lazcano et al. (2021) and Rashid et al. (2016), who revealed that the inoculation of bacteria and
microorganisms in organic fertilizers can improve physical, chemical, and microbiological properties and
improve soil aggregates so that they can be applied.

Tables 1 and 2 show that there is a significant difference between soils given solid and liquid biolistics
treatments at different concentrations and those given a negative control (NC) or positive control (PC). The N,
P, K, C/N ratio, water content, and pH positively affected the fertility of the latosol soil. This occurs because of
the enrichment of local microorganisms and fungi by Trichoderma sp., which can increase nutrients from solid
and liquid biolistics. When applied to the soil, biochar can increase the availability of nutrients and increase
aggregation (Mahanty et al,, 2016; Mitter et al,, 2021). Enrichment by adding Trichoderma sp. isolates were
enriched by the addition of biological fertilizer products, organic fertilizers, and soil repellents because this
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fungus has many advantages and positive impacts on soil improvement (Pandey and Chandra, 2016; Macik et
al,, 2020; Fasusi et al., 2021).

Trichoderma spp. can produce antibiotics that are used naturally to kill parasites found in the soil (Al-
Suhaibani et al,, 2020; Bhandari et al., 2021). This fungus produces several secondary metabolites in the form
of nonribosomal peptides, terpenoids, pyrones, and indolic derivatives with toxic effects on breeding soil
parasites (Kashyap et al., 2017). In addition, Trichoderma sp. can produce indole-3-acetate acid, which
contributes to plant acceleration and increased growth time (Asghar and Kataoka, 2021). The organic matter
of Trichoderma can accelerate the process of nitrogen mineralization by increasing the effectiveness of soil
phosphatase (Al-Suhaibani et al, 2020; Asghar and Kataoka, 2021; Mayo-Prieto et al., 2021), increasing
nutrient absorption, and increasing soil tolerance to abiotic and biotic acidity (Bhardwaj et al., 2014; Fasusi et
al., 2021).

In solid and liquid biolistics, pollination with local microorganisms and Trichoderma sp. increases the activity
of microbial exoenzymes that help to breakdown carbon, nitrogen, and phosphorus (Abbasi and Yousra, 2012;
Francioli et al., 2016). Scientists are attempting to accelerate the breakdown of nutrients, biomass growth, and
absorption of organic and inorganic substances (Mehetre and Mukherjee, 2015; Bononi et al,, 2020). This
efficiency in the use of microand macronutrients culminates in increased soil productivity (Zhao et al., 2018;
Szczatba et al,, 2019; Vassileva et al., 2021), transforming the soil environment of the rhizosphere, plant
growth-boosting agents, natural decomposition agents, and bioremediation biological agents (Halifu et al,,
2019; Zin and Badaluddin, 2020), increasing the provision of soil nutrients in the form of N, P, and K, and other
nutrients such as antibiotics, auxin hormones, cytokinins, and vitamins that enrich the root rhizosphere
(Contreras-Cornejo et al., 2016; Yadav and Sarkar, 2019; Bhandari et al., 2021), and improving the biological
properties of soils by dissolving phosphate compounds, nitrogen propagation, and phosphate activity
(Fitriatin et al.,, 2021).

The macronutrients in the biolistic solid and liquid contents met the quality standards of fertilizers and soil
reformers required by the Regulation of the Minister of Agriculture of the Republic of Indonesia number 01 of
2019. Figure 1 shows that the pH in solid biolistics is classified as neutral to alkaline (7.4), while in liquid
biolistics, it is classified as neutral (7.1). The C-organic content was very high at 19.78% in solid biolistics and
15.22% in liquid biolistics. The N-total value in liquid biolistics (16.77%) is higher than that in solid biolistics
(4.21%) but is classified as meeting the minimum requirements. Furthermore, for the P,0s content, the same
result was obtained, namely, from liquid biolistics (10.67%) and a high length from solid biolistics (4.13%). At
K0, the content of solid biolistics (K) was 3.1% lower than that of liquid biolistics (13.1%), and the C/N ratios
in solid biolistics (18.59) and liquid biolistics (19.46) were very high.

Relatively good results were obtained for improving the soil nutrients in the latosol soils. In line with the
findings of Arthanawa et al. (2022), research on the effects of natural biofertilizers with a pH of H,0 (8.19), C-
organic material (25.18%), N-total material (1.49%), P (2.01%), and K (1.99%) was classified as very high,
with a field capacity of 29.16%, so that the use of natural materials can increase soil fertility. Kai and Tamaki
(2020) revealed that obtaining similar higher total cholesterol (TC), total nitrogen (TN), and C/N ratios in soils
fed organic fertilizers seems to increase bacterial biomass, leading to improved nutrient circulation through
N and P circulation.

The macro- and micronutrients contained in solid and liquid biolistics indicate that biolistics, both solid and
liquid, are suitable for use as soil repellents and soil fertility enhancers, especially in latosol soils that have low
fertility rates. Both solid and liquid biolistics can add C-organic matter to soils and plants. Thomas and Singh
(2019) revealed that high or low levels of C-organic matter in the soil are influenced by the amount of organic
matter contained in fertilizers. Soil organic matter can be maintained, which contributes to an increase in the
biological activity of soil, nutrients, and water transportation so that the decomposition process progresses
well (Siddiquee et al., 2017). The total N content also contributes to the need for nutrients in the soil. Nitrogen
is useful for increasing the growth of roots, stems, and leaves; for increasing chlorophyll production; for
increasing protein levels; and for accelerating the growth of shoots at the roots (Yadav and Sarkar, 2019;
Beeby et al., 2020; Bononi et al.,, 2020).

Elemental N in solid and liquid biolistics can improve and control the growth and development of
microorganisms in low-fertility soils (Raimi et al, 2017; Lazcano et al., 2021). In addition, the P,0s and
phosphorus contents of biolistics are important for the bioconversion of sunlight into chemical energy via
photosynthetic absorption of CO, which has an impact on the availability of carbohydrate sources in soils with
an abundance of organic matter (Islam et al., 2014; Fitriatin et al,, 2021). Furthermore, carbohydrates under
abundant conditions are synthesized into proteins with the elements N and S. Thus, the formation of cells,
tissues, and organs in the soil and in prospective shoots will occur faster, contributing to improved soil quality
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(Li etal, 2017). An increase in K;0 in solid and liquid biolistics deregulates the translocation of assimilated
K>0 to all plant roots. This represents the accumulation of N in the soil, which triggers a decrease in soil quality
(Baldi et al., 2016).

The micronutrients contained in the solid and liquid biolistics met the quality standards of fertilizers and soil
reformers required according to the Regulation of the Minister of Agriculture of the Republic of Indonesia
number 01 of 2019. Figure 2 shows that the Fe (iron) content is greater in solid biolistics (212 pg/g) than in
liquid biolistics (198 pg/g). The content of magnesium (Mg) was greater in liquid biolistics (13.49%) than in
solid biolistics (2.66%). Furthermore, for manganese (Mn), the same results are obtained for both liquid
biolistic (1.23 pg/g) and solid biolistic (0.85 pg/g) sorbents. For Na, the solid biolistic content (118%) was
greater than the liquid biolistic content (97%). Finally, the zinc (Zn) content was greater in liquid biolistics
(185.8 pg/g) than in solid biolistics (169 pg/g).

The micronutrients contained in solid and liquid biolives have functions and benefits when their quantities
meet normal standards. Iron (Fe) is indispensable for enzymes in the soil (Mitter et al., 2012; Mitter et al.,
2021). Fe functions in soil oxidation, respiration, and photosynthesis. As an enzyme catalyst, Fe is associated
with the formation of chlorophyll and soil aggregates. In addition, Mn aids in the formation of chloroplasts.
Mn is involved in the activity of enzymes involved in photosynthesis and respiration and in the metabolism of
N. Mn can inhibit the formation of phenolic and lignin materials for the defense of plants from fungal infections
(Contreras-Cornejo et al., 2016; Zhao et al., 2018; Macik et al., 2020). Furthermore, magnesium (Mg) plays a
role in nitrogen metabolism (Lazcano et al., 2021). Ca and Zn in solid and liquid biolistics are obtained from
the market and from household waste in the form of leaves, vegetables, and fruits that contain many minerals
that are good for increasing soil nucleation. Ca, Zn, and Na synergize and are involved in water (osmosis)
movement and ion balance in the soil (Abbasi and Yousra, 2012; Mayo-Prieto et al., 2021).

In this study, we found that all parts of the solid and liquid biosystems improved the quality of the latosol soils.
This finding is new because the development of organic waste alone as a soil improvement agent has not been
able to directly provide good results. Nutrients such as N, P, and K need to be stable for a long time, so
improvements in the quality of biolistics need to be evaluated. In addition, the results of this study are different
from those of previous studies in which substantial amounts of Effective Microorganism-4 (EM-4) were used
as a fertilizer decomposition inoculant; however, these studies obtained less significant results in improving
soil nutrients but focused on the yield of the plant produced (Chantal et al., 2010; Hidalgo et al., 2022). In this
study, the use of macronutrients such as carbon and potassium was improved by maintaining the quality of
the raw materials used in biolistic manufacturing, while the use of microelements such as manganese and
naphthalene was improved by maintaining the quality of the production materials used. The hope is that the
biolistics produced comply with established quality standards and can improve soil nutrients appropriately
and efficiently.

The use of solid and liquid biolistics to increase soil fertility is better than the use of synthetic fertilizers.
Physically, organic matter improves the structure and increases the capacity of the soil to store water.
Chemically, organic matter increases the resistance of soil to pH changes, increases the exchange capacity of
cations, decreases fixation factors, and acts as a reservoir of secondary nutrients and microelements.
Biologically, as an energy source for soil microorganisms, nitrogen plays an important role in the
decomposition and release of nutrients in soil ecosystems. The microbial community contained in the biolistics
was determined through microbiological examination; these included Rhizobium sp., Azospirillum sp., Bacillus
sp., and Trichoderma sp. All the nutrient components met the Indonesian National Standard (SNI) 19-7030-
2004 (National Standardization Agency of the Republic of Indonesia, 2004) and the Regulation of the Minister
of Agriculture of the Republic of Indonesia Number 01 of 2019 (Ministry of Agriculture, 2019).

Conclusion

Solid and liquid biolistics are effective at increasing the fertility of latosol soils. The nitrogen content (N),
phosphorus (P), potassium (K), carbon-to-nitrogen ratio (C/N ratio), moisture content, and pH contribute
significantly to improving soil aggregates and structures; improving the physical, chemical, and biological
properties of soils; and improving the bioavailability of nutrients in the soil. Macro- and micronutrients are
beneficial for maintaining and improving soil quality, and the presence of Rhizobium sp., Azospirillum sp.,
Bacillus sp., and Trichoderma sp. is involved in accelerating the process of biodegradation and decomposition
in soil. However, further research is needed to determine the stability of macro- and micronutrients in relation
to biologics and their impact on the soil. In addition, it is necessary to compare the length of time needed to
store nutrients in biolistic-treated soils with that needed for other soil reformers on latosol soils or other soils.
Moreover, related research is needed on how well solid and liquid biolistics work in soils with different fertility
levels and how they can be used directly in soil and plant care on a larger scale.
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Abstract
Article Info Humus materials are considered complex organic substances generated through a
Received : 02.11.2023 chain of chemical reactions and responsible for many processes in soil that ultimately
Accepted : 31.01.2024 govern soil health. The structural and functional characteristics of humus depend upon

Available online: 07.02.2024 the location, quality, and microbial abundance of the soils. However, the differential
characteristics of soil organic matter, seasonal changes, parent rock, plant cover,
microbial abundance, and anthropogenic activities majorly affect it. The present study

Author(s) has aimed toward the extraction of humus from five different locations in the Delhi

C.Singh w~ region of India and their characteristics were investigated through elemental analysis,
A.Chauhan s2q Fourier Transform infrared (FT-IR) spectroscopy, and UV spectroscopy. The results
J.Arora . showed that there was a higher degree of unsaturation detected in the Forest soil
’ ) === sample. The results of FT-IR showed the presence of characteristic peaks of humus in
A.Ranjan % the samples however the intensity of bands was weak in sample disposable site soil
V.D.Rajput »2d sample and clayey soil sample due to the variation in soil physicochemical properties.
S.Sushkova p2d The study also aimed to assess the growth of Oryza sativa (rice) plants observed in the
T.Minkina @4 hydroponics system. The significant finding was observed with the forest soil sample
S.V.Eswaran <) in 1000 mgL-! and treatment in which the growth was minimum in clayey soil of 1500
T Jindal * e mgL-1. Our investigation infers the diverse nature of humus in different soils and its

implications for plant growth, highlighting the importance of understanding soil
. ) organic matter for sustainable agriculture and soil health management.
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Introduction

Soil organic matter is the key component of soil that affects the physicochemical properties of soil. The organic
matter is made up of non-living heterogeneous material derived from microbial and chemical degradation of
the organic pool in the soil (Lal, 2020). These processes are termed as humification process which generates
humus which is further resistant to degradation. Humus substances are mainly associated with soil nutrient
flux, carbon restoration, pollutants movements, soil aggregation behaviour, and soil fertility (Korschens,
2002). Humus is mainly composed of fulvic acids, humic acids (HAs), and humin materials. It features a
network of single strands connecting clusters of humic material and minerals, forming a carbonaceous
structure (Jackson, 1993). They exist as groups of peptide amphiphiles, carbohydrates, N-heterocyclics, and
alkyl-aromatics. Although some polysaccharides, proteins, lipids nucleic acids were also found in the humus
(Enev et al., 2014). The clay fractions predominantly consist of phenols, lignin, lipids, and fatty acids. The
primary functional groups within the HAs molecule include carboxylic, phenolic, and alcoholic, along with
minor groups like hydroxy, methoxy, thiol, etc. The Humic substances (HS) represent around 80% of organic
matter. The structures and compositions of humus largely depend on the quality of organic matter, soil
properties, and microbial activity, involving several polymerization, degradation, and transformation
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processes leading to the generation of humus materials in soils (Wei et al.,, 2019). The composition of marine
humus is generally composed of aliphatic compounds while the presence of certain carboxylic acids and
phenolics in humus was due to input of lignin, and tannins from terrestrial materials (Hayes et al., 2017).
Humus derived from coal exhibits significant variations in mineral components (aluminosilicate), the number
of functional groups, and water content (Volkov et al,, 2021).

Several theories were earlier presented for the determination of humus structures (Ndzelu et al,, 2020, Chen
et al, 2020). According to Stevenson (1994)’s study, they are composed of heterogeneous organic
macromolecules similar to the original material. There is significant concern in controlling the commercial
potential of humic acids due to their ability to enhance plant growth (Thakur et al., 2023). Few studies have
reported that HAs are composed of hydrophobic materials stabilized by neutral pH and hydrophobic forces
while fulvic acids are mainly formed from hydrophilic compounds derived at any pH (Kolchanova etal.,, 2021).
However, detailed structural characterization of humus materials has been discussed less, and thus a critical
extraction procedure is essential for the derivation of proper structures.

For the determination of qualitative and quantitative features of humus, fractionation of organic matter is
preferred as it can generate more valuable information about the humus produced. Previously, various
extraction techniques like the use of chelating agents, cationic exchange resins, organic solvents, aqueous
saline solutions, and alkaline solvents were employed. Due to the establishment of multiple procedures, there
was a lack of proper determination of humus composition and humus characteristics. Hence, the International
Humic Substances Society (IHSS) has implemented an extraction method involving the treatment of samples
with a potent base (typically 0.1 or 0.5 mol L-1 NaOH) within a nitrogen-rich environment (Li et al,, 2022).
Despite numerous chemical alterations in the structural compositions, this methodology successfully yielded
an optimal composition and provided representative compositions similar to those found in the original
material.

Characterizing the HAs is vital for understanding their structural composition and applications in agriculture,
environmental science, and biotechnology. Analytical techniques like Elemental Analyzer, UV
spectrophotometry, and FTIR spectroscopy reveal molecular characteristics and interactions, providing
insights into the organic nature of HAs. UV spectrophotometry examines ultraviolet light absorption,
identifying functional groups and the aromatic nature of HAs. FTIR spectroscopy helps by identifying the
specific functional groups. These methods collectively offer a comprehensive understanding of HA's chemical
composition, facilitating its use in diverse applications, from soil improvement to wastewater treatment.

The growth-promoting activity of plants in response to varying concentrations of HAs extracted from soil is a
subject of keen scientific interest in agriculture. The Has are evident to influence plant growth through
multiple mechanisms. When applied to plants at different concentrations, HA can enhance root development,
nutrient uptake, and overall plant vigour (Adani et al., 1998) . Studies have shown that lower concentrations
of HAs can stimulate root growth and improve nutrient absorption by facilitating ion exchange processes in
the root zone. Conversely, higher concentrations of HAs might exert different effects, potentially leading to
improved photosynthetic efficiency, increased biomass, and enhanced resistance to environmental stresses
(Castro et al., 2022). However, the response of plants to varying HAs concentrations is complex and can be
species-specific, as different plants possess varying capacities to respond to these organic compounds
(Stuijfzand et al, 1999) . As such, investigations into the growth-promoting potential of HAs at different
concentrations contribute to our understanding of soil components and plant development, extending the
pursuit for sustainable agricultural practices.

In the present study, we aimed towards the determination of spectral and chemical characteristics of HAs
obtained from soil of five different locations. Characterization of the extracted HA was performed through FT-
IR, UV-Vis spectrophotometry, and an elemental analyzer. This study was also aimed at the assessment of the
growth-promoting potential of the extracted HAs from different locations. For this purpose, Oryza sativa was
used as model plants using a reliable hydroponic rice seedling culture system to examine the various plant
physiology parameters.

Material and Methods

Chemicals and Reagents

All the chemicals used in the extraction and characterization stages were of high purity and analytical research
grade. Reagents and chemicals used in the study include hydrochloric acid (HCl), sodium hydroxide (NaOH),
distilled water, potassium bromide (KBr), sodium pyrophosphate (Na4P,0-), sodium hypochlorite (NaClO)and
deuterium oxide (Merck). Hoagland solution macronutrients- magnesium sulphate heptahydrate
(MgS04-7H0), calcium nitrate (Ca(NOs);), potassium dihydrogen phosphate (KH,PO.), potassium nitrate
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(KNO3), ethylenediaminetetraacetic acid iron (III) sodium salt (CioHi2FeN2NaOg-H,0) and micronutrients-
boric acid (H3BO3), manganese chloride tetrahydrate (MnCl;-4H,0), zinc sulphate heptahydrate (ZnSO04-7H;0),
sodium molybdate dihydrogen monoxide (NazMo00O4-H,0), copper sulphate pentahydrate (CuSO,.5H,0), the
Technical-grade HA was obtained from Sigma-Aldrich. Oryza sativa seeds were purchased from Indian
Agriculture Research Institute (IARI).

Sampling Site

Soil samples were collected from 0-20 cm depths at five diverse locations within the Delhi-NCR region, India.
The collected samples represented various soil types, including forest soil, agricultural field soil, riverbank
soil from the Yamuna, landfill soil near Ghazipur landfill site, and clayey soil from a pond in Gautam Buddha
Nagar, Uttar Pradesh, India. Specifically, the soil from the forest area near Gwal Pahadi, Gurugram, Haryana,
situated in the Aravalli Hills, was classified as 'undisturbed’ due to its minimal human impact and was located
17 km from Gurugram, India. The agricultural field soil was collected from Bulandshahr District, Uttar
Pradesh, India, while riverbank soil was obtained from the Yamuna bank at Kalindi Kunj, Delhi, India. The soil
near the Ghazipur landfill site of Ghaziabad, Uttar Pradesh, and the clayey soil near a pond in Bulandshahr
District, Uttar Pradesh, India were also part of the study. The collected samples were designated as S1, S2, S3,
S4, and S5 labels respectively (Figure 1). These locations were chosen based on significant differences in
pedogenetic factors, parent material, landform, land use, and management practices (Table 1). The selection
process also carefully considered the molecular-level diversity within the soil samples (Senesi and Loffredo,
1999; Lehmann and Kleber, 2015). Multiple sub-samples were gathered, air-dried, and sifted through a 2.0
mm mesh for subsequent chemical analysis, following the methodology as explained by Xiao et al. (2021).
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Figure 1. Soil sampling location on the map of Delhi NCR, India

All experiments were conducted at a room temperature of 25+1°C and humidity 50%.
Table 1. Soil sampling locations and their geo-coordinates in and around Delhi National Capital Region (NCR) of India

S. No. Sampling Site Location Latitude Longitude
1 S1 (Forest HA-FHA) Gwal Pahadi, Gurgaon, Haryana, India 28.457523 77.026344
2 S2 (Agriculture HA-AHA) Bulandshahr District, Uttar Pradesh, India 28.411331 77.848434
3 S3 (Yamuna HA-YHA) Yamuna bank at Kalindi Kunj, Delhi, India 28.545267 77.306092
4 S4 (Disposal HA-DHA) Ghazipur landfill site of Ghaziabad, Uttar Pradesh, India 28.625242 77.327989
5 S5 (Clay HA-CHA) Gautam Buddha Nagar, Uttar Pradesh, India 28.514580 77.377594

Extraction and Purification of HA

The extraction of HAs in the soil was done corresponding to the standard method of the International Humic
Substance Society (IHSS) (IHHS, 2024). The extraction was performed using 0.1 M HCI, and subsequently
extracting during the night with 0.1 M NaOH under an atmosphere of N,. The pH was set to 2.0 by adding 6.0
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M HCL Then, the remnants were collected and further extracted again. The contents existed centrifuged at
5,000 RCF for 10 minutes before being redissolved in a solution containing 0.1 M KOH under a N; atmosphere
The clustered colloidal particles were then collected by subjecting it to centrifugation at 40,000 RCF for 15
minutes after this solution was adjusted to 0.3 M using KCIL. The precipitated HAs were retrieved through
centrifugation after the supernatant was centrifugally acidified by adjusting the pH to 2.0 using 6.0 M HCI.
After being treated twice for 24 hours with 0.5% HF + HCI, the HAs were centrifuged at 5,000 RCF. The material
that precipitated was dialyzed and subsequent freeze-drying following a rinse with 200 ml of 0.01 M HCIl. The
treated samples were then obtained through centrifugation at 5,000 RCF (Figure 2).
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l
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Figure 2. Flow chart illustrating the methodology of Humic Acid extraction steps.
Characterization of Humic Samples
Elemental Analysis
After extraction and purification, the obtained HAs fractions, elemental compositions of the HAs were
determined by the elemental analyser (CHNS-O EA 3000). The percentage of O content was determined by

subtracting the percentages of C, H, N, and S after making corrections for moisture and ash content in the data.
The following formula was used for the calculations: %0 = [100 — (%C + %H + %N + %S)

UV-Visible Spectrophotometry

UV-VIS spectroscopy was done using AJX-1600 spectrophotometer where the spectra were taken
corresponding to the methods described by Datta et al. (2022) using a wavelength range of 200 to 800nm, at
25°C, with a 1 cm optical path in a solution created by diluting 20mg of HAs in 1 L of NaHCO3 (0.05 molL-1),
with a pH 8.0. To calculate the relationship coefficient E4 /E6, the absorbance at 465 nm was divided by that
obtained at 665 nm (Datta et al. 2022) .

A separate stock solution of HA (10 mgL-1) was prepared using NasP,07 alkali solvent. Using this solution,
multiple standards working solutions with HA concentrations ranging from 0.002% to 0.012% were also
prepared in solvent. The absorbance of HA in the UV-VIS spectral range was measured in the mixture of
NasP,07alkali solvent. To establish the calibration series, each standard working solution was transferred into
a spectrophotometric cell, and its absorbance was recorded at two wavelengths, 465 and 665 nm.

Fourier Transform Infrared Spectroscopy (FT-IR)

The spectral analysis was performed using a Bruker Vertex 70 FTIR spectrophotometer equipped with a
Platinum attenuated total reflection (ATR) module. To achieve this, the lyophilized and purified samples were
converted into tablets and compressed together with KBr. Subsequently, FT-IR spectra ranging from 400 to
4000 cm-! were generated. A resolution of 4 cm-1was utilized, and 10 scans were performed to generate the
set of 10 spectra. Origin software (version 5.0, 2007) was used to assess these spectra.
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Plant Materials and Growth Conditions

Rice seeds (Oryza sativa L.) were procured from Indian Agriculture Research Institute (IARI), New Delhi, India.
Before use, seeds of consistent size underwent surface sterilization using solution of NaClO at a concentration
0of 10% (v/v) was applied for a period of 10 minutes. Following this, they were thoroughly rinsed with distilled
water and immersed for a duration of 4 hours. Subsequently, the healthy and seeds of consistent size were
placed in 150 mm petri dishes, covered with filter paper of Whatman no. 1, and moistened with Hoagland’s
solution at half-strength with a pH of 6.5 as described by Arditti and Dunn (1969). The seeds were further
allowed for germination in the absence of light at a temperature of 28 + 2°C and for 4 days. The ensuing young
seedlings were grown under a photon flux density (PFD) of 150 pmol photons m2 s-1 and kept within a relative
humidity range of 50-60%. This environment followed a day/night cycle lasting 12 hours each at a consistent
temperature of 28 + 2°C for a duration of 8 days inside a growth chamber. Following this period, seedlings of
consistent size were selected and relocated into half-strength Hoagland'’s solution at half-strength for a 7-day
acclimatization period. Subsequently, the leaves were carefully stored at -86 °C until further analyses. After
the 7-day treatment period, root and shoot samples were gathered from both treated and untreated (control)
seedlings, and different parameters were measured for analysis.

Determination of Growth Parameters and Photosynthetic Pigment

The parameters related to growth, such as fresh and dry weight, along with root and shoot length, were
assessed following the random harvest of both untreated (control) and treated rice seedlings. From each
sample, 10 seedlings were selected at random, and then divided into root and shoot portions for subsequent
measurement of their respective length and fresh weight. To ascertain the dry weight, the root and shoot
segments were enclosed in butter paper and underwent oven drying at a temperature range of 65-75°C for 48
hours, following which their weights were measured. To assess total chlorophyll and carotenoids, 25 mg of
fresh leaves were extracted in 5 ml of 80% (v/v) acetone for each sample. The quantification of chlorophyll
and carotenoids was conducted following the procedures outlined by Arnon (1949) and lkan (1969),
respectively. There were total of 16 treatments viz, T1 (control) to T16, and three concentrations were taken,
500 mg L-1, 1000 mg L1, and 1500 mgL-! as per the description of the treatments is given in the table 2.

Table 2. Description of treatments

Treatment Code Doses (mg L1) Treatment Details
T1 Not Applicable Control (Nutrient Broth)
T2 500
T3 1000 FHA (Forest HA)
T4 1500
T5 500
T6 1000 AHA (Agriculture HA)
T7 1500
T8 500
T9 1000 YHA (Yamuna HA)
T10 1500
T11 500
T12 1000 DHA (Disposal HA)
T13 1500
T14 500
T15 1000 CHA (Clayey HA)
T16 1500

Results and Discussion

Elemental Analysis

The elemental composition is the most fundamental trait of the organic compound of any sample. The results
of the elemental analysis, along with the atomic ratios (C/H and C/N) and the ash content of the samples are
provided in Figure 3. The results were obtained after corrected the moisture and remaining ash contents were
assessed through thermogravimetric analysis. The content of %C was highest in S1 followed by S2, S3, S4, and

S5. However, the %H was maximum in S2. %N was followed the different trend S2>S1>53>S4>S5. %0 and %S
was highest in S1.
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Figure 3. Elemental analysis of the samples for percent content of Carbon, hydrogen Nitrogen, oxygen and sulphur

UV-Vis Spectroscopy

The UV absorption serves as an effective indicator of the unsaturated carbon content in samples, presenting a
rapid, simple, and highly sensitive approach for molecular characterization (Figure 4). The spectra of the
samples were showing higher absorbance (200-300 nm) for sample S2, due to the presence of more
chromophores of double bonds (C=C, C=0). These results were corroborating the above section with higher
aromatic structures (higher H/C) in sample S1. The percentage HA was maximum in S1 that is 0.089%
followed by S2, S3, S4 and S5 (Figure 5).
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Figure 4. Calibration curve of the standard Humic Acid Figure 5. Percentage of Humic Acid in the soil samples
prepared at the absorbance of 465-665 nm selected for the studies

FT-IR Analysis

To identify the conformational alterations and content fluctuations of functional groups of HAs from various
locations, FTIR spectra were collected. The spectroscopic data about tested samples has been provided in
Figure 6. The spectrum was divided into two bandwidth regions for a wider understanding of bands. All the
samples were showing almost similar absorption patterns due to the basic skeleton structures of the HAs.
However, few differences in the intensity and band shifting were found owing to their origin sites. The spectra
existing 3500-3000 cm-1 were showing the bands of stretching of O-H, minor stretching of N-H, and displaying
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hydrogen-bonded -OH groups (Cocozza et al., 2003). The intensity of these bands was prominent in S1, S2 and
S3 however it gets decreased in S4 and S5 due to the presence of less matured humus substances. Since in the
S4 major organic reactions owing to humus formation were absent therefore it is showing immature humus
substances. The groups that appeared between 2900-2300 cm-! were major due to involving asymmetric and
symmetric stretching of C-H in CH; groups. These groups were absent in S4 and S5, and very prominent
intensity was detected in S2 due to a chemical reaction that occurred at that site. The absorption bands at
1740 were corresponding to the stretching of C=0 in COOH and other carbonyl groups. The bands occurring
between 1600-1690 cm! were arising from vibrations in the aromatic C=C skeleton, stretching of C=0 in
amide groups (designated as amide [ band), and C=0 in quinone and/or hydrogen-bonded conjugated ketones.
Additionally, the presence of a peak at 1550 cm-! was associated with N-H deformation and C=N stretching
(referred to as amide II band), as well as stretching of aromatic C=C. There were several absorption bands
detected between 1200-1400 cm-! were denoting the presence of asymmetric bending of C-H in CH3 groups,
deformation of O-H, and stretching of C-0O in phenolic OH, bending of C-H in CH; and CH3z groups, anti-
symmetric stretching of COO-, and stretching of C-0 in aryl esters. The extra peak observed at 1130 cm-1,
associated with the skeletal vibration of C-0-C stretching, could possibly be attributed to the presence of
cellulose residues in the sample (Ertani et al., 2011). Many peaks between 500-1000 cm-! were denoting the
existence of lignin residues in the samples, as reported by Rodriguez-Lucena et al. (2009). There was a
remarkable shift in the intensity was detected at each peak. In sample S1 the peaks were more prominent
followed by S2, S3, S4 and S5.
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Figure 6: FT-IR spectra of the Humic Acids samples extracted from soil of the five different locations across Delhi, NCR,
India (A) illustrate the diverse functional groups present in the range 2000 to 4000 cm-1,and (B) illustrate the diverse
functional groups present in the range 1000 to 2000 cm-!

A higher percentage of C, and H in Sland S2 were suggesting a lower degree of humification than that of S3,
S4, and S5. The H/C, N/C, values were almost similar for S2 and S3 however they were highest for S2,
suggesting a higher degree of unsaturation. The higher values in S2 were denoting the presence of less

substituted aromatic rings due to shorter transformation reactions.

Hydroponics Setup with Rice Using Various Concentrations of HA

Treatments significantly affected the fresh mass, length, protein content, chlorophyll content and carotenoids
content of the rice seedlings. All the treatments gave significantly higher values. The best treatment for all the
parameters was T3 in which the value of the shoot fresh mass was 0.79 g/seedling, and the fresh root mass
was 0.325 g/seedling. The value of maximum total protein content is 19.1 mg g-! FW, maximum chlorophyll
content is 29 mg g-1 FW and the maximum carotenoids is 551 mg g-1 FW. The least values of all the parameters
were observed in T11.

Discussion

The elemental composition serves as a fundamental aspect that unveils the organic makeup of each sample.
Carbon, nitrogen, hydrogen, oxygen, and sulfur work together in organic compounds, showing how important
the elemental composition is in understanding how systems function. Our study assess the elemental
composition's core role in describing the organic composition of examined samples. This comprehensive
analysis focusses on essential ratio of element (C/H and C/N) alongside ash content. The adjustments for
water content and remaining ash content, executed through analysis using thermogravimetric, contribute to
these outcomes. Aligned with Amir et al. (2004), composting induced substantial nitrogen content (%N)
reduction and a higher carbon-to-nitrogen (C/N) ratio. Parallel to their findings, our study indicates increased
oxygen content (%0) and a slightly elevated oxygen-to-carbon (O/C) ratio post-composting, collectively
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suggesting compositional transformations. It's important that hydrogen (%H) and carbon (%C) content
experienced limited variation during this process, aligning with Amir et al.'s observations. The distribution of
carbon content (%C) across sampling stations resonates with Tadini et al. (2022), revealing higher %C in S1,
followed by S2, S3, S4, and S5. Their study demonstrated declining soil carbon content (%C) with depth across
integrated agricultural systems, paralleling our depth-related trend.

Table 3. Impact of different treatments on seedling length and fresh biomass, total chlorophyll, carotenoid, and protein
content in rice seedlings

Treatments Fresh mass (g/ seedling)  Length (cm/seedling) Total Protein ~ Total chlorophyll Carotenoids

Shoot Root Shoot Root (mg g1 FW) (mg gt FW) (mg g1 FW)
T1(Control) 0.68+.0.006 0.291+0.008 16.1+0.47 8.58+0.35 15.8 + 0.19 25 +1.76 463.0 * 5.19
T2 0.52+.0.008 0.212+0.032 13.1+x0.66 6.40£0.70 12.8 + 0.15 21 £1.43 383.2 =+ 4.29
T3 0.79+.0.029 0.325+0.010 18.3x0.45 9.36+0.90 19.1 = 0.23 29 £ 1.99 551.0 =+ 6.17
T4 0.60+.0.004 0.253+0.023 14.2+0.62 7.40+0.59 144 = 0.17 23 £1.61 4275 £ 4.79
T5 0.48+.0.004 0.183+0.007 12.1+0.53 5.90+0.34 12.3 + 0.15 20 £ 1.38 378.0 =+ 4.23
Té6 0.62+0.014 0.244+0.009 14.9+0.38 7.65+0.12 146 = 0.18 22 * 1.54 412.0 = 461
T7 0.51+0.012 0.195+0.012 12.8+0.81 6.33+0.28 12.1 + 0.15 20 £ 141 3731 =+ 4.18
T8 0.62+0.007 0.263+0.006 14.4+0.78 7.93+0.44 142 = 0.17 23 + 1.57 3845 =+ 431
T9 0.68+.0.006 0.165+0.008 16.1+x0.47 8.58+0.35 15.8 +0.19 25 £ 1.76 463.0 * 5.19
T10 0.49+.0.029 0.321+0.010 17.3x0.44 8.36+0.80 15.1 + 0.23 29 £1.99 561.0 =+ 6.81
T11 0.20+.0.008 0.126+0.032 11.1+x0.66 5.40+0.70 11.8 = 0.15 19 * 143 356.2 * 4.29
T12 0.30+.0.002 0.242+0.023 12.6+0.61 5.70+0.54 134 = 0.17 25 + 131 438.5 + 4.58
T13 0.38+.0.004 0.173+0.007 13.1+0.53 6.90+0.34 143 = 0.14 22 +1.34 385.8 =+ 3.68
T14 0.42+0.014 0.144+0.009 16.9+0.38 6.95+0.17 13.6 = 0.18 21 £1.36 321.0 =+ 3.25
T15 0.48+0.012 0.205+0.012 11.8+0.81 6.45+0.28 12.1 = 0.11 21 £148 3288 =+ 3.85
T16 0.31+0.007 0.011+0.006 11.2+0.78 5.63+0.44 142 = 0.17 23 +1.57 3295 + 4.02

Mirroring Polyakov et al. (2019), our %N analysis reveals a distinctive trend among sampling stations:
S2>S1>S53>54>S5. Their focus on HAs underscores the relationship between nitrogen (%N) and hydrogen
(%H) content within HAs, aligned with our observations. Additionally, the heightened oxygen (%0) and
sulphur (%S) content in S1 resonates with Polyakov et al. (2019)'s emphasis on HAs' elemental composition.
Despite differing sample types, our study's elevated oxygen and sulphur content in S1 echoes similar organic
composition trends.

Our study demonstrates that UV absorption serves as quickly and highly responsive for characterizing the
molecular composition of samples, particularly in terms of unsaturated carbon content. The UV spectra
exhibited elevated absorbance within the 200-300 nm range for sample S2, indicating a higher presence of
chromophores associated with double bonds (C=C, C=0). These findings align with the observation of greater
aromatic structures (evidenced by a higher H/C ratio) in sample S1. The analysis revealed that sample S1 had
the highest percentage of HA at 0.089%, followed by decreasing percentages in the order of S2, S3, S4, and S5.
Our research underscores the utility of UV absorption analysis as a valuable tool for assessing the unsaturated
carbon content in samples and provides valuable insights into the relative HA content among the tested
samples.

In a series of studies on the characterization of HS, UV-Vis spectroscopy has emerged as a valuable analytical
tool. Enev et al. (2014) compared HS from various sources, including soil, compost, and lignite, and employed
UV-Vis spectroscopy to assess their structural differences. They found that the existence of O-containing
functional groups followed a distinct order across these materials. Additionally, the study by Chen etal. (2002)
focused on natural organic matter (NOM) fractions and reference soil HA (SHA) and utilized UV-Vis
spectroscopy to reveal variations in the excess of aromatic C=C and methoxyl (-OCH3) functional groups.
Furthermore, Chen et al. (1977) emphasized the significance of the E4/E6 ratio, a key UV-Vis parameter, for
characterizing humic and fulvic acids, highlighting its relationship with particle size, pH, and various chemical
properties. Pedra et al. (2008) explored the effects of organic amendments on soil HAs using UV-Vis
spectroscopy, particularly noting alterations in the E4/E6 ratio and the aliphatic and aromatic characteristics
of soil HAs. Altogether, these studies underscore the versatility and applicability of UV-Vis spectroscopy in
elucidating the structural characteristics of HS from various sources.

The FT-IR analysis conducted on various samples of HAs from diverse locations has revealed critical insights
into their compositional and structural characteristics. These findings can be discussed in conjunction with
relevant studies, focuses on the complexity of HAs in different environmental contexts. In the spectral zone of
3500-3000 cm-1, bands associated with O-H stretching, minor N-H stretching, and the presence of hydrogen-
bonded -OH groups were observed, consistent with previous studies (Woelki et al., 1997). The intensity of
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these bands was notably higher in samples S1, S2, and S3, suggesting a greater presence of matured HS, while
S4 and S5 exhibited lower intensities, indicating the presence of less matured humic compounds.

The bands in the 2900-2300 cm-! range corresponded to asymmetric and symmetric C-H stretching of CH:
groups. This aligns with the absence of these bands in S4 and S5, where unique chemical reactions may be
occurring, as reported by Tu et al. (1993). Absorption bands at 1740 cm-! were attributed to the C=0 stretching
of COOH and other carbonyl groups, consistent with the presence of these functional groups (Woelki et al.,
1997). The range of 1600-1690 cm! indicated aromatic C=C skeletal vibrations and C=0 stretching of amide
groups (amide I band), consistent with observations in previous studies (Tu et al., 1993). The peak at 1550
cm! was linked to N-H deformation and C=N stretching (amide II band) as well as aromatic C=C stretching,
corroborating findings by Senesi et al. (1999).

Additional absorption bands between 1200-1400 cm-! pointed to various functional groups, including C-H
asymmetric bending in CH3 groups, O-H deformation, C-O stretching of phenolic OH, C-H bending of CH; and
CH3 groups, anti-symmetric stretching of COO-, and C-O stretching of aryl esters aligning with the results
observed by Senesi et al. (1999). The presence of cellulose residues in the sample was suggested by an
additional band at 1130 cm-! (C-O-C stretching skeletal vibration), similar to findings by Senesi et al. (1999).
The detection of lignin residues aligns with the presence of similar aromatic components observed in previous
studies (Senesi et al., 1999).Variations in the intensity of these spectral features were observed among the
different samples. S1 exhibited the most prominent peaks, followed by S2, S3, S4, and S5. This variance
suggests differences in the degree of humification and the degree of unsaturation, as reported by previous
research (Tu et al,, 1993; Senesi et al., 1999). The FT-IR analysis of HAs presented in this study parallels and
extends the findings of previous research. The characterization of functional groups and spectral features
provides valuable insights into the diverse composition and structural characteristics of HAs across various
environmental sectors. These findings contribute to an enhanced comprehension of the role of HAs in organic
matter decomposition and nutrient cycling (Tu et al., 1993; Woelki et al., 1997; Senesi et al., 1999).

In our study, we have found that the various treatments significantly influenced the growth and biochemical
composition of rice seedlings. Specifically, all treatments yielded significantly higher values compared to the
control group, indicating their positive impact on the seedlings. Treatment T3 stood out as the most effective,
with the highest shoot and root fresh mass, maximum total protein content, chlorophyll content, and
carotenoid content. In contrast, treatment T11 consistently exhibited the lowest values across all parameters.
These findings emphasize the substantial influence of the treatments on rice seedling growth and biochemical
composition, with T3 demonstrating the most favourable outcomes.

Our research aligns with previous studies on HS and their role in promoting plant growth and enhancing
biochemical composition. Nardi et al. (2021) highlighted the importance of understanding the connection
between the chemical structure of humic substances (HS) and their impact on biological activity is crucial.
They highlighted the significance of specific functional groups in HS that could elicit favorable physiological
responses in plants including hormone-like signalling pathways. This aligns with our findings where
treatment T3 significantly increased protein content, chlorophyll content, and carotenoid content in rice
seedlings, indicating its positive impact on biochemical composition. Our results are also consistent with the
study by Vaccaro et al. (2015), which examined the effects of HS on maize seedlings. They found that HS
positively influenced nitrate metabolism, leading to increased soluble protein and amino acid synthesis, as
well as the activity and transcription of enzymes involved in nitrogen assimilation. Similarly, in our study,
treatment T3 significantly increased protein content, suggesting improved biochemical composition in rice
seedlings.

The study by Garcia et al. (2014) investigated the effects of HA under water stress conditions on rice plants.
They observed that peroxidase activity was maintained by HA, reduced lipid peroxidation, and regulated
abscisic acid levels, indicating its protective effects on plants. In our study, treatment T3 consistently
outperformed other treatments across various parameters, suggesting its potential to promote rice seedling
growth and biochemical enhancement, which is in line with the protective effects demonstrated by HA in the
study.

This study discusses about the elemental composition, UV absorption and FTIR analysis of humic acids (HAs).
The study explores compositional changes during composting and highlights the utility of UV-Vis spectroscopy
and FTIR analysis in characterizing HAs. It also connects these findings with some previous reported
literature. Additionally, the research investigates the impact of various treatments on rice seedling growth
and biochemical composition. These results align with previous studies emphasizing the positive effects of
humic substances on plant growth and biochemical composition.
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Conclusion

Humic acids play a significant role in the fertility of soil and plant health. In present study, assessment of
diverse characteristics of HAs from various locations of Delhi NCR has been done. Through elemental analysis,
we determined that the samples exhibited variations in C, H, N2, Oz and S content, with sample S1 showing the
highest C and S levels. UV-Vis spectroscopy highlighted differences in the unsaturated carbon content among
samples, with sample S2 displaying the highest absorbance in the 200-300 nm range, indicative of more
double bonds. Moreover, our FT-IR analysis focuses on the structural and compositional disparities among HA
samples, with S1 and S2 exhibiting more intense bands, suggesting a lower degree of humification. The
hydroponics experiments revealed significant effects of different treatments of HAs on rice seedlings’ growth
and biochemical characteristics. Treatment T3 has been found to be the most effective by promoting
significant growth in root and shoot length, increased root and shoot fresh mass increased protein,
chlorophyll, and carotenoid content in rice seedlings. On the contrary, treatment T11 consistently showed the
least helpful to the seedling health across all parameters. The findings contribute to a understanding of the
HAs and their role in organic matter composition in the various soil. This study also emphasizes the potential
for optimizing promoting and utilization of HAs to enhance sustainable crop growth by ensuring soil and plant
health for sustainable agriculture practices.
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Abstract
Article Info Biofertilizers, consisting of carefully selected microorganisms across various species
Received : 15.12.2023 and genera, exhibit distinct features that enhance soil fertility and promote plant
Accepted : 11.02.2024 growth. Embracing the principles of eco-friendly agriculture, the use of biofertilizers

Available online: 19.02.2024 €merges as a pivotal strategy for sustainable farming, contributing to environmental
preservation and the overall health and biodiversity of the soil. In this study, a
commercially available biofertilizer, containing a specialized strain of Priestia

Author(s) megatherium with nitrogen-fixing capabilities, was employed alongside chemical

fertilizers at two different doses (30 and 40 mg per kg of soil). The primary objective

was to evaluate the impact of biofertilizer on the metabolic activity and structure of
microbial communities in a short-term experiment involving potted maize plants,
utilizing the BIOLOG® EcoPlates technique. Parameters such as average well-color
development (AWCD) and substrate utilization across six guilds (SAWCD) were

* Corresponding author assessed to gauge microbial metabolic activity. Additionally, functional indexes,

including Shannon diversity, Shannon evenness, and Simpson diversity, were calculated
as indicators of soil microbial community functionality. While statistically significant
differences in AWCD among the studied variants were not observed, all estimated
functional indexes consistently revealed heightened microbial diversity and evenness
following the application of biofertilizer. This noteworthy finding, achieved within a
relatively short period of plant cultivation, underscores the necessity for further
research to explore the biofertilizer's enduring effects on soil communities, both in
controlled laboratory environments and under real-world field conditions.
Keywords: Biofertilizer, BIOLOG® EcoPlate, functional indexes, metabolic activity,
microbial communities, Priestia megaterium.
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Introduction

Biofertilizers contain living microorganisms which can affect plant growth and productivity by activating
processes in the soil and in the plant. The use of biofertilizers is considered an eco-friendly approach, which
complies with the aims set in the “farm to fork” strategy of the EU for 20% reduction of mineral fertilisers
(Kurniawati et al., 2023). The biofertilizers usually contain either a single strain or a combination of different
strains and species belonging to the genera Azotobacter spp., Rhizobium spp. and Azospirillum spp., and
mycorrhizal fungi (AMF). The list of species applied as biofertilizers is constantly expanding and currently
included strains from the genera Aeromonas, Arthrobacter, Bacillus, Clostridium, Enterobacter,
Gluconacetobacter, Klebsiella, Pseudomonas, and Serratia. The microbial biofertilizers can be applied in the
soil, on the leaves or seeds. One of the main goals of their application is towards increased microbial activity,
diversity of beneficial microorganisms, and change in the ratio between different species which can boost soil
processes and organic matter turnover (Bargaz et al., 2018; Vessey, 2003). Despite the expanding interest on
the application of AMF and beneficial bacteria their mechanisms of action are not fully revealed (Backer et al.,
2018; Ramakrishna et al., 2019). The effectiveness of biofertilizers would depend on the properties of the
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selected species and strains but the combined use of biofertilizers and the mineral fertilisers would require
both laboratory and field data in order to establish the optimal ratio, to optimize the way of application and to
reveal the possible mechanisms of interactions between microorganisms and plants. The justification of such
approach should also take into account financial resources, available machinery and other intrinsic factors
(Bargaz et al,, 2018).

The primary objective of this study was to investigate the impact of biofertilizer on the metabolic activity of
soil microorganisms and alterations in the structure of soil microbial communities. This investigation was
conducted through a short-term laboratory experiment involving potted maize plants, carefully controlled to
maintain constant conditions

Material and Methods

Maize variety

In the study was used maize hybrid - Kneja 307. The plants were grown in a climate-controlled chamber set
at the following conditions: a photosynthetic photon flux density (PPFD) - 200 umol m-2 s-1, an average
temperature - 25°C * 1°C, an average relative humidity - 65% and 13/11 hours day/night photoperiod. After
one-month cultivation, the plants were taken off from the pots and plant material and soil was used for further
analyses.

Soil
The soil used in the pot experiment, 0 to 10 cm depth, was collected from the Experimental field of the

Agricultural University-Plovdiv, Bulgaria. The soil type was classified as silty clay loam (mollic fluvisols) -
19.9% sand, 46.9% silt, 33.2% clay with 2.66% organic matter and high lime content (Table 1).

Table 1. Physicochemical characteristics of bulk soil

Soil parameters Value Units
Nitrogen 7.94 ppm
Phosphorus (P20s) 214.60 ppm
Potassium (Kz0) 423.50 ppm
CaCOs3 8.75 g/kg
Exchangeable cations (ca+mg) 16.20 meq/100 g
Electrical conductivity 108.10 uS/cm

Soil organic matter 2.66 %

pH 8.80 logarithmic units

Mineral fertilizer and biofertilizer

Ammonium nitrate was used as mineral fertilizer. The biofertilizer is a product available on the market under
commercial name NUPTAK (Daymsa, Spain) and is comprised of a selected strain of gram-positive, spore-
forming rod bacterium - Priestia megatherium CB2001.

Experimental design

The experiment was comprised of four treatments (Table 2), with five replicates (pots) with 4 plants per pot.
The collected bulk soil was sieved, split in two and half of it was sprayed with a freshly prepared suspension
of biofertilizer in a dose of 0.33 mg per kg soil. The other soil was sprayed with the same quantity of tap water
and all soil samples were thoroughly mixed. The biofertilizer inoculated soil and the control (uninoculated
soil) were further split in two and were fertilized either with 30 or with 45 mg ammonium nitrate per kg soil,
respectively. After fertilization the soil samples were mixed with perlite at 3:1 volume ratio and each pot was
filled with 1 kg of soil.

Table 2. Experimental variants - descriptions and abbreviations

Variants abbreviation Variants description
Mineral fertilizer - ammonium nitrate, mg kg'!  Biofertilizer - Priestia megaterium, mg kg-!
30 ppm N 30 -
30 ppm N+PM 30 0.33
45 ppm N 45 -
45 ppm N+PM 45 0.33

The rizhospheric soil was carefully brushed from the plant roots and was used for metabolic analysis. The
other soil in the pots was used for soil respiration and physicochemical analyses.
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Soil analyses

Available mineralized forms of nitrogen (ammonium and nitrate) were determined by modified Kjeldahl
method. Soil phosphorus analysis was conducted Egner-Riehm DL method according to Egner and Riehm
(1955). The applied method, with slight modification, includes SnCl; dissolved in hydrosulfuric acid as an
indicator and measurement of wavelength at 700 nm. The analysis for available potassium was done with 5 g
of soil sample dissolved in 50 ml of 2N HCl acid and the suspension was shaken and filtered before reading on
a flame photometer.

Soil respiration
The soil respiration was determined according to Isermeyer method described by Alef (1995).
Metabolic activity of microbial soil communities

Metabolic activity of soil communities was assessed using the 96-well Eco MicroPlates™ of BIOLOG® (Biolog
Inc., USA). Each EcoPlate is comprised of 31 different substrates organized in the following guilds -
carbohydrates (ten substrates), carboxylic acids (seven substrates), polymers (four substrates), amino acids
(six substrates), amines (two substrates) and phenolic compounds (two substrates). The EcoPlate contains
three replicates of guilds.

One gram of the rhizospheric soil was suspended in 9 ml sterile distilled water, thoroughly mixed and left to
settle for 5 min, after which a 10-3 dilution was prepared. The inoculation of Biolog® EcoPlates was done with
150 pl and plates were incubated at 25+1°C. The plates were read spectrophotometrically immediately after
inoculation and consequently at 24 hour intervals for 7 days (168h) with the MicroStation™ Reader provided
by the BIOLOG® System. The calculations for average well-color development (AWCD) and separately for each
guilds were based on the optical density (OD) measured at 590 nm and 750 nm according to the procedure
described by Sofo and Ricciuti (2019) except the formula for AWCD which was according to Huangetal. (2012)
as follows:

AWCD = Z(Ci —R)/31

where R is the control well (water) and C;is the value of carbon substrate well
Functional indexes
The wells with an average OD <0.250 were not taken as a positive response for substrates utilization according
to Sofo and Ricciuti (2019) and was set to zero in calculation. Shannon richness was calculate by the following
formula:
H =~ X(P: x InP),
where P; = (C; —R)/ X C; — R)
The Shannon evenness index (E) which was derived from the Shannon index used the formula:
E=H/InS
where S was the substrate richness (the number of wells which showed positive threshold 0D>0.250)
Simpson diversity index (D) was calculated according to Ge et al. (2018):
D=1-YP,
where P; is the same as in the Shannon index calculation.
Data analysis
AWCD values calculations and the graph visualization was done with Microsoft Excel using the three replicates
on each ecoplate as independent measurements (n=3). In order to compare functional indexes of the different
treatments one-way analysis of variance (ANOVA) was performed with SPSS program (IBM, ver. 26) with the
level of significance p<0.05.

Results and Discussion

Effect of mineral fertilization and biofertilizer on soil parameters

The application of mineral fertilizer and biofertilizer affected the soil pH - a slight decrease from 8.80 to 8.45.
Additionally, the level of available phosphorus oxide has increased after treatments which could be explained
by solubilisation of the fixed phosphorus which correspond to the phosphorus solubilization activity assigned
to the strain present in the biofertilizer according to information provided by the manufacturer. The increase
of available phosphorus in the soil is often associated with the presence of phosphorus solubilizing
microorganisms (Mehnaz, 2016). The analysis showed a higher level (8%) of ammonium in the soil treated
with the lower dose of mineral fertilizer supplemented with biofertilizer - 30 ppm N+PM when compared to
the non-supplemented with a biofertizer variant - 30 ppm N. However, there was not significant difference of
available ammonium in the soil between 45 ppm N and 45 ppm N+PM treatment. The potassium (K;0) level
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declined from 423.5 ppm (Table 1) to 345 ppm due to its utilization by plants and the used chemical fertilizer
does not provide potassium. The soil used in the current experiment, showed a relatively low nitrogen content
which also declined for all variants at the end of plant cultivation. The study (data not shown) also included
assessment of plant biometrics, photosynthetic activity, antiradical activity and analyses of leaf and root
mineral content. In general, analyses of estimated parameters did not reveal statistically significant
differences between experimental treatments which can be explained by the short duration of the performed
pot experiment (Table 3).

Table 3. Mineral content of soil at the end of plant cultivation

Variant pH Mineral content, ppm

P20s K20 NH4 NOs
30 ppm N 8.52 296.4 326.0 2.93 5.65
30 ppm N+PM 8.43 300.1 346.0 3.19 5.68
45 ppm N 8.47 282.8 346.6 3.83 4.56
45 ppm N+PM 8.40 302.6 346.0 3.92 8.49

The inoculated with biofertilizer soils showed higher respiration rate (Table 2) in comparison to soils without
biofertilizer.
Table 4. Soil respiration (mg CO2/g dry soil/24 h)

Variants Soil respiration
30 ppm N 0.062> +0.012
30 ppm N+PM 0.09620+0.012
45 ppm N 0.078>+0.015
45 ppm N+PM 0.1292+0.021

Legend: The soil respiration is presented as mean * SD, n=3; the different superscript letters indicate statistical difference at p<0.05
The average well-color development (AWCD) (Figure 1) which was used to assess the metabolic activity of
soil microorganisms revealed a presence of a lag phase till 24th hour and highest activity between 48th hour
and 96th hour; after that the changes in the optical density were moderate. There was not significant difference
between different variants till 96th hour, however, the variants 30 ppm N+PM and 45 ppm N showed higher
activity in comparison to other variants. Similar observation, which included a lag phase and a gradual
increase in the metabolic activity of microorganisms, was made by Ge at al. (2018). The OD change could be
assigned predominantly to bacterial activity because the reading of the EcoPlate started from 24t hour which
is insufficient time for fungi development and their contribution to the color in the wells could be ignored
(Figure 1). In fact, either in natural or in experimental conditions, if there is no inhibitory factors that could
suppress the growth and metabolic activity of microorganisms the curve of AWCD usually keeps a typical
sigmoid shape (Stefanowicz, 2006, Lima et al., 2015).

In order to obtain more detailed information about specific metabolic activity of bacteria the AWCD was also
calculated separately for the six guilds of substrates (amino acids, carbohydrates, carboxylic acids, amines,
polymers, and phenolic compounds) provided by the Biolog® EcoPlate.

The utilization of amino acids (Figure 2) showed a distinct dynamics for different variants, especially after the
96th hour of incubation, despite the lack of statistical difference. After 72rd hour of inoculation until the end of
the incubation period the variant 30 ppm N + PM showed a higher metabolic activity in comparison to the
other variants.

The utilization of amines, on the contrary to the utilization of all other guilds, was more active only for the
variants that were not supplemented with biofertilizer and there was a clear difference between variants in
the created graph (Figure 3). Ge et al. (2018) observed the low utilization of amines and considered that among
all substrates provided in the Ecoplate these substrates were less preferable. However, the authors reported
an optical density of 1.600 on the 7th day of incubation, and in the current experiment the maximum values for
the same period was only 1.097 for variant 30 ppm N and this value was comparable with the value of
carbohydrates utilization (1.193). The observed mean values were accompanied with a notable standard
deviation which restrained any reliable conclusions about microbial metabolism of amines in the variants.

There was not significant difference of carboxylic acid utilization between variants (Figure 4). However, the
utilization of this guild of ten different carboxylic acids was detected, even at a relatively low level, on the 24th
hour measurement only for the two variants that were treated with biofertilizer. According to some authors
utilization of carboxylic acids could be considered as the most representative substrate guild of the Ecoplate
and they associated the better utilization of carboxylic acids to improved plant health. The authors found that
the higher carboxylic acids utilization of microbial communities was related to the lower level of damages to
the trees which were objects of the study (Cai et al.,, 2010).
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Figure 3. Dynamics of amines utilization in the Figure 4. Dynamics of carboxylic acids utilization in the
Biolog® EcoPlate Biolog® EcoPlate

The carbohydrates were utilized (Figure 5) intensively up to 72nd hour. The variant 40 ppm N showed a
relatively low value (0.104) at the 24th hour but reached OD of 0.487 at the measurement on 48th hour. After
120th hour until the end of the incubation the variants 30 ppm N+Priestia and 45 ppm N showed a higher
metabolic activity in comparison to the other variants. The optical density varied between 0.716 to 0.800 on
72nd hour, but after that the curve tend to flat and at the end of the incubation the values ranged between 0.889
and 1.006 and there was no significant difference between variants.

In comparison to the other substrates, utilization of polymers began slowly and very uniformly among the
variants and the same uniformity remained up to 96t hour despite that the curve became steep after 48th.
Only after 120th hour the different variants could be distinguished one from another (Figure 6). In general, the
utilization of polymers is not a very common characteristic for bacterial metabolism. This is especially true for
the included in the Ecoplate cyclodextrin, wells (E 1-5-9), which metabolization was related to the existence of
a relatively rare metabolic path in bacterial cells. The metabolic path has been described in the cells of
hyperthermophilic archaea such as Thermococcus sp., Pyrococcus furiosus and Archaeoglobus fulgidus and
other studies found it only in a few species of mesophilic bacteria such as Klebsiella oxytoca and Bacillus subtilis
(Centeno-Leija et al,, 2022). As a result the polymer utilization is assigned mainly to some bacteria with a
relatively low abundance in the soil.

Xiao et al. (2022) used in their study Rhodopseudomonas palustris and Bacillus subtilis as microbial inoculants
and found that they not only positively influenced the rice yield (17.73%) but there was also a synergy
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between inoculants. Additionally, the inoculants have an influence on the structure of microbial communities
and this effect concerned predominantly the rare species than the typical ones. The changes in the rare species
authors explained with the increase of beneficial microorganisms in the soil and with the intensification of
some essential soil processes (Xiao et al., 2022).
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Figure 5. Dynamics of carbohydrates utilization in Figure 6. Dynamics of polymers utilization in the
the Biolog® EcoPlate Biolog® EcoPlate
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Figure 7. Dynamics of phenolic compounds utilization in the Biolog® EcoPlate

The utilization of phenolic compounds (2- hydroxy benzoic acid and 4- hydroxy benzoic acid) was lowest in
comparison to all other guilds present in the Ecoplate. It was especially true for 2- hydroxy benzoic acid since
the optical density in the corresponding wells (C 3-7-11) was either very low or the estimated values were
even negative after correction with the control well which additionally contributed to the relatively larger
standard deviation during calculations. At the end of the incubation period, the highest mean value was
observed for the variant 30 ppm N - 0.529 with a standard deviation of 0.304.

After taking into account the values for optical density above 0.250 which were considered as a positive
response towards substrates utilization the measurement taken on the 72nd hour was used for functional
indexes calculation. The Shannon richness is related to species abundance and in the current study it has the
higher values for variants supplemented with biofertilizer - 3.245 and 3.236 for variants 45 ppm + PM and
30 ppm N + PM, respectively (Table 3). Additionally, the Shannon evenness and Simpson diversity indices also
showed higher values for biofertilizer-supplemented variants. However, none of the observed differences was
statistically significant but the consistent trend across the calculated indexes could be considered as a clear
indication that the biofertilizer has a positive effect on soil microbial communities. The effect of biofertilizer
on microbial communities in the current study could be restrained to some extend due to the relatively short
duration of the experiment, low organic matter content in the soil, high carbonate content or other factors. On
the contrary to the presented results are findings of Roesti et al. (2006) who reported a significant
modification in the structure of microbial communities after biofertilizer application.
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Table 5. Metabolic functional diversity indices of soil samples treated with mineral fertilizer and Priestia megatherium-
based biofertilizer

Variant Indices
Shannon diversity (H") Shannon evenness (E) Simpson diversity index (D)
30 ppm N 3.157 £0.202 0.962 £ 0.025 0.955 +0.006
30 ppm N+PM 3.236 £0.032 0.978 £ 0.007 0.958 £ 0.002
45 ppm N 3.181 £ 0.070 0.973 £0.007 0.955+0.003
45 ppm N+PM 3.245 £ 0.082 0.978 £ 0.002 0.959 £ 0.003

Legend: Indexes are presented as: mean * stand. deviation, n=3

Some studies did not find a significant effect of biofertilizer on soil microbial communities or the effect was
very limited (Baldi et al.,, 2021, Wang et al., 2021). Other authors reported that biofertilizers did not provided
the expected changes of the observed parameters or their effect was highly dependent on the applied doses
(Al-Zubade et al., 2021, Siswanti and Riesty, 2021). Hou et al. (2023) used in their study three doses of mineral
fertilizer (0,200 and 400 kg N ha-tyr-1) and found that different doses of fertilizer affected variously microbial
communities structure but fertilization at a moderate dose triggered higher diversity. Such data have practical
importance because they offer information that can be used in the process for establishment of optimal ratio
of mineral fertilizer and biofertilizer. The proper ratio would provide the expected positive effect of
biofertilizer application along with the low input of mineral fertilizer. In their study Adesemoye et al. (2009)
also tried to solve the question if the reduced doses of mineral fertilizer combined with a biofertilizer on
tomato plants could provide the plant development comparable to those at optimal mineral fertilization and
to what extend could be reduced fertilizer when it is supplemented with biofertilizer. The authors used
biofertilizer that contained bacteria (Bacillus amyloliquefaciens IN937a and Bacillus pumilus T4), and
arbuscular mycorrhizal fungi - AMF (Glomus intraradices). The results indicated that when the biofertilizer
was added the reduction in the doses of mineral fertilizer could be up to 75% and the plant growth and yield
was equivalent to the use of recommended doses of mineral fertilizer alone. When the doses of mineral
fertilzer was further reduced below 75% the trend of positive effects were no longer convincing or consistent
across the estimated parameters. According to the authors, when the doses of mineral fertilizer were reduced
to 70% the combined use of both bacteria and AMF seemed mandatory. The results of the study showed the
positive effect of biofertilizer but authors recommended furhter estimation of applied in the study
microorganisms before they could become a part of the intergraded agricultural management (Adesemoye et
al.,, 2009).

Conclusion

In conclusion, this study revealed notable shifts in soil composition and a favorable impact on soil microbial
communities following the application of biofertilizer. The microbial metabolic activity demonstrated the
ability of microorganisms to utilize EcoPlate substrates, displaying certain preferences for specific guilds.
Although no statistically significant differences were observed among the variants at this stage, the consistent
positive effects of the biofertilizer across estimated functional indexes suggest its potential benefits. This
observation underscores the need for further research to explore the potential long-term effects and broader
applications of biofertilizers in soil management practices.
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Abstract
Article Info Water erosion study is regarded as one of the most important axes in scientific
Received : 18.09.2023 researches. The erosive effect of water on the surface layers can have major
Accepted : 15.03.2024 consequences on soil loss and land degradation. The objective of our work was the

Available online: 19.03.2024 development of a water erosion nomograph that represents a practical and precise tool
that is adapted to local conditions for a direct quantification of erosive action in the
absence of basic data. Regarding the magnitude of the phenomenon in Algeria, the

Author(s) catchment of Wadi Cheliff was taken as an experimental site where a significant spatio-

L.Bouaichi * <> temporal variability of liquid and solid flows was observed and the measurement

network in different locations was either dispersed or non-existent. The developed

methodological approach permitted the identification of 149 experimental sites (20

. _ hydrometric stations, 15 large dams and 114 hill dams) where existing data allowed the

Corresponding author erosjon quantification. A flow coefficient variography was performed in addition to a
principal component analysis (PCA), leading to the identification of three distinct
groups. Moreover, the modeling of the studied variable was achieved through the
application of multivariate analysis to the third group of 100 observations. Applying the
principles of nomography on the final model, a nomograph of the semi-arid area of Wadi
Cheliff catchment was realized for surfaces ranging from 500 to 25 000 ha. This
nomograph enabled the direct quantification of water erosion from the product (Es1 X
Esz), taking into account the area of the catchment, its average slope and its flow
coefficient with a mean absolute percentage error (MAPE) of 2%.
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Introduction

The frequent presence of excessive suspended sediment in streams is a relevant indicator of water erosion
problems within a catchment. In order to assess the extent of these problems and understand their
consequences, it is crucial to measure the sedimentation rates reaching the outlet. From the perspective of
sustainable management and preservation of natural water and soil resources at the catchment, it becomes
essential to quantify water erosion accurately, which allows the identification of areas likely to produce high
levels of sediment.

In North Africa, erosive action is a significant threat. The majority of catchments in Algeria, Tunisia and
Morocco are characterized by a strong degradation, exceeding 20 T ha-! per year (Remini and Remini, 2003).

The erosion rate quantification is a complex and challenging task in practice due to the various factors
contributing to its increase (Megnounif et al.,, 2007; Ochoa et al., 2016; Dengiz and Demirkaya, 2022; Najafova,
2022). This task becomes particularly difficult in practice especially when watersheds are not gauged with the
absence of a well-established monitoring network that provides the basic data, so it gets challenging to
measure spatial-temporal variability of erosion processes. Without these data, it is also difficult to establish
references for comparing changes over time. Indeed, the lack of these essential elements significantly
complicates the direct quantification; thus, the use of other methods is essential for a precise measurement of
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the water erosive action on the soil. Among the most widely used methods today, Digital Terrain Model and
Geographic Information System, remote sensing space, models based on physical processes of soil particle
detachment, geophysical techniques and hydrological models. Various erosion modelling studies, including
Touaibia et al. (2001), Lopez-Tarazén et al. (2010), Eisazadeh et al. (2012), Meddi et al. (2014) and Heng and
Suestugi (2015), have contributed to the understanding of the erosive process rate, despite the absence of
data.

Nowadays, although numerical and computational methods have become predominant in hydrology,
nomography remains an interesting technique for understanding the relationships between different
variables and performing rapid calculations. The earliest nomographs originated in the late 19th and early
20th centuries, and they are still very useful. However, the advent of nomographic science and its use on
hydrological modeling remains poorly employed today. In the 1840s, there was an emergence of articles
discussing the effect of deformation on graphic representations known as nomographs, in order to enhance
their readability. Over the following decades, documents on analytical criteria for graphical representation
were produced. The initial documentation by d’Ocagne in 1884, detailing various types of nomographs, serves
as a reference point, as mentioned by Jahnke (2012).

When performing intricate numerical calculations, it is beneficial to utilize a nomograph. This graphic
representation is depicted through lines or fixed points with appropriately marked scales, whether mobile or
not. According to Tournés (2000), a simple reading provides the intended value based on the parameters.
Additionally, their adaptability and flexibility to a wide range of situations support their utilization (Tran Van,
1961). Thus, nomographs or abacus represent graphic tables playing the same role as numerical tables. They
are often based on empirical equations that were developed from field observations and experimental data.

In this context, the objective of our work was the application of nomography which represents a discipline
less frequently used nowadays, and its association with new computational methods such as numerical
modeling, variograph and statistical methods for quantifying the complex phenomenon of water erosion of a
watershed. Indeed, only the nomograph of Wischmeier and Smith developed in 1960 and updated in 1978,
provides a graphical representation of the universal soil loss equation that allows users to directly read the
estimated values of the various parameters of the equation for the quantification of the erosive rate.

The Wadi Cheliff catchment is considered as a study area given its large territory and the weakness of its
measurement network. With the absence of hydrometric stations and their concentration in the north of the
basin, it is crucial to identify every structure that is susceptible to silting. Hence, 149 sites were listed with 20
hydrometric stations measuring liquid and solid flows, as well as 15 large dams and 114 hill dams contributing
to the calculation of the erosion rate from their siltation rate. This identification permitted the establishment
of a particular methodology for the development of an erosion nomograph that links it to the basin's flow
coefficient as well as its morphometric coefficients (slope and surface). The methodology that was adopted
included the following:

o Identification of 149 experimental sites throughout the basin,

e Quantification of specific erosion at site watershed level,

e Determination of the different influencing factors, namely the surface area of each site, its drainage
density, its average slope, its vegetation cover and its flow coefficient. This last parameter was
variographed,

e PCA application for the identification of homogeneous areas,

e Search for a regressive model via multivariate analysis,

e Trace and validate the nomograph using a programming algorithm.

Material and Methods

Presentation of the study area

The Wadi Cheliff's catchment, with its main stream extending 759 km and draining an area of 4 375 000 ha at
its mouth, is an important Wadi in North Africa due to its annual water supply. It plays a major role in the
hydrographic system of Algeria since it is the only river that drains part of the highlands to cross the Cheliff
valley and join at its outlet the Mediterranean Sea near Mostaganem. It owes its character to the deep structure
of the landscapes it crosses.

The study area extends between longitudes 0° 7' and 3° 31" East and between latitudes 33° 53' and 36° 26’
North. It is bordered to the North by the coastal catchments of Algiers and Oran, to the East by the catchments
of Isser, Hodna, Zahrez, and the high plateaus of Constantine, to the West by the basins of Macta and the high
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plateaus of Oran, in addition to the Saharan Atlas to the South (Figure 1a). It is divided into two distinct

regions:

o The upstream part of the Cheliff with an area of 2 050 000 ha, limited to the south by the mountains of
Jebel Amour and to the north by the Ouarsenis mountains;

e The downstream part of the Cheliff, which covers an area of 2 325 000 ha, bounded to the south by the
mountain ranges of Tiaret, Saida and Ouarsenis, and by the Dahra and Beni Menacer to the north.
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Figure 1. Catchment of Wadi Cheliff and its network measures

(a: Location of the study area; b: Location of experimental sites in the study area)
Its altitudes range from 0 to 1983 m. Almost all of its soils are alluvial, consisting mainly of fine components
derived from marls or clays, making soils more vulnerable to erosion (Bouchelkia and Remini, 2003).
Additionally, its climate is semi-arid Mediterranean characterized by irregular spatio-temporal rainfall
patterns. Furthermore, the average annual precipitation is 357 mm, it oscillates between values less than 150
mm in the South and values close to 700 mm in the Northeast sector. While the average annual temperature
for the entire basin is estimated at 19.2°C. The surface runoff obviously undergoes the influence of the marine
rain regime which is characterized by the succession of a rainy and cold season with considerable floods and
a very marked dry and hot summer season with a non-significant flow, thus the average annual runoff varies
from 3% to 35% at the outlet of the basin.
Moreover, the measurement network identified for our study includes 149 experimental sites that were
distributed homogeneously as follow: 20 hydrometric stations, 15 large dams and 114 hill dams, in order to
cover the entire study area (Figure 1b).
Database
The used data for water erosion quantification are gathered from the National Agency of Water Resources for
hydrometric stations (13 to 56 years of operation), from the National Agency of Dams and Transfers for dams,
and from the Agency of Hydrographic Basin Cheliff-Zahrez for hill dams. They are presented under shape:
For data from hydrometric stations, the files include:
Instantaneous liquid flows QI (m3 s-1).
Instantaneous concentrations C (g L-1).
Instantaneous solid flows Qs (kg s-1).
Average daily flows Qad (m3 s-1).
For dams and hill reservoirs, the files gather:

e Bathymetric surveys of the dams.

e Data of dams releases: date, inputs, total consumption (drinking water supply, irrigation, other),
distributaries (leakage, bottom outlet, discharge, desludging and evaporation), available water volume
and so the filling rate.

o Identification of hill reservoirs: code, name, structure nature, geographic coordinates (X, Y and Z), Wadi,
catchment surface, year into service, initial capacity, destination, actual state and operational duration.
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Quantification approach of the specific erosion

At hydrometric station level

Building on the scientific work of Touaibia et al. (2001), Ammari (2012) and Kheniche et al. (2019), our
approach is based on homogenisation and data extension via a functional relationship of solid flow - liquid
flow. Regressive models requested are of type: linear, logarithmic, power, exponential and polynomial. The
monthly-scale scatter diagram identified the power-like regressive pattern as follows:

Qs :aXQIb (1)

With: Qs : solid flow (kg s1); Ql : liquid flow (m3 s-1); a, b : coefficients.

The explained variance by determination coefficient is satisfactory. This latter represents 57% to 87% of the

total variance.

Relationship (1) allowed quantifying the solid transport Qs in suspension at daily, monthly and annual scales

on the whole observation period (Bouchelkia and Remini, 2003; Bouanani, 2004; Lee and Kang, 2014).

For thrust, works of Mokhtari (2005), Larfi and Remini (2006) and Elahcéne (2013) estimated it to 19%, 32%

and 11% respectively for some similar basins. An average of 20% is retained; it is supported by works of

Touaibia (2000) on tributaries of the considered basin (0.Mina).

The release of dams contributed to the erosive phenomenon. On the 20 hydrometric stations, 10 among them

are located below the 15 considered dams. These releases contribute from 2% to 70% to the annual sediments

inputs, which varies from one station to another according to the dams’ number located upstream and their
activity state. On average, we estimate that 40% of the annual sediments quantities are transited or deposited
only for tributary stations of the dams.

The annual values of the specific erosion (Es) vary considerably passing from 2.64 to 1391 T ha-,

corresponding to areas of 253 700 ha and 47 000 ha, respectively. The surface effect is to be taken into

consideration because its influence is direct on the quantification of Es.
At dam’s level

The quantification of Qs (sediment and thrust) was carried out at the level of 15 catchment dams from the

latest bathymetric campaigns carried out between 2018 and 2019.

The Boughezoul dam records the lowest annual soil loss, i.e. Es = 0.26 T ha-L, for an estimated annual siltation

volume of 0.489 Mm3 and corresponding to a surface of 1 873 000 ha. Likewise, for the Deurdeur dam, which
loses annually a volume of 0.470 Mm3 of its storage capacity, Es is estimated to 10.05 T ha-1 for a surface of

46 800 ha. This reflects directly the surface effect on quantification of the phenomenon under study.

The dam’s watershed of Wadi Fodda presents the maximum annual degradation of soil of about 48.28 T ha-1.
This corresponds to an annual silting volume and to a surface estimated, respectively, to 1.738 Mm3 and 36
000 ha. Otherwise, for the Gargar’s dam, which receives in its basin an annual mud volume that is 3 times
upper than its previous volume, i.e. 5.717 Mm3, Es is equal to 23.92 T ha-! for a surface of 239 000 ha. This
confirms the surface effect which intervenes once again on the Es values.

At hill dam’s level

Hillside reservoirs mobilize surface water structures intended for irrigation. With 114 structures, they make
up over 75% of the monitoring network. Their representative spatial distribution of the watershed allowed
scanning the whole study area. Knowing capacity storage, surface of their watershed and their expected
lifetime, Es is calculated directly (Abdellaoui et al., 2002).

Specific erosion multivariate analysis

Identification of explanatory variables

According to Touaibia and Achite (2003), Zhou et al. (2008), Bouchnak et al. (2009) and Shen et al. (2016),
five explanatory variables are selected for multivariate analysis, it is about:

e Surface of the catchment (S ; ha): It has a direct effect and it is inversely proportional to the specific
erosion. As for 149 sites, surface varies from 480 ha to 1 873 000 ha, with a variation coefficient (Cv) of
3.55.

e Draining density (Dd ; km km-2): It is the ratio of the length sum of a catchment’s water courses on its
surface. Its values vary from 0.40 to 1.87 km km-2, with a Cv of 0.36.

e Average slope of the catchment (P ; %): Expressed in %, it allows determination and classification of the
relief. Its increase proportionally causes that of water erosion (El Kateb et al., 2013). Slope is determined
from the Digital Elevation Model (DEM) with a resolution of 30 m, downloaded from ASTER GDEM.
Average values vary from 4.15% to 21.48%.
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o Flow coefficient (Cf; %): It is the ratio between the average death of runoff and the effective rainfall. Used
database includes 50 measurements, where Cf is calculated based on hydrometric and rainfall data. Study
of variography and its interpolation by Krigeage method have identified the spherical model, for
representation of Cf variography (Figure 3c). Its function y(h) is given by the following formula (2). Values
of Cf vary from 2.2% to 35%.

3, h, 1, h 3 (2)
y(h) =54+25{§(m)—5(m) }

e Vegetation cover rate (Cveg; %):

It is considered as one of the variables playing an important role against water erosion (Rey et al. 2004). Its
determination required collection of 12 land use maps of the wilayas covering the study area, obtained from
National Institute of Soil, Irrigation and Drainage. These maps were assembled in order to produce the land
use map of the Wadi Cheliff’s catchment. The resulting map demonstrated that the vegetation cover rate of
the 149 sites varies from 1.03% to 88.24%.

On Figure 2, an organizational chart is developed explaining different determination phases of explanatory
variables corresponding to different measure sites. The resulting maps are illustrated in Figure 3.
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Figure 2. Organizational chart adopted for determination of explanatory variables.
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Figure 3. Determination maps of explanatory variables of Wadi Cheliff’s catchment

(a: Digital Elevation Model (DEM), b: Slopes map, c: Variogram of flow coefficient, d: Flow coefficient regionalization,

e: Basin map for assembly of 12 wilayas, f: Vegetation cover rate)
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Principal Components Analysis (PCA)

[tis considered as being a very powerful method to explore structure of a high number “P” of quantitative data
by observed element (Hotelling, 1933). PCA is applied on a matrix of 149 lines and 6 columns. Two cases are
taken into consideration; with and without varimax rotation of orthogonal axes. Correlation matrix (Table 1)
shows that between Es and explanatory variables Dd, P and Cf, the relationships are the most significant at the
tolerance level of 5% with correlation coefficients estimated respectively at 0.66, 0.70 and 0.7 3.

Sites assembly allowed identification of the factorial axes responsible of spatial distribution. This underlines
heterogeneities between groups and deduces variables that best characterize each group. Percentages of
cumulative variances show that the three first components C1, C2 and C3, explaining 85.21% of the total data,
are retained. Contributions of projected variables after varimax rotation (Table 1) show dominance of S on
axe C3 and of Cveg on axe C2 (Figure 4e) where 37.35% of inertia is cumulated.

Projection of individuals on axes C2-C3 (Figure 4f), makes three distinct groups:

o The first group of 23 individuals is characterized by surfaces relatively large associated to weak values of
Es and inversely. It highlights the direct effect of the surface on its qualification according to its magnitude
order.

o The second group, where 22 individuals are gathered, is characterized by very dense Cveg rates to which
correspond relatively important Es values.

e As for the third group, which gather 104 individuals, it is characterized by a positive proportionality, on
the first hand, between Es and variables Dd, P and Cf, and on other hand, negative proportionality between
Es and variables S and Cveg. This group avoids influence of the surface and rate of vegetation cover on
the specific erosion estimate. It will be subject of a multivariate analysis.

Table 1. Correlation matrix of PCA and variables contribution according to the axes

Correlation matrix before PCA Contribution of the variables

Variables according to the axes C1, C2 and C3 (%)

Es S Dy P Ct  Cyeg C1 C2 Cs3
Es 1 27.18 4.46 0.32
S -0.17 1 0.46 0.00 95.85
D4 0.66 -0.15 1 15.87 18.97 0.26
P 0.70 -0.24 0.41 1 27.63 3.71 2.24
Ce 0.73 -0.21 0.52 0.82 1 28.84 0.02 1.33
Cveg -0.17 -0.01 -0.27 0.13 -0.03 1 0.01 72.83 0.00

Multivariate analysis: application of multiple regressions

1st case: 3rd group (104 values)

Research of a functional relationship between the studied variable and explanatory variables is done by
stepwise regression, allowing to eliminate each time the less correlated variation based on correlation
coefficient (r) for error P = 5% (Dagnelie, 1992). The non-linearity of the studied relationship duly
demonstrated (Borges, 1993; Achite and Meddi, 2005). Its application highlights the matrix of variables
correlation (Table 2). The correlation coefficients are clearly improved between Es and variables S and Cveg
going from -0.17 to -0.87 and from -0.17 to -0.53, respectively. The resulting regression models show that the
regression fit lies between Es and all other variables, with R2 at its highest value of 0.83 (Table 2). The
adjustment of the predicted values by the selected model compared to the measured values presents four
observations outside the confidence intervals fixed at 95%. Application of Kolmogorov-Smirnov’s test
becomes indispensable to make up mind whether these observations are to be taken into account or not.

Results display D statistic test which represents the highest difference between the two cumulated frequency
curves of the two samples, and thus the p-value (to be compared to the meaning threshold, *P, generally fixed
at 5%). This latter is the probability to have the same values under the hypothesis Ho (null hypothesis that
two samples come from the same distribution), otherwise an alternative hypothesis H1 (that these same
samples come from distribution having different apportionments). With D = 1 and p-value = 2.86% (which is
inferior to *P), the Ho hypothesis is rejected in favour of the alternative H1 hypothesis. Measured values are
very different from those predicted. These four comments are to be excluded from the series, with a size of
100 measurements, and the regression restudied.
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Table 2. Correlation matrix of multivariate analysis and regressive models (3¢ group, 1st case).

Correlation matrix (1st case)

Variables Es S Dy p Cr Cveg
Es 1
S -0.87 1
D4 0.66 -0.63 1
P 0.84 -0.81 0.47 1
Cr 0.82 -0.77 0.49 0.85 1
Cveg -0.53 0.58 -0.40 -0.35 -0.42 1
Regressive models (1t case)
Variables R? Models
-0.132 0.265 0493 029  -0.037
5(S, D4, P, Cs, Cieg) 0.83 Es =285xS xDg xP  xCp xCyyq
-0.16 027  0.164 0.316
4(S,Dg, P, Cy) 0.82 Es =3.23xS xDy xP x Cs
0215 0362 0.348
3 PG 0.80 Es=3.98xS xP  xC
0238 0661
2(5P) 0.79 Es=529xS  xP
-0.368
1(5) 0.74 Es = 41.35xS

2nd Case: 31 truncated group (100 values)

The correlation matrix (Table 3) shows clearly a general improvement of its corresponding coefficients. The
obtained related models demonstrate that Es regression with five, four and three variables is constant in the
sense that R2 is too (R? = 0.97). The model with three variables is retained for nomograph development; it is
formulated according to expression 3.

0375 0164  0.204 (3)
Es (T ha—1 per year) =16.68xS xP x C¢

Table 3. Correlation matrix of multivariate analysis and regressive models (3 group, 2M case)

Correlation matrix (2nd case)

Variables Es S Dd p Ct Cveg
Es 1
S -0.97 1
Da 0.66 -0.68 1
P 0.88 -0.83 0.48 1
Ct 0.86 -0.80 0.50 0.85 1
Cveg -0.55 0.57 -0.40 -0.32 -0.40 1
Regressive models (2nd case)
Variables R? Models
-0365 0015 018l 0191  —0.005
5 (S, Dy, P, Cg, Cveg) 0.97 Es =158xS xDy xP xCs X Cyeg
4 (S, Dq, P, Cr) 0.97 Es—163xS Dﬁ"”“ WP C?'m
3 (S,P,C) 0.97 Es=16.68xS  xP o xCp
2(SP) 0.96 Es—211xS  xp
-0.461

1() 0.95 Es = 56.21x S
Statistical analysis

The quality and reliability of the traced nomograph depend on the values of the calculated precision indices,
it is often recommended to utilize a combination of these indices in order to obtain an accurate and complete
evaluation of the numerical or graphic representation for quantifying water erosion. According to Isik (2013),
Felegari et al. (2014) and Shirzadi et al. (2022), we chose the following indices: Mean Absolute Percentage
Error (MAPE), Mean Square Deviation (MSD), Willmott Index (d), Coefficient of Determination (R?) and the
NASH criterion (NS), where each index contributed to decision-making regarding the validation and utilization
of the developed graphical tool.
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e MAPE is calculated according to the expression 4 based on deviations in absolute value between
observations’ measurements and those predicted compared to the measured values. It is expressed in
%. A model representing perfectly the measured data will present a MAPE that is equal to 0.

MAPE = %‘Esm“(‘) Bt « 100. (MAPE € [0, +])
i1 ESmes() N | )

With: Esmes represents the specific measured erosion; Espred is the specific predicted erosion by the
nomograph and N is the observations’ number.
e ASD, given by expression 5, is the value to be minimised for a prediction of values close to 0; the
nomograph is considered as perfect.

N 2
Z(Espred(i) - Esmes(i))
ASD = i< N ; (ASD & [0,+x]) (5)
e Indexd, according to formula 6, measures the degree where predictions are exempt of errors. d varies
between 0 and 1 where a value close to 1 indicates a perfect agreement between measured and
predicted observations, while for a value close to 0, the prediction is in complete disagreement
(Willmott, 1981).

d=1- . i=1 > :(0<d<1) (6)
3jr-5)+[or-]]

With: P(i) represents predicted values, O(i) and O are respectively values and average of measured
observations.
e R2, determined by formula 7, measures prediction quality and ad adequacy between measured and
predicted values by abacus, as it approaches to 1 and more abacus explains better the distribution of
measured points.

(7)

Iz

) ((Espred(i) - %) x (Esmes(i) - ?mes)) ,
R = J0<R sl}

; N

2 —\2
(Espred(i) - Espred) x \/Z(Esmes(i) - Esmes)
i=1
e NS was defined in 1969 by Nash and improved in 1970 by Nash and Sutcliffe. It allows evaluating
improvement brought by the used model compared to the reference model, generally average
estimator. If Nash = 1, the abacus perfectly represents the data. When it is less than 0, this latter is a
less-good estimator of measured data than their average, it is given by expression 8.

N
Z(Esmes(i) - ESpred(i))2
NS =1- 1= . /(NS & ]-0,1]) (8)
(Esmes(i) - Esmes)

Mz

[

i=1
Results and Discussion

Nomograph elaboration

At the end of this work, a nomograph (or abacus) is established. The layout of this latter is based on abacus
theory which corresponds to the graphic representation listed by mathematical laws defined by equations to
any variable number (D’ocagne, 1899). Today, this discipline is designated under the name of “Nomography”.
It is natural to think that it is not possible in practice to nomograph with reasonable manner an equation of
more than three variables while remaining in the two-dimensional plane (Pirio, 2010).

In our case, it is about an equation with four variables (Es, S, Cf and P) to be represented in a plane axis system.
A transformation of equation (3) by separating it into two auxiliary functions easily nomografiable on the plan
(Es1 and Es2 with three variables each) is indispensable, with:
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-0.375 0.102

ES]_ = f(S,Cf) =4.084 xS XCf
0.164 0.102

ESZ Zf(P,Cf):4084XP XCf

Es = Es; x Es,

The developed nomograph is illustrated in Figure 5.
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Figure 5. Nomograph of the specific erosion according to surface, average slope and flow coefficient for the Wadi Cheliff

Nomograph validation

catchment

This validation step is a systematic process by which the reliability and accuracy of the developed nomograph
was evaluated. Based on the 3rd group data resulting from the PCA for the plot, only 03 hydrometric stations
and 97 hill dams out of a total of 20 and 114 structures were respectively selected, while all the 15
experimental sites of the dams were eliminated. Further, 20 sites of the remaining 100 were token as an
example (Table 4) where we mentioned 03 different results, the 1st quantification of water erosion was based
on experimental data, the second is performed since the multivariate analysis of the erosive action in relation
to the involved factors, whereas the third was realized from the traced nomograph, which contributes to the
determination of Es by knowing the Es1 and Es2 quantities calculated respectively by simple interpolation
from the following couples of characteristics (S, Cf) and (P, Cf) of the corresponding catchment. However, this
step must be accompanied by the calculation of the precision indices (Table 5) for a decision on the final result

validation.

220


http://ejss.fesss.org/10.18393/ejss.1455407

Bouaichi and Touaibia Eurasian Journal of Soil Science 2024, 13(3), 210 - 223

Table 4. Validation of Es (T ha! per year) results from nomographic quantification

Experimantal Catchment caracteristics Es Es ESnmgrph =Es1 X Esz

sites S (ha) P (%) Ct (%) P " Es E ESnmerph

Hydrometric 16 300 13.12 21.52 7.34 6.83 0.82 8.39 6.88

Station 10 600 9.44 15.32 7.52 7.12 0.93 7.72 7.18

12 550 11.39 17.06 7.53 7.04 0.89 8.00 7.12

20540 6.81 5.02 4.64 4.24 0.65 6.50 4.23

2700 14.03 17.74 12.82 13.06 1.56 8.35 13.03

2585 12.66 16.05 13.09 12.80 1.60 8.06 12.90

16 890 5.52 9.00 4.71 4.94 0.74 6.72 4.96

632 17.88 22.26 23.73 24.47 2.70 8.96 24.19

3141 10.53 16.26 12.04 11.57 1.47 7.88 11.58

1166 13.26 16.61 17.89 17.50 2.17 8.18 17.75

Hill 617 16.71 22.08 24.21 24.38 2.76 8.85 24.43

dams 24980 6.55 9.70 4.05 4.45 0.65 6.90 4.46

6619 8.95 11.93 8.23 8.02 1.09 7.42 8.10

4453 10.95 13.58 9.52 9.87 1.27 7.77 9.87

502 14.24 25.55 27.16 26.40 3.03 8.78 26.60

21150 5.85 8.68 4.79 4.55 0.68 6.73 4.58

10310 7.03 9.53 5.95 6.25 0.87 7.10 6.19

767 13.81 19.55 21.12 21.27 2.53 8.38 21.23

8328 8.64 8.13 6.75 6.79 0.95 7.15 6.76

4787 10.48 15.66 9.40 9.80 1.25 7.82 9.78

Esexp: Specific erosion from experimental data; Esma: Specific erosion from multivariate analysis; Esnmgrph: Specific erosion from the
developed nomograph.

The experimental results of specific erosion vary from 27.16 to 4.05 (T ha-! per year) for respective areas from
502 to 24 980 ha, these same values were estimated by the nomograph at 26.60 and 4.46 (T ha-! per year). On
the one hand, we noted that all sites with catchment area > 25 000 ha were previously eliminated by the PCA,
including some hydrometric stations and hill dams, but also all dams in the study area due to the impact of
these structures on rivers and their downstream flow regimes (Assani et al., 2007; Yang et al., 2011). Thus, the
influence of the watershed surface for the determination of the erosive action rate is decisive as well as the
choice of sites because it plays a determining role in the regulation of precipitation concentration, the
distribution of flows and therefore in the modulation of specific erosion. Moreover, because of elevated rates
of sedimentation that do not adequately reflect actual quantities, places with catchment areas smaller than
500 ha were excluded. Therefore, the surface effect for our study was not significant regarding values between
500 and 25 000 ha in the Wadi Cheliff catchment.

In consideration of the precision indicators (Table 5) established for a 100 values samples distributed
homogeneously over the entire study area, we found that the prediction of the values measured from the
nomograph was very satisfactory. Furthermore, a low percentage of MAPE of 2% suggests that the graph
estimated and the experimental values are matching and with more accuracy. Similarly, an excellent
compatibility between the experimental observations and their predictions was indicated with values of R?,d
and NS equal to 0.99, which means that the nomograph has a remarkable ability to accurately reproduce
observed or measured conditions by having an excellent fit to the field data and local conditions of the study
area. This was confirmed by an ASD of 0.07 which indicated that absolute errors between nomographic
predictions and their observations were relatively small, with limited dispersion.

Table 5. Accuracy index of specific erosion nomograph

Indexes MAPE (%) ASD d R? NS
Values 2 0.07 0.99 0.99 0.99
Conclusion

Due to the complexity of assessing water erosion rates at the catchment level especially the ungauged. The
combination of a thorough analysis of hydrological, topographic and pedological factors with scientific and
technological advances offers an integrated approach to estimate erosive risks and develop strategies for
water and agricultural resource management.

Upon completion of our study, the findings indicate that the specific erosion varies annually from 4.46 to 26.60
T ha-1 on the catchment of Wadi Cheliff, classifying it as one of the Mediterranean rivers with the highest solid
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inputs in the world relative to their average flow depth (Milliman, 2006). This magnitude is due to the fragility
of the Mediterranean soils caused by irregular and often violent rainfall favoring erosion. In addition,
significant slopes in many areas of hills and mountains exacerbate the phenomenon, while high temperatures
accelerate the organic matter mineralization, as well as the often-reduced vegetation cover due to the climate
and anthropogenic actions; therefore the soils are poorly protected (Plan Bleu, 2003; Ozdemir, 2020).

Multivariate analysis allowed a regression model generation with nomographed functions, having as
explanatory variables the surface, the flow coefficient and the average slope of the catchment with R? = 0.99.
The nomograph was drawn according to the abacus theory, The product (Es: x Es;) provides the overall
specific erosion values for the considered watershed, where each of the two quantities is obtained from the
abacus by interpolation in function of the corresponding data. The tool is designed to be applied in the Wadi
Cheliff catchment, for a Mediterranean climate with a semi-arid tendency and for areas between 500 and 25
000 ha which delineate the surface interval limits. Beyond this range, erosive action cannot be calculated due
to the significant effect of the catchment area on specific erosion that takes into consideration the influence of
rainfall distribution, topography, land use, soil type and management practices.

The nomograph is validated with a MAPE equal to 2%. Its reliability depends entirely on the availability of a
credible, representative and precise database to ensure the validity of mathematical relationships and adjust
its parameters to better adapt to the specific hydrological conditions of a given region. This graphic tool is
recommended for its use simplicity, fast field estimation and decision support for territorial planning, which
should be supported by identifying areas vulnerable to sediment production for appropriate treatment.
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Abstract
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Introduction

Polycyclic aromatic hydrocarbons are a class of hazardous widespread organic compounds, many of which
exhibit carcinogenic and teratogenic properties (ATSDR, 1995; IARC, 2020; Sushkova et al,, 2021). The main
sources of PAHs introduction into the environment include enterprises of extraction, processing and usage of
liquid and solid fuels, motor and ship transportation, municipal wastes (Tsibart and Gennadiev, 2013). Despite
the diversity of pathways and sources of pollutants, up to 90% of all emitted PAHs accumulate in the soil (Qu
et al. 2020), which is a serious threat in areas with developed agricultural production. This is especially
dangerous for vulnerable saline soils in the dry-steppe zone, which require special reclamation measures for
stable high yields (Kalinitchenko et al., 2022).

To date, there is no unified concept for assessing the ecological status of PAH-contaminated soils. The
International Agency for Research on Cancer publishes an annual list of substances and factors contributing
to carcinogenesis. In this list, more than 30 PAHs are marked as substances likely to contribute to cancer
formation (IARC, 2020). Nevertheless, only benz(a)pyrene is subject to control and regulation of its content in
soils in Russia (GN 2.1.7.2041-06, 2006, 2017). In world practice, when assessing and forecasting the
ecological state of soils, the content of 16 PAHs from the list of priority pollutants of the US EPA (US EPA, 2020)
is often determined. The quality of assessment and forecasting is limited by a number of factors, including the
relevance of generally accepted methods for determining the mass fraction of pollutants in soil. It is generally
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accepted that the most complete extraction of PAHs from soils takes place in the Soxhlet device (up to 99%)
(Guerin, 1999; Castro-Guijarro et al., 2021; Silalahi et al., 2021). A significant disadvantage of the method is
the 24 hours required for extraction, which significantly slows down the analysis and rapid assessment of the
ecological status of soils. In general, organic solvent-based extraction methods are widely used in the analysis
of PAH content from solid matrices (Wu et al,, 2019; Mukhopadhyay et al., 2020). The simplest and most
efficient methods of organic pollutants extraction include ultrasonic and microwave extraction of solid PAHs
in solvent media (methanol, hexane, dichloromethane, acetone, etc.) (Zhang et al., 2020; Nowakowski et al.,
2022). In Russia, the standard method in the study of environmental objects is the saponification method, in
which the pre-interfering lipid fraction of soils, coastal and bottom sediments and plants is removed by boiling
the sample in alkali followed by solvent ejection (IPA F 16.1:2.2:2.3:3.62-09, 2009). A common disadvantage
of such methods is the high consumption of toxic volatile and semi-volatile reagents such as hexane,
dichloromethane, methanol, acetone, acetonitrile etc. (Wu et al,, 2019; Soursou et al,, 2023). Extraction of
pollutants from soils in subcritical water is an alternative to these extraction methods (Sushkova et al.,, 2014).

Subcritical water is water in the liquid state at a temperature above 100°C and pressure above saturated vapor
(Figure 1). As we know, water at room temperature (23°C) and pressure of 1 atm. is a polar solvent with the
density of 1000 kg m-3, its dielectric permittivity is € = 79.73 and its ionic product (Kw) = 10-14. As water
temperature and pressure increase, water changes its properties from being a polar solvent to a non-polar
solvent. The properties of water as a solvent change due to changes in its dielectric permittivity, ionic product,
and hydrogen bond distribution. Changes in viscosity, heat capacity, diffusion coefficients and density affect
the transport characteristics of aqueous solutions. At temperatures above 100°C but below 373°C, which is
characteristic of the critical point of water, and pressures above 1 atm but below 218 atm (the region of the
pre-critical state, respectively), water has an interface but changes its properties, becoming a highly efficient
solvent. At constant temperature, the density of water changes continuously, within the existence of each of
these phases, and only at the interface is there a density jump. At the critical point (373°C, 218 atm), the
interface between the liquid and gaseous phases disappears, and the density of water becomes equal to 300
kg/m3. However, near the critical point, water has unlimited compressibility, therefore, by varying (even in
minor limits) the temperature and pressure in this area, it is possible to change the density of water in a wide
range (Figure 1) (Touba and Mansoori, 1998; Islam et al., 2013). As a consequence, water in the subcritical
state is a universal medium for chemical reactions.
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Figure 1. Phase state diagram of water at different pressure and temperature parameters

The efficiency of using water in sub- and supercritical state in the production of biologically active compounds
has been repeatedly confirmed (Gbashi et al. 2017; Kim and Lim, 2020). In addition, along with almost
complete elimination of toxic non-ionized solvents, the cost of extraction and time spent on this process are
significantly reduced (Cheok et al., 2014). Subcritical aqueous method of processing chicken manure allowed
to obtain a liquid extract containing organic acids, characterized by the presence of basic functional groups,
high content of organic carbon and trace elements (Sushkova et al., 2021). Subcritical and supercritical states
of water were used as extractants in the extraction of some individual PAH compounds (benz(a)pyrene,
phenanthrene, fluoranthene, pyrene) from Calcic Chernozems, Andosols, sandy substrates and sewage sludge
(Islam et al., 2013; Sushkova et al,, 2013, 2014, 2015; Yabalak et al., 2024).

The development of pollutant extraction technology for qualitative assessment of ecosystem ecological state
requires selecting conditions and testing the method of subcritical water extraction of the entire pool of
priority PAHs for soils most vulnerable to pollution. In this regard, the aim of the study was to investigate the
possibility of using subcritical water for extracting polycyclic aromatic hydrocarbons from soils of the dry-
steppe zone.
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Material and Methods

The object of the study were Gleyic Kastanozems, Endosalic Kastanozems, Kastanozems Sodic and Solonets
sampled from the territory of the "Rostovsky" Natural Biosphere Reserve located in the dry-steppe zone of
the Rostov region. Soil samples for the study were taken according to GOST 17.4.4.02-2017 (GOST 17.4.4.02-
2017,2019) at a depth of 0-20 cm. The studied soils are characterized as heavy loams, differing in the degree
of salinization. Properties of soils are given in Table 1.

Table 1. Physical and chemical properties of soils in the dry steppe zone

Granulometric fractions . . Exchange cations
Corg <0.0lmm _ <0.001 mm pH CaCOs3 Solid residue Cate Mg?" Na-
% % cmol (Eq) kgt

Gleyic Kastanozems

2,4+0,2 59,1+2,0 33,5+1,5 7,2£0,04  0,3x0,02  0,055+0,003 22,12+1,68 8,68+0,42 1,18+0,06
Endosalic Kastanozems

2,8+0,1 54,2+0,9 30,4+1,4 7,8£0,04  0,6+0,02 0,040+0,001 16,49+1,13 6,86+0,52 1,13+0,18
Kastanozems Sodic

2,1+0,1 57,4+2,3 31,2+1,1 7,8£0,03  0,7+0,03  0,030+0,002 17,75%#1,24 5,33+0,47 1,20+0,11

Solonets
1,5+0,2 59,2+2,0 32,9+1,5 8,5+0,04 0,7+0,05 0,221+0,001 17,17+1,16 5,89+0,33 4,11+0,26

Methods

Procedure for subcritical aqueous extraction of PAHs

The primary step of the PAH extraction procedure consisted of sample preparation by air-drying the soil,
cleaning it of plant residue, and sieving it through a sieve with a 1 mm hole diameter. Extraction of PAHs from
soil samples was carried out in a continuous pressurized water stream, which allows to extract more
polyarenes than extractions in a closed loop cartridge using deionized water as solvent. The repetition of the
experiment is 9-fold. After the extraction cell, the obtained extract was passed through a cooling system and
then the cartridge was opened and the contents were filtered three times until the solution was clear. The
obtained aqueous extract was mixed with 5 mL of n-hexane (99.9% w/w Aquatest, Russia) and placed on a
shaker for 15 minutes. The layers were separated on a separating funnel in three successive steps with another
portion of hexane (5 mL). The combined hexane extract was passed through a funnel with anhydrous sodium
sulfate into a clean dry round bottom flask, evaporated on a rotary evaporator at a water bath temperature of
40-49°C to adry residue. The resulting dry residue was dissolved in 1 mL acetonitrile (99.9%, b.w., Cryochrom,
Russia) for further quantitative analysis.

The study tested different parameters of temperature (200°C, 250°C and 300°C) and extraction time (10, 20
and 30 minutes). The tested range of temperature and pressure is most commonly found as a recommendation
for performing the extraction of organic compounds, including PAHs in subcritical water media (Sushkova et
al,, 2015, 2016; Taki et al., 2018; Yabalak et al., 2024; Zhu et al., 2024).

Comparison of PAH extraction results from soils by different methods

Comparison of extraction results of 16 prioritized PAHs from soils of dry-steppe zone with different degree of
salinization (Gleyic Kastanozems, Endosalic Kastanozems, Kastanozems Sodic and Solonets) was carried out
via subcritical water extraction with widely used methods: 1) ultrasonic extraction (US EPA, 2007), based on
extracting pollutants with acetonitrile:dichloromethane (1:1) mixture (dichloromethane: h.p.a., ChemMed,
Russia) under ultrasound; 2) saponification method (IPA F 16.1:2.2:2.2:2.3:3.62-09), which hydrolyzes the
lipid fraction of the test sample with a 2% solution of KOH (99.8% p.o.a. Aquatest, Russia) in ethanol (99.8%
p.o.a. Aquatest, Russia) followed by 3-fold extraction of hydrocarbons with n-hexane.

Assessment of PAH extraction completeness

In order to establish the completeness of extraction of priority PAHs (naphthalene, anthracene, acenaphthene,
acenaphthylene, fluorene, phenanthrene, benz(a)anthracene, fluoranthene, pyrene, chrysene,
benz(b)fluoranthene, benz(k)fluoranthene, benz(a)pyrene, dibenz(a, h)anthracene, benz(gh,i)perylene,
indeno(1,2,3-cd)pyrene) from soil by the methods under consideration, a blank experiment was additionally
carried out with the application of solutions of a given concentration (10, 20, 40 and 80 ng g-1) of each
polyarene into soil (additive method). For this purpose, 16 priority PAH STANDARD was purchased. The
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additive was injected with an acetonitrile solution of each PAH into a 1 g soil sample placed in a rotary
evaporator flask. After the evaporation of acetonitrile (at room temperature), the sample with the introduced
additive was processed according to the proposed method of subcritical aqueous extraction. The experiment
was repeated nine times.

The correction factor for PAH recovery in subcritical water was calculated according to the following formulas:
k=C1/C2 (D
Cl1=Cst+Cs (2)

where C1 is the total concentration of each PAH in the soil sample, pg kg-1; C2 is the concentration of each PAH

in the soil determined by the method used, ng g-1; Cst is the concentration of each PAH in the soil due to the
application of its standard solution, ng g-1; Cs is the average concentration of each PAH in the soil sample, ng

g
Quantitative analysis of PAHs in the extracts

Quantitative analysis of PAHs in the extracts was performed by high-performance liquid chromatography
(HPLC) with an HPLC system equipped with UV and fluorescence detectors (Agilent Model 1260, USA, 2015).
The limits of detection (LOD) and limits of quantification (LOQ) of PAHs are presented in Table 2.

Table 2. Limits of detection (LOD) and limits of quantification (LOQ) for 16 priority PAHs

No PAHs LOD LOQ Holding Time
1 Naphthalene 0.17 0.09 5.26
2 Acenaphthylene 0.08 0.12 6,58
3 Acenaphthene 0.05 0.10 7,11
4 Fluorene 0.08 0.26 8.05
5 Phenanthrene 0.09 0.17 8,90
6 Anthracene 0.01 0.05 9.20
7 Fluoranthene 0.08 0.20 10.30
8 Pyrene 0.10 0.28 11.92
9 Chrysene 0.03 0.15 13.75
10 Benz(a)anthracene 0.03 0.19 16.38
11 Benz(b)fluoranthene 0.03 0.07 22.82
12 Benz(l)fluoranthene 0.02 0.06 24.90
13 Benz(a)pyrene 0.01 0.06 26.80
14 Dibenz(a,h)anthracene 0.04 0.04 32.45
15 Benz(g,h,i)perylene 0.19 0.56 39.48
16 Indeno(1,2,3-cd)pyrene 0.11 0.31 44.51

Statistical treatment of the results obtained

The results were processed statistically using descriptive statistics, multivariate and single factor analysis of
variance followed by Tukey's posterior criterion in STATISTICA 8. Visualization of the results is presented
using Sigmaplot 12.5.

Results and Discussion

The methodology of extraction of 16 priority PAHs in subcritical water for soils of chestnut-solonetz complex
was adapted. It was found that the yield of polyarenes in the extract depends on the temperature and
extraction time, as well as on the type of PAHs and soil properties. For low molecular weight 2-ringed
naphthalene and 3-ringed acenaphthene, acenaphthylene, anthracene, phenanthrene and fluorene, the
optimal extraction conditions correspond to 10 minutes at a temperature of 200°C. For high molecular weight
4- and 5-ringed Dbenz(a)anthracene, fluoranthene, pyrene, chrysene, benz(b)fluoranthene,
benz(k)fluoranthene, dibenz(a,h)anthracene, as well as the pollutant of the first hazard class - benz(a)pyrene,
the optimal extraction time reached 20 minutes at a temperature of 250°C. Similar results were demonstrated
in the extraction of BaP from Calcic Chernozems (Sushkova et al., 2016) For 6-ring benz(gh,i)perylene and
indeno(1,2,3-cd)pyrene, the optimal extraction time increases up to 30 min and the temperature increases up
to 300°C (Figure 2). At the same time, treatment of samples with water at 300°C for 30 minutes reduces the
yield of less nuclear PAHs, especially their 2- and 3-ringed representatives, which is most likely due to the
destruction of less stable pollutant molecules (Islam et al., 2012; Khanjari et al,, 2016; Yabalak et al., 2023).
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Figure 2. Content of 16 priority PAHs in soil depending on temperature and extraction time in subcritical water
medium, ng g! (n=9)

In order to unify the method of PAH extraction in subcritical water, the conditions chosen as optimal were the
250°C temperature and 20 minute time, as the highest yield of a wide pool of the most toxic and widespread
substances was recorded at these parameters (Chaplygin et al,, 2022; Sushkova et al., 2020; Dudnikova et al.,
2023a,b). The results of PAH content in soils of the dry-steppe zone obtained by extracting pollutants under
optimal conditions of temperature and time are presented in Figure 3. It is shown that the studied soils of the
natural territory of the dry-steppe zone are characterized by the predominance of low-molecular compounds,
first of all, naphthalene and phenanthrene, the content of which exceeds 40 ng g-1in almost all cases. Among
high molecular weight compounds pyrene dominates, its amount in soils of the dry-steppe zone varies from
29 ng g-1to 54 ng g1 (Figure 3).
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Figure 3. PAH content in soils of the dry-steppe zone based on the results of extraction with subcritical water at a
temperature of 250°C for 20 minutes
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According to the results of multivariate analysis of dispersion, it was found that the yield of PAHs in the extract
depends on the type of PAH, type of extraction, and soil properties (Table 3). The coefficient value is actually
an empirical value obtained during the development and approximation of PAH extraction methods. It is
necessary for leveling the incompleteness of PAH extraction and it represents the number by which the
obtained analytical data should be multiplied. In this regard, an increase in the value of the PAH extraction
factor from soils indicates a decrease in the extraction efficiency of pollutants. According to the value of the
extraction coefficient of priority PAHs from the studied soil types, the extraction methods can be arranged in
the following descending order: ultrasonic extraction (1.05) > subcritical extraction (1.13) > saponification
method (1.25). The differences between the methods are significant, which was confirmed using Tukey's
posterior criterion at p<0.05 (Figure 4).

Table 3. Results of one-factor analysis of dispersion. Variation of PAH extraction coefficient depending on extraction
method, soil type, and pollutant type

Factor SS MS F p

PAH 0.162 0.011 6.7 <0.000001
Extraction 5.137 2.568 1602.8 <0.000001
Soil type 0.049 0.016 10.1 0.000002
PAH*Extraction 0.416 0.014 8.7 <0.000001
PAH*Soil type 0.057 0.001 0.8 0.836616
Extraction*Soil type 0.160 0.027 16.6 <0.000001
PAH*Extraction*Soil type 0.134 0.001 0.9 0.654836

ok *odk ok ﬁ}il R e )
-

100 105 110 1,15 120 125 1,30 135 140
PAH extraction coefficient
Figure 4. PAH extraction coefficient from soils of the dry-steppe zone depending on the extraction method. Letters

indicate differences in PAH extraction coefficient for different extraction methods calculated using Tukey's apposterior

criterion at p<0.05.
Using multivariate analysis of dispersion it is shown that at PAH extraction by methods based on the use of
organic solvents (ultrasonic extraction and saponification method), soil properties do not significantly affect
the degree of extraction of pollutants. On the contrary, at subcritical aqueous extraction there is a tendency
towards an increase in the degree of PAHs extraction depending on the level of soil salinity in the series: Gleyic
Kastanozem > Endosalic Kastanozem > Kastanozem Sodic > Solonets. At the same time, the PAH extraction
coefficient from Solonets is significantly higher than from less saline soils (Figure 5), which is due to a decrease
in dialectic permittivity of water under the influence of sodium salts (Patel et al. 2021).
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Figure 5. PAH extraction coefficient from dry-steppe zone soils depending on extraction method. Letters indicate
differences in PAH extraction coefficient from soils of different types calculated using Tukey's apposterior criterion at
p<0.05.
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Differences between the extraction rates of individual compounds were not established when the pollutants
were extracted with solvents in ultrasonic or saponification methods. For subcritical water extraction, the
extraction ratio of 4- and 5-ringed compounds is significantly lower than that of low molecular weight and 6-
ringed compounds (Figure 6). This because as the number of benzene rings in the PAH molecule increases,
their molecular weight, lipophilicity and binding affinity to soil increases, the energy cost of desorption of

pollutant from soil particles increases (Liang et al. 2016).
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Figure 6. PAH extraction coefficient from soils of the dry-steppe zone depending on the extraction method. Letters
indicate differences in the extraction coefficient of individual PAHs at different methods of their extraction from soils,

calculated using Tukey's apposterior criterion at p<0.05.

Based on the results of a model experiment using soils of the dry-steppe zone, the optimal conditions for
extraction of 16 priority PAHs in subcritical water were determined. It is shown that PAH extraction in
subcritical water allows to significantly reduce the time spent on analysis, as well as almost completely exclude
the use of toxic organic solvents. At the same time, the adapted method is more effective than the
saponification method and is comparable to ultrasonic extraction for the most common and hazardous high-

molecular-weight 4- and 5-ringed PAHs (Table 4).

Table 4. Comparison of methods for extraction of PAHs from natural objects

Comparison parameters

Subcritical extraction

Saponification method

Ultrasonic extraction

Time, min

Solvent, mLL Hexane 15
Acetonitrile 1
Dichloromethane -

Average extraction coefficient

240
60
1

1.25

30
45
2
45
1.05
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Conclusion

The optimal conditions of extraction of priority PAHs in subcritical water medium from soils of chestnut-
solonetz complex of dry-steppe zone were determined using Gleyic Kastanozems, Endosalic Kastanozems,
Kastanozems Sodic, and Solonets as examples. It was shown that for low molecular weight compounds of 2-
and 3-ringed PAHs, the optimal extraction conditions correspond to 10 minutes at a temperature of 200°C, for
high molecular weight 4- and 5-ringed PAHs - 20 minutes at a temperature of 250°C, for 6-ringed PAHs - 30
minutes at a temperature of 300°C. In order to unify the method of extraction of pollutants in subcritical water
medium, the conditions corresponding to the temperature of 250°C for 20 minutes were chosen as optimal,
since at these parameters the highest yield of a wide pool of the most toxic and widespread PAHs was
recorded. Using the proposed parameters it was established that naphthalene, phenanthrene and pyrene
dominate in the studied soils of the dry-steppe zone.

The efficiency of PAH extraction by widely used methods based on the use of organic solvents and subcritical
extraction was compared. By means of multifactor dispersion analysis performed based on the results of
calculating the PAH extraction coefficient, it was found that the peculiarities of soil properties and the type of
pollutant significantly affect the degree of extraction of pollutants from soils during subcritical extraction in
optimal parameters of temperature and time. The efficiency of subcritical water extraction decreases with
increasing number of benzene rings in the PAH molecule, as well as with increasing soil salinity in the series:
Gleyic Kastanozems < Endosalic Kastanozems < Kastanozems Sodic < Solonets. According to the extraction
coefficient value of priority PAHs from the studied soil types, the extraction methods can be placed in the
following descending row: ultrasonic extraction (1.05) > subcritical extraction (1.13) > saponification method
(1.25). Despite the more complete extraction of PAHs from soils by ultrasonic extraction, subcritical extraction
significantly reduces the time and the amount of toxic organic solvents spent on analysis.
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Abstract
Article Info Leguminous shade trees are ubiquitous parts of tea plantations of the Terai region.
Received : 02.11.2023 However, their shed leaves might have an effect on the soil microflora under those shade
Accepted : 26.04.2024 trees, so it is important to find out how leaf litter affect the soil microflora. Isolation of

Available online: 30.04.2024 Soil microbial consortia followed by downstream experiments were conducted to
observe the tolerance/susceptible pattern of those soil microflora against the fallen
leaves. Sample from under Albizia odoratissima has higher organic carbon, organic

Author(s) matter and nitrogen content but the same property was found to be low in the sample

collected under Melia azedarach. Isolation of consortia was done on nutrient agar. In
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ANag g vitro tolerance assay was cond.uc.ted to f.m'd out the tolgrance pattern against leaf
—=— extracts, heavy metal salts, pesticides, antibiotics and antifungals. Heavy metals salts
S.Acharyya B2 Jike Arsenic trioxide (AS:03) and Cupric chloride (CuCl2); and pesticides like
S.Saha =4 Thiamethoxam; Spiromesifen; Phorate etc. showed no inhibition against all the isolated
S.Majumder p2q consortia. Co-Trimoxazole and Augmentin have not showed any inhibition except
S.Chakraborty pig consortia under Derris robusta, whereas no antifungals but Itraconazole had an impact
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* Corresponding author consideration strictly to restrain the microbial population in tea garden soil. So, this
study has disclosed the acceptability of each and every shade tree used in this region.
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Introduction

The Tea plant [Camellia sinensis (L.) Kuntze], is cultivated for the production of tea. Tea is the 2nd most
consumed beverage worldwide and boasts an aromatic flavor as well as beneficial to the drinker. The Tea
industry is one of the oldest agro-based industries in India and it is greatly valued for its economic significance
as it contributes 1% of the GDP of the country (Sharma et al.,, 2019). Tea plantations generally employ shade
trees to protect their bushes from scorching sunlight. They also help in the betterment of the soil nutrient
profile by hosting symbiotic nitrogen-fixing microorganisms and a range of nutrients being added through the
degradation of leaf litter from these trees (Ghosh et al., 2021; Ghosh et al., 2022). The shade trees along with
tea bushes create a microclimate that improves soil microbial population with an increase in soil organic
carbon and moisture (Ghosh et al., 2022). Organic matter supplementing soil microbes is involved in several
ecological, biodegradable cycles (Malviya et al., 2021) and mitigates heavy metal toxicity (Pandey et al., 2019).
Soil rhizosphere contains diverse microbes, of which plant growth promoting ones improve soil fertility.

To meet the rising demand for tea, the use of fertility management techniques, high yielding clones, longer
pruning cycle etc. have been introduced. The microflora hosted by the soil in these gardens may be subject to

@ :  https://doi.org/10.18393/ejss. 1476125 E§|Publisher : Federation of Eurasian Soil Science Societies
&R http://ejss.fesss.org/10.18393/ejss.1476125 e-ISSN : 2147-4249

234


http://ejss.fesss.org/10.18393/ejss.1476125
http://ejss.fesss.org/
mailto:arindamghosh611@gmail.com
mailto:arnabnag1999@gmail.com
mailto:sukanya22acharyya@gmail.com
mailto:sumedhasaha06@gmail.com
mailto:soumyamajumder777@gmail.com
mailto:srvjalac@gmail.com
mailto:malaytsnbu@gmail.com
https://doi.org/10.18393/ejss.1476125
http://www.fesss.org/
http://ejss.fesss.org/10.18393/ejss.1476125
https://portal.issn.org/resource/ISSN/2147-4249
https://orcid.org/0000-0001-6142-3160
https://orcid.org/0009-0007-1561-7205
https://orcid.org/0000-0001-9659-455X
https://orcid.org/0000-0001-5551-3864
https://orcid.org/0000-0001-8493-3040
https://orcid.org/0000-0002-6798-0061
https://orcid.org/0000-0002-4066-2979

A. Ghosh et al. Eurasian Journal of Soil Science 2024, 13(3), 234 - 246

avariety of factors including but not limited to exposure to the phytochemical effects of leaf litters, pesticides,
antibiotics etc., resulting in the acquisition of tolerance to said irritants. So, in order to find out whether or not
these factors are affecting the soil microflora we explored their antibiotic, antifungal, heavy metal and
pesticide tolerance abilities. As this region lies under the Himalayan foothills, anthropogenic activities and the
use of chemical fertilizers and pesticides are to be expected.

Shade tree leaf litter is a pool of secondary metabolites that may promote or restrict soil microbes (Saha et al.,
2022).Shade trees vary in secondary metabolite content, so there must be differential antagonism toward soil
microbes. Not much work has been done on this particular issue. Though the inhibitory effect of tea plantation
shade tree leaf extract on phosphate solubilizing bacteria (PSB) has been studied by Saha et al. (2022), where
it was found that metabolites like 1-heptanol, 2-propyl-, neophytadiene, phytol and squalene from shade trees
like Albizia odoratissima, Albizia chinensis, Albizia procera exhibited antimicrobial activity as they showed in
vitro inhibition zones in PSB culture collected from tea gardens. But much in this context remains to be
explored.

So, this research intended to isolate microbial consortia from the soil of the tea plantation of Terai region and
explore their tolerance ability against leaf litters, pesticides, heavy metal salts as well as various antibiotic and
antifungal agents. Thus, this study was aimed to gain an understanding of the growing resistance ability of
microflora and their adaptability that may ultimately help in maintaining soil fertility which is an
indispensable part of proper plant growth and development.

Material and Methods
Collection of soil samples

Seven Shade trees viz. Albizia odoratissima (L.f.) Benth. (AO), Albizia chinensis (Osbeck)Merr. (AC), Acacia
lenticularis Benth. (AL), Dalbergia sissoo Roxb. (DS), Derris robusta (DC.) Benth. (DR), Leucaena leucocephala
(Lam.) de Wit (LL) and Melia azedarach L. (MA) were selected and considered for the present study. Vacant
land (VL) as well as shade tree free (WST) areas were used as control plots for the study. All the collection
sites were from NBU tea plantations (26.713006 N, longitude 88.3480252 E). Soil samples were collected from
the cover area of the shade tree by following the protocol of Saha et al. (2020) with slight modifications. Soil
sampling was done early in the morning after the pre-monsoon showers.

Soil analysis

Soil parameters like pH, organic carbon (OC), organic matter (OM) content, total nitrogen, available
phosphorus, potassium and Sulphur contents were evaluated from the collected sample. Before analysis soil
samples were air-dried and sieved (Mukherjee et al., 2020; Saha et al., 2020).

Isolation of Consortia

Soil microbial consortia were isolated by mixing 500mg of soil sample in 1 ml of sterile distilled water. 500l
of the soil solution was added to the pre-autoclaved nutrient broth and was incubated overnight at 372 C. The
isolates were preserved at 42C for downstream experiments (Saha et al., 2021).

Effect of shade tree leaf extract on the growth of Rhizopsheric Microbial Consortia (RMC)

Antimicrobial study was conducted with shade tree leaf extracts on the isolated consortia. Pour plate
inoculation followed by well diffusion addition of leaf extracts of AO, AC, AL, DS, DR, LL and MA was employed
for the study (Ghosh et al., 2021), where 200ul of cultures (RMC) were inoculated and 100ul (250 mg/ml) of
leaf extracts were added in the wells of the semisolid agar. The Petri dishes were incubated at 372C for 24
hours.

Heavy Metal tolerance assay

To determine the heavy metal tolerance test, we followed the disc diffusion method proposed by Acharyya et
al. (2021) with slide modification, where we took five different heavy metal salts like CuClz, As203, Pb(NO3),
CdCl; and HgCl,with the concentration of 2.5 mg/ml. To test the isolated culture, we prepared semi-solid
nutrient media with 100pl of culture being spread throughout via the spread plate technique. After that, the
disc was dipped in different heavy metal salts and placed on the petri dish.

Antibiotic and antifungal tolerance assay of Consortia

In vitro, antibacterial tolerance assay was conducted by following the protocol of Saha et al. (2020) against the
selected isolated culture by using antibiotic discs. 200pl of isolated culture was pour plated in nutrient agar
media. After the hardening of the agar, common antibiotic hexa-discs of Bacitracin (B10), Chloramphenicol
(C30), Penicillin-G (P10), Polymixin B (PB300), Gentamicin (Gen10), Neomycin (N30), Cefotaxime (CTX30),
Augmentin (AMC30), Erythromycin (E10), Ofloxacin (OF5) and Co-Trimoxazole (COT25), of HiMedia
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(Catalogue No. HX032 and HX038) were were aseptically placed on top of the agar and then incubated these
plates at 35°C for 24 hours. After 24 hours, inhibition zones around the discs were recorded.

To assess the tolerance activity of the fungal population in the soil, we followed the protocol of Saha et al.
(2020), where 200pl of culture sample was inoculated in the plate with the pour plate technique. And six
common antifungals like Amphotericin-B (AP100), Clotrimazole (CC10), Fluconazole (FLC25), Itraconazole
(IT10), Ketoconazole (KT10) and Nystatin (NS100) from HiMedia (Catalogue No HX104) were used against
consortia and incubated for 96 hours at 35°C. After incubation, the inhibition zones around the discs were
recorded.

Pesticide tolerance assay

To determine their pesticide tolerance ability, we followed the protocol of Saha et al. (2020), where nine
common pesticides like Emamectin benzoate, Fipronil, Phorate, Deltamethrin, Flubendiamide, Spiromesifen,
Thiamethoxam, Fenazaquin, Quinalphos being usually applied in the tea plantation to get rid of pests were
chosen. Pour plate and well diffusion method was followed to assess this test, where 200 pl of isolated culture
was poured in petri dish with 2.8% nutrient agar media. Different concentrations like 2.5, 5, 10 and 20 mg/ml
of the nine pesticides were chosen whereas the recommended value was 2.5mg/ml, and 100 pl of each
concentrated different pesticide were added in the wells of the petri dishes followed by incubation of the
plates at 302C for 48 hours.

Results

Soil analysis

pH and EC

Changes in soil pH mean a tenfold change in the amount of acidity or alkalinity. Tea Board of India proposed
that the pH of the soil of tea plantations should be between 4.5-5.5 (Mukherjee et al., 2020). In this study, we
found that the pH of the soil collected from underneath the tea plantation shade trees range between 4.5 to
6.1. Maximum soil pH was recorded in MA (6.1) while lowest pH was recorded in DR (4.5).

Electrical conductivity (EC), typically used to enumerate the charged particles present in particular soil
samples, was also found to vary between plant species. The maximum EC (172 puS/cm) was found in the soil
sample of DR plant species and the lowest EC (103.3 uS/cm) was detected in the soil of MA plant species (Table

1).
Table 1. Results of soil physicochemical properties
Total Available Available Available
pH EC, pS/cm 0C,% OM,% N, % K, mg/kg s, mg/kg P, mg/kg
AC 5.21+0.29 124.00£6.24 6.66+x0.44 11.45+0.76 0.57+0.04 49.00%£1.73  24.00x6.07 52.33%+9.50
AO 4.89+0.07 145.00£2.65 10.37+1.31 17.84+2.25 0.89+0.11 42.67+5.86 16.27+2.16 37.33%¥9.71
AL 4.73+0.07 132.33+17.24 9.34+2.63 16.07+4.52 0.80x0.23 31.33+2.52 16.67+2.54 29.00+11.27
DS 4.88+0.12 143.33+32.65 7.70x1.16 13.24+1.99 0.66x0.10 41.00+3.61 19.80%£2.25 24.33+6.66
DR 4.58+0.17 172.00£4.58 7.19+0.37 12.36%0.64 0.62+0.03 30.33#3.51 17.30x2.93 11.33%¥4.04
LL 5.31+0.10 145.00+11.27 6.93+0.36 11.93+0.63 0.60+0.03 59.33+6.51 18.97+4.41 40.67+15.01
MA 6.12+0.19 103.33+21.50 5.97+0.72 10.27+1.24 0.51+0.06 60.67+8.08 17.93+5.09 21.67+10.69
VL 4.86%0.07 111.67£1.53 6.59+0.59 11.33+#1.02 0.57+0.05 44.00+2.65 17.30+4.03 0.67+1.15

NSWST 5.24+0.05 132.67+4.04 7.15%#0.36 12.29+0.62 0.61+#0.03 50.67£10.79 19.37#1.44 20.33%2.89
Albizia chinensis (AC), Albizia odoratissima (AO), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena
leucocephala (LL), Melia azedarach (MA), Vacant land (VL) and WST (Without shade tree)

Organic carbon and Organic matter

Soil organic matter is an aggregation of all organic components present in the soil including plant and animal
matter excluding mineral carbon. Organic matter (OM) makes up just 2-10% of most of the soil’s mass. Organic
carbon (OC) content should be 1-2% as recommended by the Tea Board of India. In this study, the average
organic carbon was found to be about 7.73%. Whereas maximum organic content was recorded at 10.37% for
AO and the minimum was found in MA (5.96%).

Moreover, non-shaded areas (WST) showed a moderate level of organic matter and organic carbon content
due to the presence of shaded tea leaf litter on it while the vacant land (VL) portrayed a low trend in OC and
OM content compared to others. Interestingly, MA resulted in the lowest OC and OM values in its cover region
where possible explanation can be found only after future comparative nutrient analysis on shed leaves in
particular.

Nitrogen, Phosphorous, Potassium and Sulphur
Nitrogen, phosphorous, potassium and sulfur are the macronutrients for plants that help plants regulate
essential physiological processes, growth and development etc. (Mukherjee et al., 2020). In our study, we
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found that 0.665% of nitrogen (N) was present in analyzed samples which were ideal. The highest nitrogen
content was recorded in AO (0.892%) and the minimum in MA (0.513%).

Phosphorous (P) is present in the soil as phosphate (P;0s) and the ideal level recommended by the Tea Board
of Indiais 10 to 20 mg/kg. But in our study, we found the highest phosphate content was in AC with an amount
of 52.34 mg/kg and the lowest was detected in DR. Surprisingly, in vacant land (VL) phosphate level was very
low (0.67 mg/kg).

The optimum level of potassium (K) as potash in soil recommended by the Tea Board of India is 60 to 80
mg/kg. Our results revealed that the average potassium level was lower than the optimum. However, the
maximum potash level was found in MA (60.67 mg/kg) and the minimum potash level was recorded in DR
(30.34 mg/kg). Whereas soils from non-shaded areas (WST) and vacant land (VL) showed an ideal level of
potashi.e., 50.67 mg/kg and 44 mg/kg respectively.

Sulphur (S) is present in the soil as sulphate (SO4) and the average sulphate level was recorded to be 18.71
mg/kg. The maximum value was recorded in AC (24 mg/kg) and the lowest was recorded in AO (16.27). Table
1 indicates that non-shaded soil or soil without shade trees (WST) contained a huge amount of sulphate
compared to other samples.

Effect of shade tree leaf extract on the growth of Rhizospheric Microbial Consortia (RMC)

Aqueous extracts of shade tree leaf from AO, AC, DS, DR, Alen, LL and MA showed variable inhibition zones
against consortia isolated from soil under different shade trees of tea gardens including vacant land and shade
tree free areas (Table 2 and Figure 1). In this study, we found that leaf extracts of DR showed an inhibitory
effect on six consortia collected from under six regions whereas DS, AO and AC showed an inhibitory effect on
consortia of five areas respectively. In most of the cases, consortia showed resistance towards leaf extract with
a percentage of 53.96%, whereas, 46.03% of consortia were found to be susceptible. All the consortia from
under each shade tree except DS (negligible inhibition zone 6mm), VL and WST, have shown resistance against
their respective leaf extracts. This might be due to either the developed resistance of microbes present in soil
which has been exposed to leaf litter year after year or it can be assumed that the leaf extracts do not possess
any kind of antimicrobial compound. Most of the maximum inhibition zones were found on the consortia
collected from under LL, meaning the consortia under this tree were susceptible to all the leaf extracts except
its own leaf. Apart from the LL consortia, leaving behind the consortia from LL, the highest inhibition zones
were seen on the consortia of AC and AO, created by the extract of DS (17mm and 15mm respectively),
followed by MA, VL which was inhibited by AO leaf extract 15mm respectively. So, leaf extracts of DS and AO
possess some antimicrobial compounds, due to which some microbes of the consortia are susceptible.

Figure 1. Resistance and susceptibility of consortia against different shade tree leaves extract where (A-I) represents the
Consortia culture collected from under the AC, AO, DS, AL, LL, VL, MA, DR, WST respectively
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Table 2. Inhibition zone (mm) created by leaf extracts on different consortia

DS DR LL

AC

AO
AL

DS

DR
LL

MA
Albizia chinensis (AC), Albizia odoratissima (AO), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena
leucocephala (LL), Melia azedarach (MA), Vacant land (VL) and WST (Without shade tree)

Heavy metal tolerance assay

Contamination occurring from metals like mercury (Hg), arsenic (As), and cadmium (Cd) etc. poses a serious
toxic threat to all living organisms as it can cause cancer in humans when present in small quantities (Acharyya
et al,, 2021). These traumatic and stressful surroundings often encourage microbial populations to adapt and
gain tolerance toward the metals. As this region is under the Himalayan range, it is prone to exposure to
elevated levels of heavy metals which encourage microbes to build tolerance towards them. Therefore, we
intended to study the heavy metal tolerance ability of the consortium presence in this region. The inhibition
zones formed by selected heavy metals salt on isolated consortia from the tea plantations are shown in Figure
2 and Figure 3. Inhibition zones created by As;03, CdCl;, CuClz, and Pb (NO3); were less but in case of HgCly,
the inhibition zones were much higher compared to other heavy metal salts (Table 3). Almost all the consortia
have shown tolerance or are gaining tolerance against Lead nitrate, Arsenic trioxide and Cupric chloride,
whereas the salts of cadmium and mercury produced inhibition zones against all the consortia.

Table 3. Inhibition zones (mm) exhibited by heavy metals on different consortia Colour code: 0 =Tolerant (Red), 6-9= mildly
tolerant (Yellow), 10-17= moderately susceptible (Blue), 18 and above= Susceptible (green))

Lead nitrate Arsenic trioxide Cadmium chloride  Cupric chloride @ Mercuric chloride
Pb(NOs): AS:03 CdCl CuClz HgCl:

Albizia chinensis (AC), Albizia odoratissima (AQ), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena
leucocephala (LL), Melia azedarach (MA), Vacant land (VL) and WST (Without shade tree)

=====Ph(NO3)2  ====AS203 CdCl2  e===CuCl2 HgCl2

e
e

Ac Ao A.len DS Dr LL MA VL WST

Figure 2. Graphical representation of resistance and susceptibility pattern of consortia against five heavy metal salts (x axis
representing different consortia and y axis representing inhibition zones)
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Figure 3. Resistance and susceptibility of consortia culture against five different heavy metal salts, where (A-I) represents the
Consortia, culture collected from under the different areas of AC; MA; DR; DS; AO; AL; WST; VL; LL respectively

Antibiotic tolerance assay

Bacteria and fungi are the main biotic components of the microflora of soil consortia. Since its discovery,
antibiotics have been used extensively. These antibiotics tend to accumulate in soil and water, eliciting an
effect on beneficial microorganisms harbored in these regions (Saha et al., 2020). In recent years, antibiotics
have become very handy for treatment against various bacterial infections, be it as medication for humans to
livestock rearing. The use of antibiotics in agricultural fields has also gained momentum as a means to rid the
fields of unwanted, harmful bacterial invasions. Improper knowledge of dosage can often lead to a disastrous
end. With the development in the field of science, synthetic antibiotics have become a convenient choice. The
secondary metabolites from the leaves and pods, often contain antimicrobial (antibacterial or antifungal)
compounds. Hence, this study was carried out to understand the behaviour of the isolates in the face of some
common antibiotics. Eleven different antibiotics were used for this study.

Studies revealed that different antibiotics act differently on consortia. Results of the antibiotic tolerance assay
have been expressed in Table 4 and Figure 4. In Table 4 of the nine samples which had been tested against
eleven different antibiotics indicated that 35.35 % of samples were tolerant against above mentioned
antibiotics, while 22.22 % of samples were susceptible to those antibiotics. Besides these, 16.16 % of samples
exhibited mild tolerance and 26.26 % of samples showed moderate tolerance levels. Among the different
shade tree cover soil microbes, AC, MA and LL showed tolerance against maximum antibiotics. On the contrary,
DR showed a more or less susceptible nature against all used antibiotics.

Table 4. Inhibition zone (cm) of different samples tested against different antibiotics (Colour code: 0 =Tolerant (Red), 0.1-1=
mildly tolerant (Yellow), 1.1-2= moderately susceptible (Blue), 2 and above= Susceptible (green))

AC AO AL DS DR LL MA VL WST
Chloramphenicol 05 P13 | 09 06 | 16 | 07 0.8 0.8 0.4
Ofloxacin 2.3 2.5 2.6 2.4 2 2.5 2.6 2.4 2.2
Cefotaxime 1 2.5 26 | 15 . 2 0.9
Erythromycin 2.5 2.5 ; 0.9
Co-Trimoxazole
Augmentin
Bacitracin
polymyxin B
Gentamicin
Neomycin

Penicillin G

Albizia chinensis (AC), Albizia odoratissima (AO), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena
leucocephala (LL), Melia azedarach (MA), Vacant land (VL) and Without shade tree (WST)
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2 S————
Figure 4. Antibiotic susceptibility and resistance of different consortia where (A-L) represent the consortia culture of under
from AO; DR; AL; WST; DS; VL respectively

Co-Trimoxazole and Augmentin exhibited the lowest efficacy in inhibiting the in vitro growth of the bacterial
populations isolated from the soil samples under the cover of all the shade trees selected for this study, except
for DR, which showed considerable susceptibility as seen from the graph Figure 4. On the other hand, Ofloxacin
showed the highest efficacy in terms of inhibition zone against the bacterial populations isolated from the
cover region of all the shade trees.

Out of the eleven antibiotics tested OF5 (2.388+0.19 cm) showed average maximum and COT25 (0.177 £ 0.53
c¢m) showed minimum inhibition zone. So, it can be considered that COT25 was the least effective and OF5 was
the most effective for the isolated consortia. The increasing order of tolerance observed in our study is COT25;
AMC30; P10; B10; C30; E10; PB300; N30; Gen10; CTX30; OF5 (Table 4).

Antifungal tolerance assay

Fungal invasions are also a great threat to plants. Thus, needless to say, the use of antifungals in agriculture is
an inevitable solution that people reach for to get rid of fungal infections/fungi. With the application of
antifungals, there comes a possibility of developing antifungal tolerance by the fungal populations. Also, the
antimicrobial components present in the dropped plant parts may play a role too just as in the case of
antibiotics mentioned above. Therefore, the study of antifungal tolerance by the isolates has become an
absolute necessity. Antifungals used in the assay have different target patterns for different fungi present in
the consortia. The data for the antifungal assay are represented in Table 5 and Figure 5 concerning their
tolerance ability. The data represents the tolerance pattern of the fungal population isolated from the soil
samples of the respective shade trees. Fungicides having azole groups are the most widely used antifungals
against fungal plant pathogens (Saha et al., 2020). In this study, we have used four antifungals viz. CC10, FLC25,
IT10 and KT10 have azole groups. All the samples have full resistance against the five antifungals i.e.,
Amphotericin-B (AP100), Clotrimazole (CC10), Fluconazole (FLC25), Ketoconazole (KT10), and Nystatin (NS
100) i.e., they have not shown any inhibitory effect in the consortia. Itraconazole (IT10), on the other hand,
has shown an inhibitory effect in all the consortia, wherein the sample of AC, MA and VL, it showed a full
inhibition zone of 3.5cm each, followed by 3cm; 2.4cm; 2.3cm in AL, WST and DS respectively and 2.2 cm in
three samples of AO; DR and LL.

Pesticide tolerance assay

Based on the application of pesticides in tea plantations, the nine most regularly used pesticides were selected
and in vitro tolerance assay was done to find out the level of tolerance in isolated consortia. Over a period of
time, chemical pesticides in tea plantations accumulate in an area of soil where microbial diversity is at its
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maximum level. In our study, our consortia showed variable levels of tolerance against different
concentrations of each pesticide (Table 6 and Figure 6). Four pesticides viz. Spiromesifen; Thiamethoxam,
Phorate and Flubendiamide showed no inhibition zone in any of the consortia at the studied concentrations.
So, consortia isolated from underneath all the shade trees, vacant land and without shade trees are tolerant to
all concentrations of pesticides. All the pesticides, except Fenazaquin, showed inhibition zones only above
5mg/ml concentrations. So, this concludes that all the consortia from tea plantations are highly tolerant
against these pesticides (excluding Fenazaquin) at these concentrations. Fenazaquin showed a gradual
increase in inhibition zone with an increase in concentration against consortia of AO, AL and WST, whereas
against the consortia of AC and DS, this pesticide showed a density gradient increase in inhibition zones in all
the higher concentrations but no inhibition zone was found at the lowest concentration. Deltamethrin also
showed a gradual increase in inhibition zones in all the higher concentrations against the consortia collected
from under AC, AO and DS but with the concentration of 2.5mg/ml, there were zero inhibition zones.

Table 5. Inhibition zone (cm) of different samples tested against different antifungals (Colour code: 0=Tolerant (Red), 2.1-3=
moderately susceptible (Blue), 3.5 and above= Susceptible (green))

AC AO AL DS DR LL MA VL WST

Amphotericin B
Clotrimazole
Fluconazole
Itraconazole
Ketoconazole
Nystatin

Albizia chinensis (AC), Albizia odoratissima (AO), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena

leucocephala (LL), Melia azedarach (MA), Vacant land (VL) and Without shade tree (WST)

Figure 5. Tolerance and susceptibility of consortia against six different Antifungal agents where (A-I) represents the
consortia culture under from WST, AO, AL, MA, DR, DS, LL, AC, VL respectively

Discussion

In this study we have found that all the soil are found to be acidic the possible reason behind this because that
maximum shade trees belong to the Fabaceae family that characteristically shed their leaves once a year and
contribute to the accumulation of a massive amount of organic matter and simultaneously increases organic
carbon and nitrogen content in the soil. Being a non-leguminous plant, MA shade tree cannot form root
nodules; thus, nitrogen content was also low in its cover soil. In the presence of a good amount of mineral
nutrition and organic matter, microorganisms thrive and produce humic acid in the soil consequently
decreasing the pH. Table 1 reveals that the MA shade tree contributes the least amount of organic matter to
the soil. Furthermore, the shed leaves of MA may contain some chemical compounds that can inhibit the
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growth of microorganisms, thereby limiting the pH drop that would otherwise have resulted from the profuse
growth of microbes as previously discussed.

The maximum quantity of phosphate also came from leaf litter and organic matter. Leaves of certain shade
tree species like AC, LL, AO and AL may provide a good amount of phosphorus (Table 1) which leads the
phosphate solubilizing microorganisms to digest the phosphorus as substrate to produce an available form of
phosphate for plant uptake, while, DR (11.33) and DS (24.33) might have some antagonistic effect
(antibacterial effect) on these microorganisms as the results suggest. Recently, Ghosh et al. (2021) reported
the antibacterial activities of these leaves against microorganisms. Table 1 shows that where electrical
conductivity is higher, consequently potassium level is lower, it is because of the leaching of potassium ions
into subsoil. Lack of nutrient management system and fertilizer application in tea gardens could be the reason
behind unfamiliar results (unlike other nutrient parameters) or the high amount of sulphate present in non-
shade areas or without shade tree regions.

Based on our heavy metal tolerance assay, it can be presumed that the isolated consortia are tolerant or
slightly tolerant towards metals like Pb, As and Cu but susceptible towards Cd and Hg. The tolerance property
of these consortia towards heavy metal salts like As,03, CuCl;, and Pb(NO3); is a serious concern as it may have
been stimulated by the persistence of these salts in soil.

Table 6. Inhibition zones (mm) exhibited by concentrations of pesticide on different consortia (Colour code: 0= Tolerant (Red),
10-12= moderately susceptible (Yellow), 13 and above= Susceptible (green).)

Pesticides Time Concentration _AC__AO0__DS DR Al _LL MA VL WST

X 2.5mg/ml

_ 2x 5mg/ml
Emamectin benzoate 4x 10mg/ml
8x 20mg/ml

o . 2x 5mg/ml
Fipronil+Imidacloprid 4x 10mg/ml
8x 20mg/ml
X 2.5mg/ml

_ _ 2x 5mg/ml
Spiromesifen 4x 10mg/ml
8x 20mg/ml
X 2.5mg/ml

_ 2x 5mg/ml
Thiamethoxam 4x 10mg/ml
8x 20mg/ml

_ 2x 5mg/ml
Deltamethrin 4x 10mg/ml
8x 20mg/ml

2x Smg/ml

Phorate 4% 10mg/ml
8x 20mg/ml

o 2x Smg/ml
Flubendiamide 4x 10mg/ml
8x 20mg/ml

_ 2x Smg/ml
Quinalphos 4x 10mg/ml
8x 20mg/ml
X 2.5mg/ml

_ 2x Smg/ml
Fenazaquin 4% 10mg/ml
8x 20mg/ml

Albizia chinensis (AC), Albizia odoratissima (AO), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena
leucocephala (LL), Melia azedarach (MA), Vacant land (VL) and Without shade tree (WST)
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) “ L
Figure 6. Resistance and susceptibility of consortia culture against different pesticides with different concentrations where
(A-L) represents the Consortia culture collected from under the different shade trees AC; AO, AL; WST; DS
The exploitation of antibiotics/antifungals in agricultural fields can lead to the eradication of the useful
bacterial /fungal populations that inhabit the soil and thereby have an effect on the nutrient uptake processes
of plants. There also lies the risk of developing antibiotic/antifungal tolerance by the bacterial/fungal
population. Initially, these compounds were isolated from the secondary metabolites produced by
microorganisms such as bacteria and fungi. In this antibiotic tolerance assay, though a few antibiotics were
found to be ineffective against some of the microbes, most of them elicited a considerable range of
susceptibility from the microbes. Their pattern of tolerance is mainly based on the respective shade tree cover

region from where the soil sample was collected, as we can see in case of DR.

On an average farmers use antibiotics in their agricultural fields with the intention of getting rid of the harmful
bacteria that may affect the plants (Saha et al., 2020). But while doing this, it also increases the chances of
developing antibiotic resistant microbes. This could be the possible reason for the acquisition of tolerance by
some of the bacterial populations. Another reason for such tolerance may have to do with antimicrobial
components detected in the shed parts of the trees. Photographs of some plates have been attached below
(Figure 4).

In the antifungal assay, a resistance pattern towards all the antifungals except IT10 has been found which may
be a result of the unsupervised overuse of fungicides in tea plantations or another plausible reason may be
the possible co-selection of resistance genes under selective pressure of survival related to other elements
like heavy metals (Sun et al., 2021). Hence, we could conclude that IT10 is probably not used as much or use
of this is close to nil in this tea plantation.

Pesticides are very toxic and harmful to the ecosystem as they accumulate in soil. It brings changes in soil
microflora by killing and reducing the microflora count or diversity or may even modify tolerance towards the
pesticides for resisting pesticides. Pesticides have a half-life and the half-life of Phorate is more than
Emamectin Benzoate and the mixture of Fipronil and Imidacloprid. Phorate is slightly soluble in water when
kept over time and 2g of this is added to the soil during the plantation of plantlets and is not spread further in
later years. Prolonged use of cultural practices like the use of chemical pesticides could be the reason for
tolerance observed in the microbial population.

Probable candidates of leaf extracts for growth inhibition validates by GC-MS

To find out the probable reason for getting inhibition zone in the different cultures of consortia by the shade
tree leaf extracts, we have done Gas chromatography and mass spectrometry analysis. In our GC-MS analysis,
we found a total of 74 compounds in the leaf extracts of seven shade trees having microbial properties, where
11 compounds were from each extract of AO, DS, AL and MA comprising 14.86%, 13 compounds from DR
adding up to 17.56%, 9 in AC at 12.16%; and 8 compounds in LL of 10.81% (Table 7).

Phytol, an acyclic diterpene, has an antimicrobial effect against Pseudomonas aeruginosa, Maphomina
phaseolina and triterpene compound squalene also has antimicrobial activity (Saha et al., 2022). Both of these
compounds have been detected in all the leaf extracts (Table 7). Neophytadiene, another antimicrobial
component has been found in all the extracts except MA (Non-leguminous). 1-Heptanol, 2-propyl-; .gamma. -
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Linolenic acid, methyl ester; Cyclopentadecanone, 2-hydroxy-; Dehydroabietylamine; Longifolene;
Longiborneol (activity against Candida albicans, Trichophyton rubrum, Aspergillus fumigatus, Staphylococcus
aureus); 9,12-Octadecadienoic acid, methyl ester was only found in AO and are reported to have antimicrobial
property, only found in AO, whereas in the extracts of AC, 13-Hexyloxacyclotridec-10-en-2-one;
Dehydroabietic acid and its TMS derivative; Ethanone, 1-phenyl-; and Menthol were unique. Tetradecane and
9-octadecenal, (z)- were only found in DS. Four reportedly antimicrobial compounds, (2e)-3,7,11,15-
tetramethyl-2-hexadecene; 9-Octadecenoic acid, methyl ester, (E)-; Hexadecanoic acid; and Methyl abieta-
8,11,13-trien-18-oate were only distinguished in DR. beta- amyrin; Octadecane and Methyl commate d with
22.58% area were detected in AL. 2-methyloctacosane is the only compound found in MA, reported to have
antimicrobial properties. In the leaf extract of LL, no particular compounds were found to be unique but two
compounds Phenol, 2,4-bis(1,1-dimethylethyl)-, phosphite (3:1) and vitamin E with antimicrobial activity
were found with a high percentage of 20.75 and 12.88 peak area respectively. Antimicrobial compounds worth
17.56% were found in the leaf of DR. In the consortia of DR, we found almost no inhibition. With a percentage
of 10.81 in the leaf extracts of LL, it showed the lowest number of antimicrobial compounds (Figure 7). The
consortium of LL was found to be susceptible except to the extract of LL. Thus, it can be said that leaf litter do

have an impact on the growth of microflora and can restrict the beneficial microorganisms of soil.
Table 7. GC-MS detected compounds with peak area percentage and antimicrobial activity

Compounds with antimicrobial GC-MS (Peak area %) References
activity AO AC DS LL DR AL MA

1-Heptanol, 2-propyl- 3.69 8.7 Sahaetal, 2022
13-Hexyloxacyclotridec-10-en-2-one 1.34 Sahaetal, 2022
Beta-Amyrin 8.64 Elfadil et al,, 2015
Gamma. -Linolenic acid, methyl ester 1.4 Sahaetal, 2022
Cyclopentadecanone, 2-hydroxy- 0.61 Sahaetal., 2022
Dehydroabietic acid and its TMS derivative 1.42 Sahaetal, 2022
Dehydroabietylamine 0.81 Sahaetal, 2022
Ethanone, 1-phenyl- 1.27 Sahaetal, 2022
Neophytadiene 494 127 6.67 2.29 1030 5.71 Singh etal.,, 2012
Phytol 5.64 1.77 29.48 0.52 2346 7.15 47.14 Islam et al.,, 2018
Squalene 559 87 7.80 599 395 14.73 142 Rautela et al., 2017
Longifolene 1.04 Sahaetal, 2022
Longiborneol 3.14 Sahaetal, 2022
1,2-Benzenedicarboxylic acid, diethyl ester 2.55 1.45 Premjanu and Jaynthy, 2014
9,12-Octadecadienoic acid, methyl ester 2.13 Sahaetal, 2022
Heptadecane 1.29 0.85 2.54 Adeyemi etal.,, 2017
Tetradecane 1.80 Nambi and Raju, 2017
Dodecane, 4,6-dimethyl- 1.22 1.07 0.72 134 1.85 Aiiides et al., 2019
Heneicosane 551 0.75 1.62 238 217 Vanitha et al., 2020
Eicosane 875 261 1.62 0.87 5.84 Octaryaetal., 2021
9-octadecenal, (z)- 1.69 Subavathy and Thilaga, 2016
Gamma.-sitosterol 6.12 7.89 Akpuaka etal., 2013
Methyl Commate b 10.86 3.76 Arora and Kumar, 2017
Menthol 1.80 Freires et al., 2015
Phenol, 2,4-bis(1,1-dimethylethyl)-, phosphite (3:1) 20.75 2.32 Tyagietal, 2021
Trimethylsilyl 2,6-bis[(trimethylsilyl)oxy] benzoate 0.22 0.33 Ajala et al., 2020
(2e)-3,7,11,15-tetramethyl-2-hexadecene 0.37 Mickymaray and Alturaiki, 2018
9-Octadecenoic acid, methyl ester, (E)- 1.90 Muflihunna et al., 2021
Hexadecanoic acid 0.63 Hameed et al., 2015
Methyl abieta-8,11,13-trien-18-oate 0.42 Burcova et al., 2018
Octadecane 0.65 Adeyemi et al.,, 2017
Methyl commate d 22.58 Bihanaetal,, 2018
2-methyloctacosane 0.80 Peloetal,, 2021
Vitamin E 12.88 9.08 15.61 2.94 Hartmann et al., 2020

% Of total antimicrobial compounds
detected through GC-MS

Albizia chinensis (AC), Albizia odoratissima (AO), Acacia lenticularis (AL), Dalbergia sissoo (DS), Derris robusta (DR), Leucaena
leucocephala (LL), Melia azedarach (MA)

31.54 27.72 81.19 46.86 55.14 83.42 75.24
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Figure 7. Percentage of total reported antimicrobial compounds detected by GC-MS in each extract

Conclusion

This research was conducted to investigate the effects of shed leaves on the soil microflora; as well as, to
analyze important parameters like soil physicochemical properties, antibiotic, antifungal, heavy metal and
pesticide tolerance abilities to characterize the tea garden soil covered by different shade trees. Variations in
the results have been detected among soil samples (under shade trees, non-shade tree areas and vacant land)
and after comparative study bring about an interesting conclusion. Shed leaf litter from these deciduous trees
surely adds a huge amount of organic matter to the soil of tea gardens. Leguminous shade trees can also
increase nitrogen fixation, but due to the antimicrobial effects of leaf litter or otherwise, the soil microflora
can be adversely affected which is detrimental to the soil of tea plantations. However, as these shade trees are
an indispensable part of the tea plantations in the plains of North Bengal they cannot be removed from the
plantation. Replacement of these shade plants with other shade trees could be a probable option although
further studies are needed as well. Besides these, other factors should be given thorough consideration to
maintain a thriving and diverse system of beneficial microflora in tea garden soil; such as limited use of
chemical pesticides and fertilizers. So, the results of this study give us a detailed understanding of the
continued use of each and every shade tree in this region to inform our judgment about the overall impact of
the studied shade trees on these plantations
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Abstract
Article Info This study aimed to investigate the effects of different fertilizer treatments on the
Received : 02.10.2023 growth, yield, and nutrient content of two sugar beet cultivars, Aksu (Kazakhstan) and
Accepted : 01.05.2024 Yampol (Poland), cultivated in the Almaty region of Kazakhstan. The experiment was

Available online: 07.05.2024 conducted using a complete randomized block design with three replicates, comprising
six treatments: control (without fertilizer), N120P120Koo, and N130P130K130 for both
cultivars. The soil's physical and chemical properties were analyzed, revealing a foothill

Author(s) light chestnut soil with favorable nutrient levels. Results indicated that the N130P130K130
S.Kaliyeva * &~ treatment significantly increased soil available nitrogen, phosphorus, and potassium
B.Suleimenov = contents, leading to enhanced sugar beet growth, nutrient uptake, and yield. Both

i —= cultivars responded positively to the increased nutrient levels, with the N130P130K130
G.Rvaidarova Q treatment showing the highest yield of 785.6 tons/ha for Aksu and 802.5 tons/ha for
K.Konysbekov B4 Yampol. Furthermore, nutrient content in tubers and leaves was significantly higher in
S.S.Muminova B4 the Ni3oP130Ki30 treatment compared to other treatments. These findings underscore
B.Raimbekova pq the importance of balanced nutrient management tailored to specific cultivars for

optimizing sugar beet productivity and soil fertility in diverse agro-climatic conditions.
Adopting balanced mineral nutrient management approaches could offer promising
solutions to enhance sugar beet productivity and sustainability. Future research should
focus on exploring long-term effects and integrated nutrient management strategies for
sustainable sugar beet cultivation.
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Introduction

Sugar beet (Beta vulgaris L.) is an essential crop cultivated worldwide, predominantly for sugar production
but also as a source of bioenergy and feedstock (Haankuku et al., 2015). Sugar beet cultivation spans across
41 countries worldwide, encompassing approximately 8.1 million hectares (Mall et al. 2011). Among these,
the top ten sugar beet-producing countries include the Russian Federation, France, Germany, the United States
of America, Turkey, Poland, China, Egypt, Ukraine, and the United Kingdom, as reported by FAO in 2019.
Kazakhstan, with its diverse agro-climatic zones, holds significant potential for sugar beet cultivation due to
its favorable soil and climatic conditions (Zhaksybayeva et al., 2022). Almaty, Zhetysu, and Zhambyl regions
includes 14.5 thousand hectares of the fields for sugar beet cultivation, it is 99 per cent of all sugar beet sowing
fields in Kazakhstan (Khusnitdinova et al., 2023). The Almaty region, in particular, offers suitable conditions
for sugar beet growth, with its temperate climate and fertile soils.

Climatic factors, particularly temperature and precipitation, significantly influence sugar beet growth and
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development (Sanchez-Sastre et al., 2018). Adequate temperature and water availability during the growing
season are crucial for achieving optimal yields (Huang et al., 2022). Therefore, monitoring and understanding
the climatic conditions during the crop's growth stages are essential for implementing appropriate irrigation
and management practices (de Oliveira e al,, 2015).

Soil fertility plays a pivotal role in determining the success of sugar beet cultivation (Tayyab et al., 2023).
Understanding the physical and chemical properties of the soil is essential for implementing effective
management practices that optimize soil health and crop productivity (Glilser et al., 2017; Onyegbule et al.,
2023). The soil at the study site, characterized as a foothill light chestnut soil, was analyzed for its physical
and chemical properties to provide insights into its fertility status and nutrient availability (Saparov, 2014;
Ospanbayev et al., 2023).

Fertilization is a key management practice that significantly impacts sugar beet yield and quality
(Pogtodzinski et al, 2021; Kamzina et al., 2022). Proper nutrient management, including nitrogen (N),
phosphorus (P), and potassium (K) application, is essential for promoting vigorous growth, improving yield,
and enhancing sugar content in sugar beet plants. However, excessive or inadequate nutrient application can
lead to nutrient imbalances, affecting crop health and productivity (El-Geddawy et al., 2008).

The choice of sugar beet cultivars is critical in determining the crop's performance and yield under specific
environmental conditions (Taleghani e al., 2023). In this study, two sugar beet cultivars, Aksu (Kazakhstan)
and Yampol (Poland), were selected to assess their performance under varying fertilizer treatments. These
hybrids have been chosen based on their adaptability to the local climatic conditions and their potential to
deliver high yields. Given the importance of soil fertility, climatic conditions, and fertilization practices in
determining sugar beet yield and quality, this study aims to investigate the effects of different fertilizer
treatments on the growth, yield, and nutrient content of two sugar beet hybrids (Aksu and Yampol) cultivated
in the Almaty region of Kazakhstan. The findings from this study will contribute to the existing knowledge
base on sugar beet cultivation practices in the region and provide valuable insights for farmers and
researchers aiming to enhance sugar beet productivity and sustainability in similar agro-climatic conditions.

Material and Methods
Study site and Soil Properties

During the spring and summer of 2022, the current research was conducted at Kazakh Research Institute of
Agriculture and Plant Growing located in Almalybak village, Karasai district, Almaty region, Kazakhstan on a
foothill light chestnut soil. The sugar beet hybrids used in the experiment were Aksu (Kazakhstan) and Yampol
(Poland). A soil sample was collected from the experimental field at the beginning of the experiment. Physical
and chemical properties of the experimental soil were determined Kazakh National Agrarian Research
University according to the Rowell (1996).

Climatic data

Based on meteorological data collected during the study period, temperature conditions for sugar beet crops
were relatively consistent across the growing seasons. The most favorable temperature conditions were
observed during the growing season, with an average temperature of approximately 17°C. Optimal
distribution of heat and water resources was observed, attributed to consistent and favorable natural
moisture supply during the sugar beet sowing period. Specifically, precipitation levels were 35.6 mm in April,
145.4 mm in May, 35.9 mm in June, 15.1 mm in July, 8.2 mm in August, and 2.1 mm in September and the first
ten days of October. Overall, the total precipitation during the growing season closely aligned with the long-
term average. The least precipitation was recorded during the sowing period, with a negative water balance
observed during the period of intensive growth and development of sugar beet. To mitigate the moisture
deficit, vegetative irrigations were implemented to ensure adequate water supply for the sugar beet crops.

Soil Preparation, Experimental design and Cultivation

As per standard commercial cultural practice for light chestnut soil. The field was plowed using a chisel plow.
Thereafter, the experimental field was divided into 180 cm wide strips. For each fertilizer treatment described
below. Total plot area was 288 m2 (12 m x 4 m) to which mineral fertilizers. Fertilizers were then incorporated
into the soil using a rotavator. Fertilizer treatments were arranged in a complete randomized block design
with three replicates.

Sugar beet (Beta vulgaris L.) cultivar Aksu and Yampol were mechanically planted on 12 April 2022, with a
planting density of 4kg/ha or 1.7 p.u./ha of dried seed in the 3.75-4.75 mm fraction using a four-row-planter
in all plots.
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The experiment consisted of six treatments as follows:

T1-Aksu Control (without fertilizer)

T2-Aksu N120P120K90

T3-Aksu N130P130K130

T4-Yampol Control (without fertilizer)

T5-Yampol Ni20P120Ko0

T6-Yampol NizoP130Ki30
Fertilizers were applied at a rate of N120P120K90 and N130P130K130 for Aksu and Yampol cultivar. All amounts of
phosphorus and potassium were applied manually during soil preparation in the form of Ammophos
(46%P20s5, 10%N) and potassium sulfate (50% K:0), while nitrogen was divided into two equal portions, and
applied during soil preparation and 6 weeks after planting in the form of ammonium nitrate (33% N).
Harvesting of the crop was done treatment-wise on 15 October 2022. Firstly one border row from both sides
and two plants from both ends were harvested to eliminate the border effect from each plot. Harvesting was
done by digging of plants.

Agronomic Activities

Throughout the experimental period, a comprehensive set of agronomic activities was meticulously executed
at the experimental site to optimize conditions for sugar beet growth and ensure accurate data collection. The
soil was carefully prepared for planting, followed by furrow irrigation with a total water requirement of 600-
700 m3/ha, divided into four applications. Cultivation and weed control measures were consistently applied
to maintain soil health and manage weed growth. During the active growth phase, disease and pest control
strategies were implemented using systemic fungicides like Impact and Skor for powdery mildew and
cercosporosis, and insecticides such as Kinmix, Rovikurt, Arrivo, and Cymbush for beet fleas, beet weevils, and
leaf-eating moths. Harvesting was conducted at the optimal maturity stage to ensure maximum yield and
quality, with all activities performed in strict adherence to recommended practices, highlighting the
importance of ecological and agronomic parameters in the experimental setup.

Data collection
Soil Sampling and Analyses

After harvest, the soil samples collected from depth of 20 cm were naturally air-dried, milled and passed
through 2.0 mm sieve. Available nitrogen (NH4+NO3) by the modified Kjeldahl method, available Phosphorus
was determined by the 0.5M NaHCOs3 extraction method, available Potassium content were determined by the
1N NH4OAc extraction method according to the Rowell (1996) and Jones (2001).

Plant Sampling and Analyses

After harvesting, tubers of sugar beet were separated according to the treatment and weighed on double pan
balance for each treatment separately. After this, total tuber yield was calculated as the sum of the weights of
tubers from the net plot area and transformed to ton per hectare. Leaves of sugar beet samples were analyzed
for dry weight and nutrient (N, P and K) content in leaves and sugar beet tubers according to the Jones (2001).

Results and Discussion

The experimental site was characterized by foothill light chestnut soil formed on loess-like loams, presenting
a well-defined fertile profile. The surface soil exhibited an organic matter content of 2.02%, total nitrogen (N)
at 0.135%, a C/N ratio of 8.7, and a total carbonate content of 2.73%. Exchangeable cations were measured
with Caat 10.24 meq/100 g, Mg at 1.49 meq/100 g, and Na at 0.30 meq/100 g. Additionally, the soil contained
82.4 mg/kg of Available nitrogen (NH4+NO3), available P,0s at 25 mg/kg, available K;0 at 442 mg/kg, with a
soil pH of 8.2.

The study aimed to investigate the effects of different fertilizer treatments on the growth, yield, and nutrient
content of two sugar beet cultivars, Aksu and Yampol, cultivated in the Almaty region of Kazakhstan. The
results obtained shed light on the intricate relationship between fertilizer treatments, soil nutrient content,
and crop yield. The application of different fertilizer treatments had a significant impact on the nutrient
content of the soil. For the Aksu cultivar, the highest NH4+NO3 content was observed in the N130P130K130
treatment with 19.4 mg/kg, followed by the N120P120K9o treatment with 16.7 mg/kg and the control with 11.7
mg/kg (Table 1). Similarly, the highest available P content was recorded in the N130P130K130 treatment with
45.9 mg/kg, whereas the control had the lowest P content at 12.8 mg/kg. Regarding available K, the
N130P130K130 treatment led with 415 mg/kg, followed by N120P120K90 with 378 mg/kg, and the control with 331
mg/kg. For the Yampol cultivar, the trend was consistent with the Aksu cultivar. The N130P130K130 treatment
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resulted in the highest NH4+NO3 content at 20.2 mg/kg, available P at 47.7 mg/kg, and available K at 422
mg/kg. The control treatment showed the lowest nutrient content across all parameters (Table 1).

Table 1. Effects of fertilizer treatments on soil nutrient content

Aksu cultivar Yampol cultivar
Treatment NH4+NOs, Available P, Available K, NH4+NOs3, Available P, Available K,
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Control 11,7 12,8 331 12,0 13,1 342
N120P120K90 16,7 27,2 378 17,7 28,5 382
N130P130K130 19,4 45,9 415 20,2 47,7 422

The sugar beet plant's nutrient content, particularly in tubers and leaves, was significantly influenced by the
fertilizer treatments. For the Aksu cultivar, the N130P130K130 treatment exhibited the highest N, P, and K content
in both tubers and leaves. The control treatment showed the lowest nutrient content across all parameters.
Similarly, for the Yampol cultivar, the N130P130K130 treatment had superior nutrient content, with higher N, P,
and K values in both tubers and leaves compared to other treatments (Table 2).

Table 2. Effects of fertilizer treatments on sugar beet yield and plant nutrient content

Yield, Tubers Leaves
Treatment ton/ha N, % P, % K, % N, % P, % K, %
Aksu cultivar
T1-Control 345,0 0,75 0,30 4,65 3,1 0,22 4,67
T2- N120P120Ko0 634,2 1,52 0,32 4,22 4,3 0,47 5,55
T3-N130P130K130 785,6 1,72 0,36 3,88 4,22 0,61 5,22
Yampol cultivar
T4-Control 389,0 0,77 0,36 4,78 3,22 0,31 4,85
T5-N120P120Ko0 683,5 1,55 0,34 4,36 4,4 0,52 5,62
T6-N130P130K130 802,5 1,77 0,42 4,11 4,38 0,56 5,14

Soil nutrients play a pivotal role in determining plant growth, development, and yield productivity. The
present study aimed to evaluate the effects of different mineral fertilizer treatments on soil agrochemical
properties and sugar beet nutrient content, in line with the literature. In the current study, the application of
mineral fertilizers at different rates significantly improved the soil's available nutrient contents. The
treatment of N130P130K130 notably increased available nitrogen, phosphorus and potassium compared to the
control treatment. These findings are consistent with previous studies by Jabborova et al. (2019, 2020),
McDowell et al. (2004), Fang et al. (2009), Monaco et al. (2008), and Wang et al. (2008), highlighting the
positive impact of inorganic fertilizers on soil nutrient contents and other agrochemical properties. Dinesh et
al. (2012) observed an enhancement in total N content of rainfed ginger soil with chemical nutrient
management. Similarly, Yanthan et al. (2010) reported increased N, P, and K content in soil with NPK
applications, corroborating our findings. However, it's noteworthy to mention the findings from Srinivasan et
al. (2019), indicating that high mineral fertilizer decreased several nutrient contents in the soil, emphasizing
the need for balanced fertilizer management. Furthermore, the mineral elements in soil, particularly N, P, and
K, significantly influence plant growth, development, and yield. The present study found that the N1i30P130K130
application rate significantly enhanced the sugar beet's nutrient content, including N, P, and K, in both tubers
and leaves. These results align with the studies of Egamberdieva et al. (2018), and Thakur and Sharma (1997),
emphasizing the positive effect of mineral fertilizers on nutrient uptake by plants. Interestingly, our study
revealed high levels of NPK in sugar beet tubers and leaves, which underscores the plant's potential as a rich
source of essential nutrients. These findings are in agreement with Ayaji et al. (2013), who reported the
richness of ginger in various essential minerals.

The effects of fertilizer treatments on sugar beet yield varied significantly between the two cultivars, Aksu and
Yampol. The yield data presented in Table 2 clearly demonstrate the substantial influence of nutrient
management on sugar beet productivity. For the Aksu cultivar, the control group without fertilizer application
yielded 345.0 tons/ha. However, with the application of N120P120Koo, the yield increased to 634.2 tons/ha,
marking a significant improvement. The highest yield was observed with the N130P130K130 treatment, reaching
785.6 tons/ha, indicating that the additional nutrients further enhanced sugar beet growth and yield. In
contrast, the Yampol cultivar exhibited a different response to the fertilizer treatments. The control group
yielded 389.0 tons/ha, which was surpassed by the N120P120K9o treatment with a yield of 683.5 tons/ha. The
highest yield for this cultivar was recorded with the N130P130K130 treatment at 802.5 tons/ha, suggesting that
the increased nutrient levels positively impacted the growth and yield of Yampol sugar beets. These results
highlight the importance of selecting appropriate fertilizer treatments tailored to specific sugar beet cultivars
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to maximize yield potential. The variability in yield responses between Aksu and Yampol cultivars
underscores the necessity for cultivar-specific nutrient management strategies to optimize sugar beet
production in diverse agro-climatic conditions. To further contextualize the findings of this study, a
comparative analysis was conducted with recent researches focusing on the effects of different nutrient
management practices on sugar beet cultivars. El-Mageed et al. (2022) explored the physio-biochemical and
agronomic changes in two sugar beet cultivars (Romulus and Francesca) grown in saline soil under varying
potassium (K) rates. The study found that a high potassium rate of 144 kg K/ha significantly enhanced cell
membrane stability, relative water content, and performance index under high salinity conditions.
Additionally, the maximum improvements in sugar yield and quality were observed at this potassium rate,
emphasizing the importance of potassium fertilization in mitigating the adverse effects of saline soils and
enhancing sugar beet productivity. Similarly, Demirbas (2021) investigated the impact of different
phosphorus (P) doses on sugar beet yield and nutrient uptake. The study reported that increasing phosphorus
doses led to a significant yield increase, with the highest yield recorded at 30 kg P/ha. Furthermore, elevated
concentrations of nitrogen, phosphorus, and potassium were observed at this phosphorus dose, highlighting
the crucial role of phosphorus fertilization in optimizing sugar beet yield and nutrient uptake. In another study
by Marajan et al. (2021), the combined application of compost and phosphorus fertilizer was assessed for its
effect on sugar beet growth and yield components. The results revealed that the combination of compost and
phosphorus fertilizer significantly increased various agronomic traits, including leaf number, leaf area index,
leaf dry weight, root diameter, and root fresh weight. This suggests that integrating organic and mineral
fertilizers can synergistically enhance sugar beet growth and yield. Comparing these studies with the current
research, it is evident that nutrient management plays a pivotal role in determining sugar beet productivity
across different environmental conditions. While the current study primarily focused on nitrogen (N),
phosphorus (P), and potassium (K) fertilization, the aforementioned studies highlighted the importance of
potassium in saline soils and the synergistic effects of combining compost with mineral fertilizers. In
conclusion, these comparative insights emphasize the need for tailored nutrient management strategies based
on soil conditions, cultivar characteristics, and environmental factors to optimize sugar beet yield and quality.
Adopting integrated nutrient management approaches that combine organic and mineral fertilizers could
offer promising solutions to enhance sugar beet productivity and sustainability in diverse agro-climatic
conditions.

Conclusion

In conclusion, the present study provides comprehensive insights into the effects of different fertilizer
treatments on the growth, yield, and nutrient content of two sugar beet cultivars, Aksu and Yampol, cultivated
in the Almaty region of Kazakhstan. The results underscore the significant impact of nutrient management on
sugar beet productivity and soil fertility, highlighting the importance of tailored fertilizer applications in
optimizing crop performance. The application of mineral fertilizers, particularly the N130P130K130 treatment,
significantly enhanced the soil's available nitrogen, phosphorus, and potassium contents, leading to improved
sugar beet growth, nutrient uptake, and yield. Both sugar beet cultivars responded positively to the increased
nutrient levels, with the N130P130K130 treatment demonstrating superior performance in terms of yield and
nutrient content in tubers and leaves. The findings from this study corroborate previous research highlighting
the positive effects of balanced nutrient management on crop productivity. Moreover, the variability in yield
responses between the Aksu and Yampol cultivars underscores the necessity for cultivar-specific nutrient
management strategies to maximize sugar beet production under diverse agro-climatic conditions. It is
essential to emphasize the significance of soil fertility in determining crop yield and quality. The foothill light
chestnut soil of the Almaty region exhibited favorable physical and chemical properties, emphasizing the
region's potential for sugar beet cultivation. However, continuous monitoring and effective soil management
practices are crucial to maintaining soil health and ensuring sustainable crop production.

Future research should focus on exploring integrated nutrient management approaches that combine organic
and mineral fertilizers to enhance soil fertility, improve nutrient use efficiency, and promote sustainable sugar
beet cultivation practices. Furthermore, investigating the long-term effects of different fertilizer regimes on
soil health, microbial communities, and crop resilience will provide valuable insights for developing holistic
and sustainable agricultural strategies. In conclusion, the findings from this study contribute to the existing
knowledge base on sugar beet cultivation practices in Kazakhstan and offer practical recommendations for
farmers and researchers aiming to enhance sugar beet productivity, soil fertility, and sustainability in similar
agro-climatic conditions. Adopting science-based nutrient management strategies is imperative for achieving
sustainable agricultural intensification and ensuring food security in the face of changing climatic conditions
and increasing demand for agricultural products.
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Abstract
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Introduction

Strawberry fruits are vibrant, with significant minerals and vitamins, plants can reach a height of 20-22 cm

(8-10 inches) and have 2-4 years of economic life before replacing plants (Menzel, 2023). China dominates

global strawberry production in every aspect with production of 3.336.690 tons during the 2021-22 period,

whereas the USA follows with a production of 1.055.963 tons of strawberries (FAO, 2023). Strawberry is an

aggregate accessory fruit formed through the enlargement of the receptacle. Typically, the fruit’s external

surface is adorned with diminutive seeds referred to as achenes, which protrude slightly from its flesh

(Barakhov et al., 2023). Strawberries are preferably grown in soil having a pH range of 4.6-6.5 (Cankurt and

Ipek, 2023).

The soil beneath the strawberry plants provides the foundation for their growth, bearing the responsibility of
supplying essential nutrients, maintaining proper pH levels, and ensuring adequate drainage (Al-Mamun et
al.,, 2021). As such, soil nutrition is central to the success of strawberry production. It not only influences the
plant's growth, vigor, and disease resistance but also plays a pivotal role in determining the fruit's quality,
flavor, and shelf life (Duralija et al.,, 2021). Among the various essential nutrients strawberries require for
optimal growth, two micronutrients, zinc (Zn) and iron (Fe), have emerged as critical players in shaping fruit
quality and shelf life.
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The shelf life of strawberries is significantly influenced by the presence of zinc oxide and iron oxide in the soil.
These minerals play crucial roles in various physiological processes within the strawberry plant, ultimately
impacting the quality and longevity of the fruit (Jatav et al., 2021) Zinc oxide and iron oxide are essential
micronutrients required for the proper growth and development of strawberry plants. ZnO-NPs improve
biochemical indices of strawberry plants (Singh et al., 2024a,b,c). Adequate levels of zinc and iron in the soil
promote optimal nutrient absorption and act as cofactors for antioxidant enzymes such as superoxide
dismutase (SOD) and catalase, which play critical roles in scavenging reactive oxygen species (ROS) and
protecting plant cells from oxidative damage (Singh et al., 2022a,b). Iron is involved in the synthesis of
phytoalexins, which are compounds produced by plants in response to microbial attack, while zinc enhances
the activity of defense-related enzymes and strengthens cell walls (Panigrahi et al,, 2019). By bolstering the
plant's immune system, zinc oxide and iron oxide help reduce the incidence of diseases that could otherwise
compromise fruit quality and shelf life (Mohapatra et al., 2022). This research delves into the intricate
relationship between soil nutrition, particularly the impact of zinc oxide and iron oxide on shelf life of
strawberries under Punjab region of India.

Nano-fertilizers are more sensitive and can penetrate the epidermis, empowering them to promote nutrient
consumption efficiency while reducing nutrient overabundance (Al Tawaha et al., 2024). NPs also stimulate
root hair development, increasing nutrient absorption capacity. Furthermore, ZnO-NPs influence ion
transporters and channels (Singh et al, 2024a,b,c) Advances in nanotechnology research could improve
fundamental aspects of food security, including agricultural productivity, soil progress, use of safe water, food
dispersal in stores, and food quality (Singh et al.,, 20244a,b,c). These micronutrients, although required in small
quantities, have a disproportionate impact on the overall health and productivity of the strawberry crop. Their
influence on synthesizing vital biomolecules, enzyme activities, and redox processes makes them
indispensable contributors to the various stages of strawberries from blossom to harvest (Bayat et al.,, 2019).
Zinc, an essential micronutrient, participates in numerous enzymatic reactions within the plant, including
those related to hormone regulation, protein synthesis, and nucleic acid metabolism (Meyer et al., 2021).
Understanding the specific role of zinc in strawberries is critical for farmers and horticulturists seeking to
maximize the visual appeal and nutritional value (Bandeira et al., 2020). Iron, another micronutrient, plays an
equally pivotal role in the life cycle of strawberry plants. Iron is a fundamental component of chlorophyll, the
pigment responsible for photosynthesis, and is essential for electron transfer reactions within the plant
(Warang et al,, 2023). In strawberries, adequate iron availability is closely linked to healthy foliage, efficient
photosynthesis, and the synthesis of vital compounds like phenolic compounds and anthocyanins,
contributing to fruit color and antioxidant content. As such, unraveling the specific role of iron in strawberries
is paramount for those aiming to enhance fruit quality and health benefits (Duralija et al., 2021).

By focusing on the specific roles of zinc and iron, present study aimed to intricate interplay of soil nutrition
and shelf life of strawberry fruits. The mechanisms underlying the effects of zinc and iron on strawberries,
strategies to optimize the availability of these nutrients in the soil and to cultivate strawberries that exhibit
not only visual appeal but also enhanced nutritional richness and prolonged shelf life.

Material and Methods

Description of the location and plants

The present research was conducted at Lovely Professional University, School of Agriculture, Horticulture
Research Farm, Punjab, India (2022-2023). Experimental site which is nearly 237m (768 ft.) above mean sea
level. It is located in the Punjab state at 31.2232¢N latitude and 75.7670°E longitudes, with an average annual
rainfall of 816 mm. The runners of strawberry cv. Winter Dawn (one month old) were transplanted by the 7th
and 8th of November 2022 under protected and open field conditions with three replications. A summary of
materials and methodology are mentioned below,

Field preparation

Before the transplanting of strawberry runners, urea was applied in two splits at a concentration of 23.9 g per
square meter, while DAP was applied at 21.7 g and MOP at 20 g per square meter as per the recommendation
of package practice provided by state agriculture university (Punjab). Phosphorus and potash were applied
prior to planting and drip irrigation method was used for irrigation at discharge rate of 2 liters/hour, total 6
irrigation were applied to the field for both conditions from transplanting to harvesting stage.
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Characterization of ZnO and FeO

Nano zinc oxide can enhance nutrient uptake, induce systemic acquired resistance, and act as an antioxidant
in strawberry plants, promoting growth and stress tolerance Similarly, iron oxide nanoparticles can improve
photosynthesis efficiency, bolster plant defense mechanisms, and potentially increase disease resistance in
strawberries. Zinc and iron enhance the shelflife of strawberries by promoting enzymatic activity, which aids
in maintaining fruit freshness and delaying decay processes. Additionally, these minerals contribute to the
stabilization of cellular structures, extending the longevity of the fruit during storage (Chaplygin et al.,, 2020).
Preparation of ZnO and FeO doses

Nanoform of ZnO and FeO were prepared at a concentration of 50, 100 and 150 mg/l. Zinc oxide and iron
oxide using digital weighing scale in micrograms and place it in a weighing dish. The 0.05 g of ZnO and FeO
separately were used in order to make a 50 mg/1 solution then dissolve the weigh calculated ZnO and FeO in
10ml ethanol after that mix the 10 ml of prepared stock solution to 90 ml distilled water to make 100 ml
solution and same for the 100 mg/1 and 150 mg/1 concentration. Commercial grade nano zinc oxide and iron
oxide fertilizers were used in foliar applications (1000 ml) on leaves of each strawberry plant. These NPs were
obtained from ad-nano Technologies Pvt. Ltd., and prepared by the chemical precipitation method, and had a
purity rate of 99.9%, average particle size of 30-80 nm, and bulk density of 0.58 g/cma3.

Observations, Analysis and Treatment details

Procedure for determination of biochemical constituents

Spoilage

Shelf-life parameters was monitored at 0-, 3-, 6- and 9-days interval and fruits were stored at ambient room
temperature conditions. The spoilage was calculated by as the total number of spoiled units, divided by the
total units produced, and multiplied by hundred.

Total soluble solids (TSS)

Total soluble solids (TSS) were calculated with a digital refractometer, and ascorbic acid content was
estimated using a modified procedure from A.0.A.C. Titratable acidity was determined by titration with 0.1N
NaOH and phenolphthalein as an indicator.

Physiological Loss in eight (PLW)

The physiological loss in weight was calculated by subtracting the final weight of the fruit from the initial
weight of the fruit and determine in percentage.

Anthocyanin

Differential method of pH has been used to determine the anthocyanin content and the absorbance was
measured using UV- spectrophotometer and absorbance was read at 520 nm.

Total sugars and reducing sugars

Lane and Eynon method were used to estimate the total sugars and reducing sugars.

Data analysis

Statistical analysis was conducted on shelf-life parameters and treatments were computed using SPSS
software for randomized block design (RBD).

Soil analysis

Total nitrogen was determined through the micro-kjeldahl (Jackson, 1973), while total phosphorus was
estimated by the Vandomolybdophospheric yellow color method (Jackson, 1973), and total potash was
estimated on Flame photometer (Jackson, 1973). The available nitrogen in the soil is 225.8 kg/ha,
phosphorous levels ranging between 12-22 kg/ha with an average of 16.5 kg/ha, mean available potassium is
about 158.32 kg/ha-221.04 kg/ha with an average of 179.20 kg/ha respectively.

Experimental setup

The experiment consists of sixteen various treatments: To (100 % RDF), T; (500 mg/1 ZnO NPs), T2 (100 mg/1
Zn0 NPs), T3 (150 mg/1 ZnO NPs), T4 (50 mg/l FeO NPs), Ts (100 mg/1 FeO NPs), Ts (150 mg/1 FeO NPs), T
(50 mg/1Zn0O NPs + 50 mg/1 FeO NPs), Ts (50 mg/1 ZnO NPs + 100 mg/1 FeO NPs), Ty (50 mg/1ZnO NPs + 150
mg/1 FeO NPs), T1o (100 mg/1 ZnO NPs + 50 mg/1 FeO NPs), T11 (100 mg/1 ZnO NPs+ 100 mg/I FeO NPs), T1,
(100 mg/1ZnO NPs + 150 mg/1 FeO NPs), T13 (150 mg/1 ZnO NPs + 50 mg/1 FeO NPs), T14 (150 mg/1 ZnO NPs
+100 mg/1FeO NPs), T15 (150 mg/1 ZnO NPs + 150 mg/1 FeO NPs) and conducted in Randomized block design.
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Results and Discussion

Spoilage

Spoilage (%) of strawberry was affected by the different doses of Nano-ZnO and FeO, as presented in Table 1
respectively. Minimum Spoilage (0.73%) was observed in Tis significantly at 3 days interval and maximum
spoilage (2.79%) was recorded in Ty after six days interval minimum spoilage (1.51%) was observed in Tis
and maximum (5.85%) was recorded in Ty and at 9 days interval spoilage was observed minimum in T1s and
maximum was observed in Ty (8.39%). Spoilage percent of strawberry was observed from 0.73% - 8.39%
respectively as shown in Figure 1 and Table 1. Numerous studies observed that applying Zn and Fe
significantly influences crops' plant growth, shelf life, quality, and productivity of strawberry crop. For
instance, de la Rosa et al. (2013) observed, increased shelf life and minimum spoilage and decay percentage
in strawberry fruits are due to the application of ZnSO, in tomato, which might impute the availability of the
appropriate quantity of Zn within the system of plants as the element elevates ribosome and ribonucleic acid
(delaRosaetal, 2013).Iron's influence on the spoilage percentage by the foliar application may be related to
its availability and involvement in photosynthesis, which boosts the photosynthetic rate in the plant and
produces more quality fruit for guava crop (Yogeesha et al., 2005). A study by Raliya and Tarafdar (2013)
observed that various concentrations of NPs were applied to cucumber, alfalfa, and tomato to decrease the
mass decay percentage of the fruits (Raliya and Tarafdar, 2013). Based on a study, it was noted that the
simultaneous application of Zn and Fe nanoparticles at different concentrations led to an enhanced life span
of strawberry fruits at various concentrations in comparison with the control (Kumar et al,, 2017). Sing et al.
(2005) discovered that ZnSO4 by foliar application method in papaya plants, accelerated blooming in the
papaya and more fruit having more life span compared with the control (Singh et al,, 2005).

Spoilage percent 9Day =—#—6Day =——3Day
25 1

15

10 -

O T T T T T T T T T T - - T T T V‘_|
TO T1 T2 T3 T4 T5 Té6 T7 T8 T9 T10 T11 T12 T13 T14 T15

Treatments

Figure 1. Effect of zinc oxide and iron oxide on spoilage percentage of strawberry
Total Soluble solids

In comparison, the minimum TSS was recorded at 3 days interval in Ty having a value of (5.53 °brix) and
maximum was recorded in T7 (6.99 obrix) after 6 days interval the maximum value for TSS in °brix was
observed in 7.15 and minimum was observed in Ty (6.25 °brix) and at 9 days interval the value for TSS is 7.25
obrix in T14 and minimum in T12 (7.10 °brix) as shown in Table 1. TSS ¢brix of strawberry was observed from
5.53 obrix-7.25 obix respectively. Same finding was observed by Chaturvedi et al. (2005) that maximum 9.420
Brix was recorded with a lower concentration of ferrous sulfate (0.2%), closely trailed by 0.4% zinc sulfate
(9.320 Brix). Zinc and iron sprays demonstrated significant support for photosynthesis, thereby enhancing
fruit quality. Additionally, zinc plays a pivotal role in regulating enzymatic activity, facilitating the conversion
of carbon compounds into glucose (Chaturvedi et al., 2005).
257


https://ejss.fesss.org/10.18393/ejss.1484756

L.Singh et al. Eurasian Journal of Soil Science 2024, 13(3), 254 - 262

Table 1. Effect of zinc oxide and iron oxide on spoilage, tss, acidity and ascorbic acid of strawberry

Spoilage % TSS °Brix Acidity % Ascorbic acid mg/100g
Treatments (Days Interval) (Days Interval) (Days Interval) (Days Interval)

3Day 6Day 9Day 3 Day Diy 9Day 3Day 6Day 9Day 3 Day 6 Day 9 Day
To 2.79» 5854 8394 5532 6.25® 7.282 0.53%c 0.502c 0.472> 49.35% 47.932 46.632
T1 1.22ab  2.68abc  3.99bc 5582 5982  7.22a 0492 0472 0452 49.14~ 48.65®  46.812
T2 1.082» 2.27® 3.40® 569 6132 7.18 0.60e 0.58«d  0.56¢¢ 50.18bcde  49,102bc  47.202
Ts 1.22a 2.76%c 3.83bc  6.05b¢ 6.202>  7.232 0.61cde  (.59cde  (.58c«d 50.98bcde  49.93bcd 48,612
T4 1.97ab 2,58 3372 623cde 674cd 7242  (0.65def  (0.63df (0.61d 51.36de 50.44cd 47592
Ts 1.09% 2.232  3.04® 6.09bd 6.38c 7.182 0.70f 0.68¢  0.65¢ 51.61¢ 50.38«  48.13®
Ts 1.54ab 22620 3,122 575 6172 7122 0.62df (.60 (0.57¢ 51.07<de  49.69bcd  48.002
T7 1.35ab 2.74abc  421bc  699F  7.154 7152 0.502  (0.49def (.47 4952abc 4837 46,59
Ts 1.912> 3.532c 4.31bc 5602 5952  7.162 0.62%F 0.60df (0.57¢d 50.48zbcde  49,192bc 47,0020
To 2.19% 4,654 5.63¢ 6.81% 6.95¢ 7.222 0.70f 0.687  0.65¢ 51.82¢ 50.69¢  47.12a

T1o 1.92ab  3.032bc  4.89bc  6.4(Qcdef 6.67bcd 7152 (.58bed  (.56bcd  (.54bc  49.85abed 49 15abc 47,182
T11 1.61a> 0.11bc  3.98bc  6.41cdef 6.77cd 7232 (.63def (.61def (.59¢d 57.18cde 49.96bd  47.89
T12 1.81ab 3.00%bc 3,663 6.50df 6.84cd  7.102 0.61cde  (0.60df (.57<d 51.71e 50.68¢ 48.752
Ti3 1.293b 2.93abc 395bc 6,78 7.00d 7.242  0.67%f (0.64df (.61cd 50.99bcde 49 52abed 48,152
T14 1.173b  3.44abc  4.45bc 6,61 6.78d 7252 (.61cde (.58«  (0.56¢ 50.36%bcde 49 13abc  46,9(ab
Tis 0.732>  1.51a= 1912  6.28«de 6.392bc 7172 0.68¢f  0.65df (0.63«d 51.59e 50.994 49.660
To (Control 100% RDF), T1 (50mg/1 ZnO NPs), T2 (100 mg/1 ZnO NPs), T3 (150 mg/1 ZnO NPs), T4 (50 mg/l FeO NPs), Ts(100 mg/1 FeO
NPs), T (150 mg/1 FeO NPs), T7 (50mg/1 ZnO NPs + 50mg/1 FeO NPs), Ts (50pm ZnO NPs + 100mg/1 FeO NPs), T9 (50mg/1 ZnO NPs+
150mg/1 FeO NPs), T10 (100mg/1 ZnO NPs + 50mg/1 FeO NPs), T11 (100mg/1 ZnO NPs+ 100mg/1 FeO NPs), T12 (100mg/l ZnO NPs +
150mg/1 FeO NPs), T13 (150mg/1 ZnO NPs + 50mg/1 FeO NPs), T14 (150mg/1 ZnO NPs + 100mg/1 FeO NPs), T15 (150mg/1 ZnO NPs +
150mg/1 FeO NPs)
Acidity
Readings on acidity percentage of strawberry fruits Cv. Winter Dawn significant variations were found
between different treatments. The data showed that maximum acidity (0.70%) was observed in Tsand To, and
minimum (0.49%) was recorded in Toat 3 days interval after 6 days interval maximum acidity was observed
in T (0.68%) and minimum in Ty (0.47%). At 9 days interval maximum acidity percentage was noted in Ts
and T9 (0.65%) respectively and minimum was recorded T; (0.45%) as shown in Table 1. Acidity (%) of
strawberry fruits was observed from 0.45%-0.70% respectively shown in Figure 1 and Table 1. The maximum
contents of acidity (0.968%) was observed with 0.4 per cent zinc sulphate, closely followed by 0.2 per cent
ferrous sulphate (65.94 mg and 0.967%). This increase might be due to the fact that zinc works as stimulant
of amino acids and appears to be helpful in the process of photo synthesis and accumulation of carbohydrates
(Kumar et al., 2022).

Ascorbic Acid

Significant variations were found among all the treatments on the 3, 6 and 9 days interval after harvesting
regarding ascorbic acid of fruits; maximum ascorbic acid content at 3 days interval was observed in T12 (51.71
mg/100g) and minimum was recorded in T; (49.14 mg/100 g) after 6 days interval maximum ascorbic acid
was noted in Ti5 (50.99 mg/100g) and minimum was noted in Ty (47.93 mg/100g). At 9 days interval
maximum content of ascorbic acid was observed in Tis5 (49.66 mg/100g) and minimum was recorded in Ty
(46.63 mg/100g) as shown in Table 1 and Figure 2. Ascorbic acid (mg/100g) of strawberry fruits was
observed from 46.63 mg/100g-51.71 mg/100g respectively. Highest levels of ascorbic acid (66.10 mg) were
observed with 0.4% zinc sulfate, closely followed by 0.2% ferrous sulfate (65.94 mg and 0.967%, respectively).
This augmentation could be attributed to the role of zinc as a stimulant for amino acids, contributing to the
process of photosynthesis and carbohydrate accumulation. In guava, the highest levels of ascorbic acid was
recorded with 0.4% zinc sulfate (Sharma et al., 1991). Furthermore, the shelf life of berries increased with
0.6% zinc sulfate when stored at ambient temperature (Jurgens, 1990). By the Foliar application of
micronutrient mixture (1%) (Ca, Fe and Zn) on banana cv. Grand Naine recorded maximum amount of ascorbic
acid (0.70 mg/100 g) (Yadlod and Kadam, 2003).
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Figure 2. Effect of Zinc oxide and Iron oxide on TSS °Brix and Ascorbic acid content (mg/100g) of strawberry
Anthocyanin Content

Concerning the anthocyanin content (mg/1), variations were found amongst all the treatments. Maximum
anthocyanin content at 3 days interval was observed in T15 (41.12 mg/1) and minimum in Ty (32.28 mg/1) after
6 days interval maximum ascorbic acid was noted down in T15(41.56 mg/1) and minimum in Ty (32.56 mg/1)
after 9 days interval same findings was observed maximum anthocyanin content was observed in T1s (39.82
mg/1) and minimum in Ty (31.44 mg/1). The value of anthocyanin content was varying from 31.44 mg/1-41.56
mg/1 as shown in Figure 3. and Table 2. In 2019 Panigrahi observed that with the foliar application of ferrous
sulphate at 0.2-0.6 per cent alone in plants promote the development of vibrant colors and desirable
anthocyanin content. Fruits with well-developed color and flavor appeal more to consumers and have a longer
shelf life. Iron is involved in synthesizing pigments, such as anthocyanins and flavonoids, which contribute to
the color and flavor of fruits (Panigrahi et al,, 2019).
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Figure 3. Effect of ZnO and FeO on Anthocyanin content (mg/100g) of strawberry
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Table 2. Effect of zinc oxide and iron oxide on anthocyanin content, total sugars, and reducing sugars of strawberry at different days
interval

Anthocyanin Content (mg/1) Total Sugars (%) Reducing Sugars (%)
Treatments (Days Interval) (Days Interval) (Days Interval)

3 Day 6 Day 9 Day 3 Day 6 Day 9 Day 3 Day 6 Day 9 Day
To 32.282 32.562 31.44~ 7.15bc  7.53bcde 8 4Qe 4,48pcd 4,54bcd 4.77bede
T1 33.59% 33.76% 32.91a 7.19bc  7.42bd 7 77be 4.27be 4.371be 4.39abc
T2 33.43 33.65% 32.72 6.542 6.75bcde 7,082 3.562 3.612 3.832
Ts 34.57abed 34, 82abc 33.94abed  721bc  7.46bcd  7.82bc 4,52bc 4,55bcd 4.7 6bede
T4 34.642bcd 34 85abc 33.82abed  7,34bcd 7 562 7.82a 4,33bcd 4.402 4,52bcd
Ts 37.77cdefl  38.17cde 37.26cdefl 7 66bcde  7.82bed B (Q3bed 4, 62bcd 4,68pcd 4,83bede
Ts 33.972b¢ 34,152 33.47abc  7.17bc  7.32bcde 7 54ab 4.13ab 4.200 4.38abc
T7 36.73bcde 36,95bcd 36.18bcdef  7.98de g (Qbede 8 34de 4,95bcd 4,99 5.16¢
Ts 34.563bcd 34 82abc 33.90abed  7,38bcd 7 57bc  7.8(Qbc 4,34bcd 4.41bcd 4.54bede
To 36.16%bcde 36.462bcd  35.34abcde  7.88de  8.01e 8.17¢de 4,834 4.88¢d 5.03cde
T1o 38.61¢f 38.834de 37.93¢f 7.78cde  7.9(Qcde  8,08bcd  4,76bcd 4,82bcd 4.,98cde
T 38.25d¢f  38.50¢de 37.52def 7 55bcde 7 75de 8 (4cde 4 5(Qbcd 4,58pcd 4.7 6bede
T12 35.73abede 35 97abed  3525abede 7 1(Qbc  7.27cde 7 63bc 4.13ab 4.22bc 4.33ab
T13 40.61f 40.94¢ 39.36f 7.64bcde 7. 74bede 8 (5bede 4, 52bed 4.58bcd 4.7 3bede
T1a 37.90def  38.36%d 37.48def  721bc  7.33ab  7.7]bc 4.22bc 4.28pc 4.39abc
Tis 41.12f 41.56¢ 39.82f 7.56bcde 7 6@bede 7 84bed 4 5(Qbed 4.60bcd 4.771bcde

To (Control 100% RDF), T1 (50mg/1 ZnO NPs), T2 (100 mg/1 ZnO NPs), T3 (150 mg/1 ZnO NPs),T4 (50 mg/1 FeO NPs), T5(100 mg/1 FeO
NPs), T¢ (150 mg/1 FeO NPs), T7 (50mg/1 ZnO NPs + 50mg/1 FeO NPs), Ts (50pm ZnO NPs + 100mg/1 FeO NPs), To (50mg/l1 ZnO NPs+
150mg/1 FeO NPs), T10 (100mg/1 ZnO NPs + 50mg/1 FeO NPs), T11 (100mg/1 ZnO NPs+ 100mg/1 FeO NPs), T12 (100mg/l ZnO NPs +
150mg/1 FeO NPs), T13 (150mg/1 ZnO NPs + 50mg/1 FeO NPs), T14 (150mg/1 ZnO NPs + 100mg/1 FeO NPs), T1s (150mg/1 ZnO NPs +
150mg/1 FeO NPs

Total Sugars and Reducing Sugars

At 3 days interval the maximum value for total sugars was observed in T7 (7.98%) and maximum reducing
sugars was also noted in T7 (4.95%) while minimum total sugars and reducing sugars was observed in T:
(6.54%, 3.56%) and after 6 days interval the maximum total sugars was recorded in T7 (8.10%) and reducing
sugars (4.99%) and minimum in T2 (6.75% and 3.61%). At 9 days interval the maximum value for total suagrs
and reducing sugars was recorded maximum in T7 (8.34% and 5.16%) and T2 having minimum values (7.08%
and 3.83%). Total sugars (%) of strawberry fruits was observed from 6.54%-8.34% and reducing sugars was
noted from 3.16%-4.99% respectively as shown in Table 2. In 1983, Singh and Chhonkar conducted research
and observed that total soluble solids and total sugars were recorded maximum in guava by foliar spray of
0.2% ZnSO04 (Singh and Chhonkar 1983). With the application of 0.4% ZnS04 (T4) recorded highest total sugar
(5.42%) and reducing sugar (4.19%). As a component of proteins, zinc acts as a functional, structural, or
regulatory cofactor of a large number of enzymes and involved in carbohydrate metabolism (Mousavi et al.,
2013).

Conclusion

Present research showed the efficacy of various treatments on the shelf life of strawberry fruits with the
application of nano-form of ZnO and FeO, with a specific focus on cv. Winter Dawn. Notably, treatments T1s
Z3F3 (150mg/1 ZnO NPs + 150mg/1 FeO NPs) and Ti1 Z2 F2 (100mg/1 ZnO NPs + 100mg/l FeO NPs) have
emerged as particularly promising avenues. The concurrent application of ZnO and FeO NPs has demonstrated
notable benefits, as evidenced by microbial analysis highlighting the antimicrobial properties of ZnO NPs,
thereby contributing significantly to the prolonged shelf life of the fruits. When combined with ZnO, FeO
substantially enhances the shelf life of fruits. Zinc oxide at a concentration of 150mg/1 fulfills essential
functions such as chlorophyll production, thylakoid synthesis, and chloroplast maintenance, while iron oxide
at the same concentration complements these processes, further enhancing the fruits' longevity. It can be
recommended that the combining ZnO and FeO (150 mg/1) could enhance the shelf life of strawberry.

List of Abbreviations

Zn0-Zinc oxide, FeO- Iron oxide, NPs- Nanoparticles, DAT- Days after transplanting, g- Gram, ZnS0O4- Zinc
sulphate, mg/1- Milligram per litre, Cv.- Cultivar, DAP-Diammonium phosphate, MOP-Muriate of Potassium,
g/cm3. Gram per centimeter cube, nm-Nanometer.
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Figure 4. Effect of ZnO and FeO on decay rate with storage time in days (0-15) of
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Abstract

Soda-saline soils pose significant challenges to agricultural productivity, particularly in
regions like the foothill plain of the Ili Alatau in southeast Kazakhstan. In this study, we
examined the effectiveness of different ameliorants, including phosphogypsum,
elemental sulfur, and sulfuric acid, in reclaiming soda-saline soils and enhancing crop
yields. The study was conducted under real climatic and production conditions at the
"Amiran" LLP farm. Using a randomized complete block design, we assessed the impact
of these ameliorants on soil composition and alfalfa yield over two cutting cycles. The
experiment involved the application of phosphogypsum, elemental sulfur, and sulfuric
acid to designated plots within the farm, each covering an area of 15m2. Soil samples
were collected before and after treatment to assess changes in soil composition and
salinity. Alfalfa, a resilient perennial crop, was selected for cultivation due to its
tolerance to adverse soil conditions. Our findings reveal that all tested ameliorants
successfully neutralized the toxic environment of soda-saline soils, resulting in
improved soil conditions and increased crop productivity. Phosphogypsum treatment
led to a reduction in bicarbonate and carbonate ions, an increase in sulfate ion
concentration, and improved soil structure. Elemental sulfur incubation decreased
bicarbonate and carbonate ions, further reducing absorbed sodium levels and
enhancing soil fertility. Sulfuric acid treatment provided rapid results in reducing
alkalinity and increasing sulfate ion concentration, leading to significant improvements
in soil quality and crop yield. However, the reclamation of soda-saline solonetzes
presented challenges related to soil heterogeneity and poor water permeability. To
address these challenges, we recommend the implementation of mechanical
destruction of the solonetz soil horizon and deep soil loosening, accompanied by the
addition of ameliorants. In conclusion, our study demonstrates the potential of
phosphogypsum, elemental sulfur, and sulfuric acid as effective ameliorants for
reclaiming soda-saline soils and improving agricultural productivity in challenging
environments. By adopting recommended reclamation strategies, farmers can
overcome soil limitations and achieve sustainable crop production in regions affected
by soda-saline soil degradation.

Keywords: Soil reclamation, soda-saline soils, elemental siilfiir, phosphogypsum,
sulfuric acid, agricultural productivity.
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Introduction

Soil salinization and sodification remain significant challenges worldwide, particularly in arid and semi-arid
regions. These phenomena not only hinder agricultural productivity but also jeopardize global food security
(Negacz et al.,, 2022). The prevalence of saline and soda-affected soils continues to expand, driven by both
natural processes and human activities such as unsustainable irrigation and drainage practices (FAO, 2015;
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Ivushkin et al,, 2019). The consequences of soil salinization and sodification extend beyond diminished crop
yields, disrupting vital soil processes and undermining soil biodiversity (Doula and Sarris, 2016).

Of particular concern are alkaline soda soils, which present formidable obstacles to reclamation due to their
elevated levels of sodium, magnesium, and sodium carbonates and bicarbonates in the pore solution (FAO,
1984). In Kazakhstan, where fertile lands are interspersed with areas affected by soil salinity and sodicity, the
need for effective reclamation strategies is paramount. In the foothill plains of southeast Kazakhstan,
characterized by meadow, meadow-gray soil, and meadow-chestnut soils, substantial yield losses of 15% to
45% due to soda salinity have been observed (Funakawa et al., 2000; Saparov, 2014; Pachikin et al., 2014;
Otarov, 2014; Laiskhanov et al., 2016; Suska-Malawska et al., 2019, 2022; Zhang et al., 2019; Ma et al., 2019;
Yertayeva et al.,, 2019; Kussainova et al, 2020; Liu et al.,, 2022).

Efforts to address soil salinity and sodicity in Kazakhstan have focused on the application of ameliorative
techniques such as phosphogypsum, elemental sulfur, and sulfuric acid. Previous laboratory research has
provided valuable insights into the physicochemical processes involved in soil reclamation, laying the
groundwork for field experimentation (Hopmans et al., 2021). However, the translation of laboratory findings
to real-world conditions is essential for developing effective soil reclamation strategies tailored to local
environmental and climatic conditions (Shankar and Evelin, 2019).

This article presents the outcomes of a field experiment conducted in southeast Kazakhstan to evaluate the
efficacy of various ameliorants in reclaiming soda-saline soils. Building upon the insights gained from
laboratory studies, the field experiment aimed to elucidate the dynamics of ameliorant influence on soil salt
regimes in actual environmental settings. By effectively managing the fertility of infertile soda-saline soils, the
study contributes to the advancement of sustainable land management practices and agricultural productivity
in saline-affected regions (Qadir and Schubert, 2002; Schirawski and Perlin, 2018). In summary, the field
evaluation of ameliorants for reclaiming soda-saline soils represents a crucial step towards addressing the
pressing challenge of soil salinity and sodicity in Kazakhstan. The findings offer practical insights into soil
reclamation strategies tailored to the unique characteristics of saline-affected lands, paving the way for
sustainable agricultural development and enhanced food security in the region.

Material and Methods

Site description

The field experimentation and soil sampling were conducted in the Talgar region of the Almaty province in
Kazakhstan. The selection of the experimental site was based on comprehensive analyses of small, medium,
and large-scale soil maps, emphasizing the distribution of alkaline soda-saline soils within the region. The
specific coordinates of the site are N 43°39'7858, E 77°18'2917 (Figure 1). This area falls within the
halogeochemical province characterized by the accumulation of sodic-sulfate salts from the Balkhash Lake
basin. The climate in this region exhibits characteristics of continental and drought-prone conditions, with dry
and hot summers. July typically sees average temperatures ranging from 22-25°C, while January averages
range between 9-12°C. Annual precipitation averages around 250-300 mm, with an average annual air
temperature of 9.8°C. The predominant soils in the study area are light meadow gray soils, with particular
focus directed towards semi-hydromorphic heavy loamy solonetzes exhibiting sulfate-sodic, sodic-sulfate, and
pure sodic chemistries. These soils cover approximately 10% of the total area under investigation.
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Figure 1. Location of the study area

Field Experiment and Soil Sampling

The field experiment was conducted at Amiran Farm in experimental field N28, dedicated to corn silage
production within a crop rotation system. The area's soils exhibit diverse characteristics, ranging from
meadow gray soils to light northern, weakly solonchakous-slightly solonchakous, and medium to strongly
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solonetzic types, with chloride-soda and soda-sulfate chemistry covering an expanse of 77 hectares. Notably,
heavy loamy medium-salt semi-hydromorphic solonetzes, comprising approximately 10% (8 hectares) of the
field, occur in the form of spots on microdepressions, displaying sulfate-soda, soda-sulfate, and pure soda
chemistry. Solonetzes are marked by a dense clay horizon B, rich in adsorbed (exchangeable) Na+ and
occasionally Mg?+. These soils also contain free soda (Na2COs3), contributing to a highly alkaline environment,
which adversely affects corn growth, leading to sparse or complete absence in affected areas.

woad i3

Figure 2. Condition of corn plants on the spotted soda-saline solonetz of the experimental pot
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An experimental site was designated within one of these spots to evaluate the effectiveness of various
ameliorants, including phosphogypsum, elemental powdered sulfur, and a 1% solution of sulfuric acid. The
experiment was replicated four times to ensure robustness of results. Before initiating the field experiment,
soil samples were collected from each plot and replicate at depths of 0-20 cm, 20-40 cm, and 40-60 cm to
determine initial content of water-soluble salts, pH, and composition of absorbed bases (Ca, Mg, Na, K).
Subsequent plowing and leveling prepared the experimental plot for further proceedings. Based on the
experimental design, the plot was divided into randomly distributed plots, each covering an area of 5x3=15m2.
Following this, calculated doses of ameliorants were applied to the soil of the plots and thoroughly mixed.
Periodic moistening was carried out to maintain optimal soil moisture levels.

Utilizing data on the initial physicochemical composition of semi-hydromorphic heavy loamy solonetzes, a
comprehensive field experiment scheme was devised, incorporating phosphogypsum, powdered elemental
sulfur, and a 1% solution of sulfuric acid. These were applied based on an equivalent dose of 1 ton of gypsum.

Ne  Variants Doses of Ameliorating Substances

1 Control -

2 Phosphogypsum 17.5 kg (per 15 m2) / 11.67 tons (per hectare)
3 Elemental Sulfur 6.66 kg (per 15 m2) / 2.22 tons (per hectare)
4 Sulfuric Acid, 1% Solution 9.97 kg (per 15 m2) / 6.652 tons (per hectare)

The fertility restoration of the 0-40 cm soil layer was determined using the formula:
G=0.086x(Na* - 0.1xCEC) + [(CO%™ + HCO3 ) - 1.0] x H x Bd;

here:
G represents the amount of pure gypsum (100% CaS04-2H-0).
Na*  is the amount of exchangeable sodium (me 100g-1).
H stands for the thickness of the reclamed layer (cm).
Bd indicates the bulk density (g cm3).
CEC signifies the cation exchange capacity (me 100g-1).
0.086 is the coefficient of conversion of calcium to gypsum.
1.0 represents the amount of (CO32+ HCO3') in the water extract that is not harmful to plants (me 100g-1).
0.1 is the coefficient allowing the preservation of 10% of exchangeable sodium in the soil absorbing

complex of solonetzes.
The concentration of these ions (CO32+ HCO3') in the water extract is measured in me 100g-1. The presence of
free soda in the soil necessitates an increase in ameliorating substances due to the presence of sodium
carbonates and bicarbonates. Equivalent amounts of sulfur and sulfuric acid, in tons equivalent to 1 ton of
pure gypsum, are 0.19 and 0.57, respectively. Calculations revealed that for medium and strong solonetz, the
reclamation of a 0-40 cm layer requires 11.67 t/ha of gypsum or phosphogypsum, 2.22 t/ha of elemental
sulfur, and 6.652 t/ha of sulfuric acid. The concentration of the latter was adjusted by diluting it with water to
a 1% solution. In the variants utilizing phosphogypsum, sulfur, and sulfuric acid, the soil underwent plowing
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and washing with 1.5-2 volumes of water, equal to the total moisture capacity of the soil (5 m3) with a volume
of 4500 m3/ha. Water supply was repeated three times every 5-6 days to ensure effective leaching after each
release of the reclaimed soil layer from gravitational water (water of large and medium pores). The rinsing
rate of water was determined using the formula of Volobuev (1975).

Q=Q1+Q2+Q3
where:
Q represents the leaching rate (m3/ha).
Q1 denotes the amount of water in percentage that saturates the soil above natural moisture to the lowest

moisture capacity (LMC), calculated as LMC-m.
mm  signifies the reserve of natural humidity (in percentage).

Q2 indicates the amount of water (in percentage) saturating the soil above the LMC to the full moisture
capacity (FMC), calculated as FMC-LMC.
Q3 represents the amount of water in m3/ha filtered through the soil after it is completely saturated,

expressed as a multiple of FMC or LMC by coefficient @n, depending on salinity, water-physical, and
physicochemical properties of the soil, i.e. Q3=n x FMC x (LMC)

Before and after leaching, mixed soil samples from the experimental plots were collected and subjected to
laboratory analysis, including the determination of the ionic composition (HCO3-, CO32%, Cl, SO42-, Ca2+, Mg2+,
Na+, K+) of water extract from soils, salt content, pH levels, and the composition of absorbed cations (USDA,
2014; 2022). The toxicity threshold for individual ions in aqueous extracts from soil was used for classification
according to Bazilevich and Pankov (1969). Statistical analysis was performed using one-way ANOVA and
Tukey's multiple comparison tests to determine the significance of differences between the different
ameliorants. The analysis was conducted in the R statistical software (v4.1.3).

Results and Discussion

Reclamation efficiency of phosphogypsum incubation, sulfur, and sulfuric acid application, and
leaching on soda-saline soils

The geological dynamics within the middle segment of the Ili Depression have instigated a desalinization
process within the upper layers of carbonate sulfate solonchaks. These solonchaks, primarily formed under
effusive water regimes in preceding epochs, underwent transformation into solonchakous meadow gray soils
due to prolonged and gradual infiltration of sodium sulfate-rich solutions through carbonate strata. This
phenomenon eventually led to the development of soda semi-hydromorphic solonetzes (Sarybaeva and
Naushabayev, 2021). The perpetual generation of soda compounds (Na;CO3z, NaHCOs3) within the soil profile,
facilitated by exchange reactions between sodium colloids and the soil solution, is intricately linked with
groundwater dynamics. Consequently, any chemical reclamation endeavors targeting soda-saline soils within
the saz zone of the foothill plain yield short-term efficacy.

Field experiments were conducted to investigate the initial ion composition in pore solutions and soil-
absorbing complexes within a designated area. Ameliorants were applied to experimental variants
characterized by mild to moderately saline conditions (Table 1). The soluble salt content in soil variants
treated with phosphogypsum measured 0.578%, 0.492%, and 0.645% at three depths, while elemental sulfur-
treated variants exhibited contents of 0.142%, 0.157%, and 0.304%, and sulfuric acid-treated variants had
contents of 0.143%, 0.437%, and 0.487%. Notably, these alternatives displayed a salinity chemistry
comprising sulfate-soda, soda-sulfate, and pure soda components. Moreover, the presence of ions (HCOsz,
C0s32) responsible for soil alkalinity ranged from 1.36 to 3.80 me 100g-! and 0.16 to 0.88 me 100g-1so0il within
the 0-20 cm upper layer. The elevated levels of these ions, surpassing plant-toxic thresholds, contribute to a
high alkalinity environment (pH~9.0). Additionally, the soil solution harbored sulfates exceeding toxicity
thresholds (1.7 me 100g-1), while chlorine ions remained at insignificant levels below toxicity thresholds (<0.3
me 100g1). Sodium ions predominated in the cationic composition, exceeding toxicity thresholds (>2.0 me
100g1) by several folds (3.24-8.21 me 100g-1).

Analysis of absorbed exchangeable cations revealed that soils within experimental variants exhibited
characteristics of sodium-magnesium solonetzes (Sn). These soils predominantly absorbed magnesium,
followed by sodium, with their proportions ranging from 30.00 to 63.69% and from 10.78 to 19.00% of the
cation exchange capacity (CEC) within the surface layer of experimental variants. The average absorption
capacity varied from 10.83 to 17.95 me 100g-! soil across experimental variants.
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Table 1. Influence of incubation of ameliorants and leaching of soda-saline soils of semi-hydromorphic solonetzes of the experimental site on their salt regime

P (me 100g1)
E £ Total salt, pH Salinity Degree of
% % % HCOs cos- o 5042 Ca? Mg+ Na* K chemistary salinity
E >
<
At the depth of 0-20 cm
PG [ 0,578a 3,80a 0,88a 0,11ab 3,56b 0,24a 0,24bc 6,79a 0,20bc 9,15a S/Sd moderate
BL 0,34bed 0,82cde 0,10bed 0,05b 3,94ab 1,71a 0,61abe 2,24be 0,26ab 7,90cde S low
AL 0,363bc 0,73cde 0,06¢cd 0,21a 4,15ab 1,00a 0,60abe 3,21bc 0,29ab 8,41bc S low
S/r C 0,142d 1,48b 0,32b 0,11ab 0,16¢ 0,10a 0,19¢ 1,32c 0,15¢ 8,98ab Sd low
BL 0,35bcd 0,69de 0,06¢cd 0,07ab 4,09ab 1,03a 0,52abc 3,04bc 0,27ab 7,70de S low
AL 0,276cd 0,47e 0,02cd 0,12ab 3,39b 1,62a 1,00a 1,05¢ 0,33a 8,28cd S low
SA, C 0,143d 1,36bc 0,16bcd 0,11ab 0,35¢ 0,10a 0,38bc 1,21c 0,14¢ 9,22a Sd low
1% BL 0,534ab 0,66de 0,10bed 0,10ab 6,77a 1,67a 0,73ab 4,83ab 0,30a 7,40e S moderate
AL 0,226¢cd 1,13bed 0,22bc 0,07ab 1,81bc 0,22a 0,29bc 2,35bc 0,15¢ 8,47bc sd/s low
At the depth of 20-40 em
PG C 0,492ab 2,76a 1,04a 0,11a 3,56b 0,10b 0,10b 6,08ab 0,16be 9,03bed Sd/s moderate
BL 0,432ab 1,89abc 0,40bc 0,03a 3,84b 0,12b 0,33ab 5,18ab 0,138bc | 9,60ab sd/s moderate
AL 0,381b 0,82d 0,14c 0,09a 4,35ab 0,36ab 0,48ab 4,16b 0,26a 8,77cd S low
S/r C 0,157¢ 1,36cd 0,32bc 0,11a 0,55¢c 0,10b 0,38ab 1,43¢c 0,11bc 8,90cd Sd/s low
BL 0,427ab 1,7 2bc 0,28bc 0,05a 3,97b 0,14ab 0,35ab 5,08ab 0,17b 9,60ab Sd/s moderate
AL 0,359b 1,01cd 0,10c 0,12a 3,80b 0,50a 0,48ab 3,71be 0,24a 8,50de Sd/s low
SA, C 0,437ab 1,80bc 0,56b 0,07a 3,98b 0,10b 0,29ab 5,37ab 0,10¢ 9,24abe Sd/S moderate
1% BL 0,595a 1,60bed 0,58b 0,13a 6,45a 0,27ab 0,55a 7.2a 0,17b 9,85a S moderate
AL 0,47 2ab 2,42ab 0,90a 0,07a 3,73b 0,10b 0,24ab 5,74ab 0,14be 7.96e Sd/s moderate
At the depth of 40-60 cm
PG C 0,645a 2,48a 1,20a 0,15ab 6,03a 0,10be 0,19b 8,21a 0,16ab 9,03d Sd/s strong
BL 0,453bc 2,35ab 0,68bcd 0,04cd 3,60bc 0,12abc | 0,38ab 5,36bc 0,14abc 10,1a Sd/s moderate
AL 0,441bc 1,82abc 0,58cd 0,07bcd | 4,01abe 0,12abc | 0,22ab 5,38bc 0,17ab 9,69b Sd/s moderate
S/r C 0,304c 1,72bc 0,56¢cd 0,11abc | 2,20¢c 0,19a 0,48a 3,24c 0,13be 8,92d Sd/s low
BL 0,455bc 2,07abe 0.48d 0,02d 3,95abe 0,09¢ 0,26ab 5,54bc 0,15abc | 10,0a Sd/s moderate
AL 0,397be 1,50¢ 0,32d 0,11abc | 3,74bc 0,17ab 0,36ab 4,65bc 0,18a 9,12cd Sd/s low
SA, [ 0,49abc 2,28ab 1,04ab 0,11abc | 4,08abc 0,10bc 0,19b 6,08abc 0,10¢ 9,28¢ Sd/s moderate
1% BL 0,565ab 1,78abc 0,64bcd 0,16a 5,74ab 0,10bc 0,39ab 7,03ab 0,17ab 10,0abc Sd/s moderate
AL 0,47abe 2,16abc 0,94abc 0,07bed | 3,96abe 0,12abc | 0,198b 5,74abe 0,14abc | 11,46a Sd/s moderate
Toxicity threshold, me 0,1 08 0,03 0,3 17 - - 2,0 - - - -
PG - Phosphogypsum, S/r - sulfur, SA - sulfuric acid, C - control, BL - before leaching, AL - after leaching, S - sulfate, Sd - sodic
Table 2. Effect of incubation and leaching on the composition of absorbed cations of reclaimed soda-saline semi-hydromorphic solonetz of the experimental site
Ameliorants Variants } Carr MgZ [ me':gl'tlgl K | CEC I Solonetz degree
At the depth of 0-20 ¢cm
C 3,96b 10,40a 1,76abc 0,21a 16,33ab SN
Phosphogypsum BL 15,10a 4,83¢c 0,77bc 0,19a 20,89 SRn1Msh
AL 9,16ab 5,20¢c 0,51bc 0,18a 15,05ab SRn1Msh
C 4,95b 6,93bc 1,83ab 0,21a 13,92b SN
Sulfur BL 10,15ab 7,55abc 0,96abc 0,21a 18,87ab SRn1Msh
AL 9,90ab 7,06bc 0,31c 0,12a 17,39ab SRn1Msh
C 6,44b 8,91ab 2,28a 0,32a 17,95ab SN
Sulfuric acid 1% BL 9,16ab 7,79abc 1,11abe 0,26a 18,32ab SRn1Msh
AL 6,08b 5,44c 1,37abe 0,33a 13,22b SRnl1Msh
At the depth of 20-40 em
C 347c 7,43a 4,24a 051a 15,65ab SN
Phosphogypsum BL 4,46bc 7,31a 2,29abc 0,27abc 14,33ab SN
AL 8,54a 7,06a 0,76¢ 0,19bc 16,55a SRn1Msh
C 3,96bc 7.43a 2,00abc 0,00c 13,39ab SN
Sulfur BL 5,32bc 7,18a 2,15abc 0,37ab 15,02ab SN
AL 6,81ab 7,06a 0,36¢ 0,22bc 14,45ab SRn1Msh
C 3,96bc 7,92a 1,14bc 0,35ab 13,37ab SN
Sulfuric acid 1% BL 4,70be 6,06a 1,78bc 0,43ab 13,47ab SN
AL 3,09¢ 5,20a 3,28ab 0,39ab 11,96b SN
At the depth of 40-60 cm
C 1,98¢c 8,42a 1,21a 0,47a 12,08a SN
Phosphogypsum BL 2,11¢ 7,31ab 1,88a 0,30abe 11,60a SN
AL 2,85bc 6,19ab 1,49a 0,31abc 10,84a SN
C 4,46b 5,94b 1,87a 0,16¢ 12,43a SN
Sulfur BL 3,10bc 6,44ab 2,21a 0,25bc 12,00a SN
AL 3,84be 6,93ab 0,71a 0,29abc 11,77a SN
C 6,93a 3,46¢c 1,62a 0,25bc 12,26a SRn1Msh
Sulfuric acid 1% BL 3,59bc 6,43ab 1,51a 0,39ab 11,92a SN
AL 3,09bc 5,19bc 2,78a 0,40ab 11,46a SN

Solonetz threshold

C - control, BL - before leaching, AL - after leaching, SN - solonetz, SRmMsh - meadowish sierozem northern

Overall, the soils at the experimental site were identified as heavy loamy sodium-magnesium solonetzes with
mixed sulfate-soda, soda-sulfate, and pure soda chemistry, exhibiting weak to moderate salinity levels.
Following the application of calculated equivalent doses of sulfur, phosphogypsum, and sulfuric acid to soda-
saline solonetzes, their reclamation efficiency was assessed based on water extracts and absorbed base
compositions before leaching (Table 1 and 2).
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Investigation of the effects of incubation of phosphogypsum, sulfur, and sulfuric acid and leaching of
reclaimed soils on alfalfa yield

The study aimed to assess the impact of incubation and leaching of reclaimed soils with phosphogypsum,
elemental sulfur, and sulfuric acid on perennial grass yield (Figure 3). Alfalfa variety "Kokorai" was sowed in
the spring at a seeding rate of 26 kg/ha. Variants treated with phosphogypsum and sulfur showed relatively
good alfalfa green mass yield, crucial considering the challenge of obtaining a harvest on the soda-saline
solonetzes of the experimental plot without ameliorants. The zero yield in the control variant underscored the
necessity of ameliorants. The impediments to alfalfa seed germination included toxic soda and sulfates in the
soil solution, adverse water-physical properties, and the formation of a dense crust.

Figure 3. Oveiew of the experimental plot and the alfalfa cultivated within

The control variant's soils, where alfalfa failed to grow, exhibited high levels of carbonate, bicarbonate ions,
and sulfates. These ions' concentrations in the 0-40 cm soil layer averaged 0.59, 2.66, and 2.83 me 100g-! soil,
respectively, indicating a sulfate-soda and soda-sulfate salinity chemistry. Sodium dominated the cationic
composition of the soil solution, averaging 5.00 me 100g! soil, indicating sodium-magnesium heavy
solonetzes. The soil environment in the control plots was highly alkaline (pH 9.0). To facilitate alfalfa growth
and development, the experimental variants received abundant irrigation.

Alfalfa seedlings sprouted across all replicates of variants with phosphogypsum, sulfur, and sulfuric acid,
primarily in cracks after soil surface drying. Field germination averaged 80-85% per plot area unit (15m?2).
The alfalfa leaves displayed varying shades of green. Within a year, a two-cutting yield of alfalfa green mass
was achievable using the experimental variants.

Table 3 illustrates the effect of incubation of equivalent doses of phosphogypsum, sulfur, and sulfuric acid, and
soil washing on alfalfa yield. The phosphogypsum-treated variant showed an average alfalfa fresh yield of 4.40
tons/ha for the first cutting cycle, with a corresponding dry matter yield of 2.948 tons/ha. Similarly, the sulfur-
treated variant yielded 4.09 tons/ha of fresh alfalfa and 2.740 tons/ha of dry matter.

Table 3. Impact of incubation with phosphogypsum, sulfur, and sulfuric acid, and soil washing on alfalfa yield (2023)

Average alfalfa yield, ton/ha

) Forage fresh yield Forage dry matter yield

Ne  Variants Cutting Cutting cycle2 %, for 1 year Cutting Cutting 2, for

1year
cyclel cyclel cycle2

1 Control 0.00c 0.00b 0.00b 0.00a 0.000a 0.000a

2 Phosphogypsum 4.40ab 3.82a 8.22a 2.95b 2.559b 5.507b

3 Sulfur 4.09b 3.37ab 7.46a 2.74b 2.258b 4.998ab

4 Sulfuric acid 1% 6.54c 5.88c 12.42c 4.38c 3.940c 8.322c

The second cutting's alfalfa yield slightly decreased in the phosphogypsum and sulfur-treated variants,
averaging 3.82 and 3.37 tons/ha, respectively. Notably, the sulfuric acid-treated variant demonstrated a
higher yield of 6.54 tons/ha for the first cutting and 5.881 tons/ha for the second, with dry matter yields of
4.382 and 3.94 tons/ha, respectively. This resulted in an annual yield of 12.42 tons/ha of green mass and 8.322
tons/ha of dry hay, highlighting sulfuric acid's potential as a treatment option.

In summary, the experimental plot soils exhibited unfavorable compositions and properties, rendering
vegetation growth nearly impossible without ameliorants. Reclamation efforts enabled satisfactory alfalfa
harvest, with sulfuric acid proving the most effective among the tested ameliorants in terms of productivity.
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Influence of ameliorant incubation and alfalfa cultivation on soil salt regime and absorbed cation
composition

The efficacy of ameliorant incubation, including phosphogypsum, sulfur, and sulfuric acid, along with soil
leaching and alfalfa cultivation during the summer-autumn growing season, was assessed to understand their
impact on the ionic composition of soil water extracts at the experimental site. The results indicated a notable
reduction in salinity towards weak levels. In contrast to post-leaching data, sulfate content decreased nearly
twofold in the phosphogypsum variant, reaching 2.13 and 2.05 me 100g-! soil in the upper layers (0-20 and
20-40 cm). Sulfur incubation similarly reduced sulfate content in the 20-40 cm layer to 2.66 me 100g! soil
(from 3.80 me after leaching). Notably, sulfur treatment created more favorable conditions for alfalfa growth
compared to phosphogypsum, despite retaining sulfate ions in the solution.

Incubation of sulfuric acid during alfalfa ontogenesis in the summer-autumn period led to an increase in
hydrocarbonate and carbonate ions in weakly soda-saline and saline meadow gray soils, accompanied by a
decrease in harmful sulfate and sodium ions below their toxicity thresholds compared to post-leaching data.
However, there was a general trend of decreasing water-soluble salt content in the soil solution, counteracted
by increased ion concentration due to environmental factors such as elevated air and soil temperatures and
intensified plant evaporation. The impact of ameliorant incubation, leaching, and alfalfa cultivation on soil salt
regime was further evaluated through Table 4, showing variations in salt content across different treatments
and depths. Phosphogypsum and sulfur incubation, along with alfalfa cultivation, contributed to sodium
neutralization in the soils, approaching non-solonetz levels. However, the proportion of absorbed magnesium
increased, indicating changes in soil-absorbing complex composition. Similar trends were observed with
elemental sulfur, albeit with a higher proportion of magnesium.

Table 4. Effect of incubation of ameliorants, leaching and cultivation of alfalfa on the salt regime of soils in the experimental plot, me,
August 2023

me 100g-1 soil

w =}
E g i B’ b “5 >
g =) = 7 I T
.2 8 % pH EE L5
2 s = HCO3- CO32- Cl- S042- Caz+ Mgz+ Na+ K+ T 3 ¥
g = ) wn s A9
< =
C 0,210a 0,73cd 0,10de 0,07a 2,13ab 1,12ab 0,62ab 1,01bc 0,19ab 8,6d Sd/S  Low
PG BL 0,276a 1,6abcd 0,50abcd 0,07a 2,05ab 0,12b 0,88a 2,58abc 0,15b 9,7ab  Sd/S  Low
AL 0,260a 1,89ab 0,60abc 0,08a 1,39ab 0,10b 0,34ab  2,80a 0,14b 99ab S/Sd  Low
S/r C 0,288a 0,54d 0,00e 0,06a 3,54a 2,09a 0,96a 0,86¢ 0,24a 8,7cd S Low
BL 0,273a 1,04bcd 0,24cde 0,06a 2,66ab 0,58ab 0,72ab  2,28abc 0,19ab 9,3bc Sd/S Low
AL 0,260a 1,77abc 0,62abc 0,09a 1,52ab 0,10b 0,39ab  2,77a 0,13b 10,1a S/Sd  Low
SA, C 0,162a 1,37abcd 0,28dcde 0,06a 0,69b 0,18b 0,69ab 1,13abc 0,13b 8,6d S/Sd  Low
1% BL 0,220a 2,10ab 0,66ab 0,06a 0,61b 0,15b 0,43ab  2,08abc 0,13b 10,0ab Sd Low
AL 0,247a 2,26a 0,84a 0,05a 0,78b 0,10b 0,22b 2,66ab 0,12b 10,3a Sd Low
Toxicity threshold, me 0,1 0,8 0,03 0,3 1,7 - - 2,0 - - - -

PG - Phosphogypsum, S/r - sulfur, SA - sulfuric acid, C - control, BL - before leaching, AL - after leaching, S - sulfate, Sd - sodic

Table 5 illustrates the effect of ameliorant incubation and phytomelioration on absorbed bases of mixed soda-
saline meadow gray soils. Notably, long-term sulfuric acid addition significantly decreased absorbed sodium
while increasing absorbed magnesium in the upper soil layers, emphasizing its potential in altering soil cation

composition.
Table 5. Effect of incubation of equivalent doses of ameliorants and phytomelioration on the absorbed bases of mixed soda-saline

meadow gray soils, August 2023

) . Absorbed cations, me 100g! Solonetz degree
Ameliorants Variants Caz Mgz Na+ K CEC, me 100gt Mgz Na+
C 9,04a 7,06a 0,16ab 0,23bc 16,49a SN SRn1Msh
Phosphogypsum BL 6,19abc 7,18a 0,65b 0,24bc 14,26a SN SRn1Msh
AL 5,94abc 6,56a 1,01b 0,22bc 13,73a SN SRn1MshsN1
C 10,03a 8,42a 0,20b 0,21c 18,86a SN SRn1Msh
Sulfur BL 7,31ab 8,17a 1,17b 0,24bc 16,89a SN SRn1MshsN
AL 2,60cd 9,16a 1,41ab 0,28abc 13,45a SN SRn1MshsN"
Sulfuric acid 1% C 6,31abc 7,31a 0,79b 0,27abc 14,68a SN SRn1MshsN
BL 4,21bcd 7,31a 1,67b 0,31a 13,50a SN SRn1MshsN"
AL 1,74d 9,28a 3,00a 0,29ab 14,31a SN SN

Solonetz threshold - - - - - - -
C - control, BL - before leaching, AL - after leaching, SN - solonetz, SRn1Msh - meadowish sierozem nothern
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Overall, these findings underscore the efficacy of ameliorant incubation and alfalfa cultivation in mitigating
soil salinity and altering absorbed cation composition, highlighting their potential for soil reclamation and
sustainable agriculture practices.

The study aimed to evaluate the comparative effectiveness of phosphogypsum, elemental sulfur, and sulfuric
acid in reclaiming soda-saline solonetzes, focusing on their impact on soil salt regimes during incubation,
leaching, and alfalfa cultivation. Overall, the results indicate that all tested ameliorants effectively altered the
ion composition of the soil solution compared to the control group, suggesting their potential for soil
reclamation.

Phosphogypsum, sulfur, and sulfuric acid treatments led to a notable reduction in bicarbonate and carbonate
ions, thus mitigating soil alkalinity. However, distinct differences were observed in sulfate ion concentrations
among the treatments. Particularly, sulfuric acid treatment significantly increased sulfate ion levels in the soil
solution by displacing absorbed sodium with calcium ions, transforming the soil chemistry to a pure sulfate
composition. This highlights sulfuric acid's effectiveness in reducing soil salinity.

Among the ameliorants, sulfuric acid demonstrated exceptional efficacy in shifting the soil's salinity chemistry
towards a pure sulfate composition. This was attributed to the displacement of absorbed sodium by calcium
ions from the soil-absorbing complex (SAC), resulting in an increased sulfate ion concentration in the solution.
Additionally, sulfuric acid facilitated the leaching of reaction products, leading to a notable decrease in sulfate
ion content in the soil solution. In contrast, sulfur treatment showed significant potential in reducing
bicarbonate and normal carbonate ion levels in the soil solution, particularly in the upper layer. Despite
retaining sulfate ions, sulfur-treated soils exhibited favorable conditions for alfalfa growth, indicating its
effectiveness in ameliorating soil alkalinity. Phosphogypsum also showed promising outcomes, albeit with
slight variations in ion composition compared to sulfur and sulfuric acid treatments. While phosphogypsum
led to a higher sulfate ion content, it demonstrated properties conducive to improving soil structure, as
observed during field observations. The reduction in absorbed sodium proportion relative to other cations in
treated soils indicated the creation of more favorable conditions for crop growth and development. Alfalfa
cultivation, particularly in phosphogypsum and sulfur-treated soils, not only enhanced soil structure but also
improved soil nutritional regimes. However, the increased proportion of absorbed magnesium in almost all
experimental variants warrants further investigation into its implications for soil fertility and crop
productivity. Among the ameliorants, sulfuric acid emerged as the most efficient option in terms of incubation
time and alfalfa yield, suggesting its potential for soil reclamation in sodic soils.

Given the unique characteristics of solonetzic soils, mechanical interventions such as deep soil destruction
and loosening using specialized equipment are essential for effective ameliorant incorporation. This approach
facilitates the penetration of ameliorants, such as phosphogypsum and sulfur, into deeper soil horizons,
thereby enhancing their efficacy in soil reclamation.

Conclusion

The study addressed the pressing challenge of soil salinity and sodicity, particularly in arid and semi-arid
regions, by evaluating the effectiveness of various ameliorants in reclaiming soda-saline solonetzes in
southeast Kazakhstan. Against the backdrop of expanding saline and soda-affected soils globally, including in
Kazakhstan, where these soils threaten agricultural productivity and food security, our research aimed to
contribute to the development of effective soil reclamation strategies. Through a comprehensive field
experiment, incorporating phosphogypsum, elemental sulfur, and sulfuric acid, we observed promising
outcomes in altering the ion composition of the soil solution and mitigating soil alkalinity. All tested
ameliorants effectively reduced bicarbonate and carbonate ions, thus alleviating soil alkalinity, which is
detrimental to crop growth.

Sulfuric acid emerged as a particularly efficient option, demonstrating exceptional efficacy in transforming the
soil's salinity chemistry into a pure sulfate composition. By displacing absorbed sodium with calcium ions and
facilitating leaching, sulfuric acid not only reduced soil salinity but also improved soil structure, as evidenced
by field observations. Sulfur and phosphogypsum treatments also showed promising results, albeit with slight
variations in ion composition compared to sulfuric acid. While sulfur effectively reduced bicarbonate and
carbonate ion levels, phosphogypsum contributed to improving soil structure, enhancing soil nutritional
regimes, and reducing absorbed sodium proportion. The successful cultivation of alfalfa in treated soils further
underscored the effectiveness of the reclamation strategies, with sulfuric acid exhibiting the most significant
impact on alfalfa yield. However, the increased proportion of absorbed magnesium in treated soils warrants
further investigation into its implications for soil fertility and crop productivity. Mechanical interventions such
as deep soil destruction and loosening are essential for effective ameliorant incorporation, particularly in
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solonetzic soils. These interventions facilitate the penetration of ameliorants into deeper soil horizons,
enhancing their efficacy in soil reclamation and paving the way for sustainable agricultural development in
saline-affected regions.

In conclusion, our study offers practical insights into soil reclamation strategies tailored to the unique
characteristics of saline-affected lands, contributing to the advancement of sustainable land management
practices and agricultural productivity in Kazakhstan and similar regions worldwide.
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Abstract
Article Info Soil nutrient cycling, the distribution of soil aggregates, and their stability are directly
Received : 27.12.2023 influenced by soil texture. Different sizes of soil aggregates provide microhabitats for
Accepted : 27.05.2024 microorganisms and therefore influence soil carbon (C) and nitrogen (N)

Available online: 03.06.2024 Mineralization. The purpose of the present study was to assess the aggregate stability
and dynamics of carbon and nitrogen in macroaggregate size fractions (1-8 mm) with
different clay content from meadow soils. Surface soil samples (0-15 cm) were

Author(s) collected from 4- to 5-year-old forage crops. Four macroaggregate size classes were

M.Sbih * <> isolated by dry sieving and analyzed for their mass proportions: fine macroaggregates
7 Bounouara E@ﬁ (FM) (less than 1 mm), medium-fine macroaggregates (MFM) (1-2 mm), medium-

) —= coarse macroaggregates (MCM) (2-4 mm), and large-coarse macroaggregates (LCM)
Z.Bensid b@ﬁ (4-8 mm). The dry mean weight diameter (MWD), organic carbon (0OC), total nitrogen
D.Chergui =4 (TN), carbon and nitrogen of microbial biomass (C-MB, N-MB) were determined. CO2
A.Zerari pZg emission and net nitrogen mineralized (NM) were measured after 14 weeks of
S.Meziane <> incubation. The amounts of FM were significantly lower than those of intermediate
A.Karam = macroaggregates (MCM and MFM) and decreased markedly with increasing clay

content within soil macroaggregates. In general, the amounts of macroaggregate size
fractions were lowest in soils with high clay content. MWD exhibited a significant
* Corresponding author correlation with particle size distribution, OC, and MB-C. OC, TN, MB-C, and MB-N
contents within macroaggregates increased with decreasing macroaggregate size and
increasing clay content of macroaggregate fractions. The CO2 emission and NM
content increased with increasing macroaggregate size, indicating higher organic C
and N mineralization activity in larger macroaggregates. Mineralization of OC was
lowest in macroaggregate fractions with the highest clay content. We conclude that
clay content can increase the protection of microbial biomass in meadow soils. Small
macroaggregates tend to contain more recalcitrant organic matter compared to larger
macroaggregates.
Keywords: Soil aggregates, aggregate stability, soil texture, soil organic matter.
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Introduction

The mineralization of organic carbon (C) and nitrogen (N) in soils has been reported to enhance soil fertility
and thus can directly affect different levels of soil quality (Thomsen et al., 2012; Cai et al., 2016). Soil
properties, soil aggregation, microbial biomass associated with aggregates, and agricultural management
practices play key roles in the C and N dynamics (de Moraes Sa et al., 2014; Abbasi et al., 2015; Naresh et al,,
2018) and the distribution of N and C among soil aggregate fractions (Bimiiller et al., 2016; Xiao et al., 2017;
Xie et al.,, 2017; Mitran et al.,, 2018). Gupta and Germida (2015) highlighted the role of soil fungal biomass in
changing soil macroaggregates, carbon and nutrient flush following crop cultivation. Similarly, Ogunwole et
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al. (2014) indicated that soil organic carbon, aggregate-associated organic carbon, and aggregate size are
important soil quality indicators. A better understanding of the mineralization of organic C and N in different
particle-size fractions is necessary to improve the management of soil fertility and ultimately enhance
agricultural sustainability (Cai et al., 2016; Ghimire et al., 2017; Xie et al,, 2017).

[t is generally known that the addition of organic materials/wastes contributes to enhancing the formation of
aggregates in the soil. Awad et al. (2018) found that biochar and biopolymer amended with oyster shell
powder increased the proportion of micro-aggregates (<0.25 mm) relative to the control soil, while the
proportion of large macro-aggregates (1-2 mm) increased with the addition of polyacrylamide alone. Wang
etal. (2011) showed that in a reddish paddy soil based on a long-term fertilization experiment, the application
of organic materials decreased the proportion of small water-stable aggregates (WSA) (<1 mm) and increased
the proportion of large WSA (>2 mm), resulting in an increase in the mean weight diameter of WSA, whereas
the application of chemical fertilizer had little effect.

It is widely observed that organic matter (OM) biodegradation is faster in coarse- than in fine-textured soils
(van Veen and Kuikman, 1990; Saggar et al., 1996), which was associated with faster OM turnover in soil
macro-aggregates and lower organic C and N in coarse-textured soils (Six et al., 2000). Bossuyt et al. (2001)
found that the formation of water-stable macroaggregates (>250 pm) was not significantly influenced by
residue quality or bacterial activity; however, fungal activity positively influenced the stability of these
macroaggregates. Ouyang et al. (2013) reported that biochar produced from dairy manure significantly
improved macroaggregate formation in two contrasting textured soils (clay and sandy soil) at a ratio of 2%
(w/w, dry weight). Cai et al. (2016) reported that in long-term experiments of manure application with or
without chemical fertilization, OC and TN content significantly increased and C and N mineralization were
enhanced in the three particle-size fractions. The amount of C and N mineralization followed the order 0.053
mm > 0.20-0.053 mm > 2.00-0.25 mm fraction, whereas the amount of OC and TN in different aggregate
fractions followed the reverse order. In manure fertilization experiments, Hao et al. (2017) found that long-
term manure use significantly increased the amount of coarse fractions and their associated OC and TN stocks
in the soils. Also, P-fertilization increased the OC and TN in soil aggregates >2 mm and decreased the loss of N
from chemical fertilizers in the legume-grain rotation system. Amellal et al. (2001) showed that the
mineralization of organic substances in the larger sand- and silt-sized fractions (50-2000 pm and 2-50 pm,
respectively) in petroleum hydrocarbon-contaminated soils was more significant than in the finer (clay-rich)
aggregate size fractions (<2 um). Six et al. (2000) also found that the C content of macroaggregates (0.250-
2.00 mm and >2 mm fractions) was higher than that of microaggregates (<0.250 mm fractions) in soils
dominated by illite and chlorite. However, they did not observe increased C concentrations with increasing
aggregate size in soil with mixed mineralogy (Fe- and Al-oxides and kaolinite). There is little available
information on the dynamics of C and N in different aggregate fractions of meadow soils. According to Naresh
et al. (2018), there is limited consensus on the pattern of changes in soil OM mineralization and nutrient
release across aggregates of different sizes. The present study was conducted with the hypothesis that (i)
large-sized macroaggregates (8-4 mm) can mineralize more C and N than fine macroaggregates (<1 mm), (ii)
soil fine fraction (clay+ silt) would increase soil aggregation and affect the C, N, and MB dynamics in different
aggregate fraction sizes, and (iii) the distribution of microbial biomass carbon (MBC) and nitrogen (MBN) in
different aggregate classes affects SOM mineralization in each aggregate size. The objectives of the present
study were to quantify the relative rates of C and N mineralization in different particle-size fractions and to
examine the effects of clay content and soil aggregation on C and N storage in aggregate-size classes.

Material and Methods

Soil sampling

The soils used in this study were collected from twelve dairy farms located in Sainte-Croix de Lotbiniére, in
eastern Quebec, Canada. A total of 34 plots spread over 380ha are cultivated in meadow crops. These farms
are in transition from conventional management to a low input organic management system. Solid cattle
manure is applied on the basis of 132 kg N ha-! which is 20 Mg ha-! on a wet basis. The soil series represents
gleyed humo-ferric podzols, samples are taken from the soil layer from 0 to 15 cm. these soils were plowed
every 4 to 5 years. Finally, only 14 samples were retained, the other soils are sandy and do not present the
different categories of aggregates.

Aggregate-size fractionation

Undisturbed soil samples were taken under wet conditions in the field. Composite samples for each site were
formed from nine wet field subsamples. The soils were sampled with a special spade. Special care was applied
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in order to maintain the natural structure of the soil samples. Parts of the samples showed signs of deformation
due to the smoothing of the spade-cut surface during the process.

Aggregates were separated by dry sieving of moist soil (10 to 14%) as described by Mendes et al. (1999). Dry
sieving is simple, rapid and valid method for aggregate separation when examining biologycally active N pools
in aggegrates (Sainju, 2006). Field-moist soils were stored at 4°C for 7 to 10 d until they reached a gravimetric
water content of 10% (Sainju, 2006). Drying the soil samples at 4 °C reduces its impact on microbial
communities and activities within aggregates (Mendes et al., 1999). Soil aggregates were separated by placing
200-g soil fragments (<8 mm, air dried at 4°C) on the top of a set of sieves in decreasing order of mesh sizes:
8.00, 4.00, 2.00, and 1.00 mm (Miller et al., 2009). The aggregates of 8.00-4.00 mm, 4.00-2.00 mm, 2.00-1.00
mm and < 1 mm were referred to as large-coarse macroaggregate (LCM), medium-coarse macroaggregate
(MCM) (4-2 mm), medium-fine macroaggregate (MFM), (2-1 mm) and fine macroaggregates (FM) (<1 mm),
respectively. After gentle manual crumbling, fragments such as roots and stones constituted a negligible share
and were removed. Then the sieves were attached to a Tyler To-Tap sieve shaker and shaken at 200
oascillations/min for 3 min (Sainju, 2006). The aggregates (8.00-4.00, 4.00-2.00, 2.00-1.00, and <1.00 mm)
retained and passed through the sieves were weighed (Mendes et al., 1999; Sainju, 2006), maintained at field-
moist, and stored in plastic bags at 4 °C before experimentation.

Mean weight diameter

Subsamples of the aggregate fractions (8.00-4.00, 4.00-2.00, 2.00-1.00, and <1.00 mm) were oven-dried at
60°C for 48 hours and weighed for the fraction percentage measurement and soil texture determination.
Particle size analysis was performed by mechanical dispersion of the aggregate fractions after OM removal.
Particle-size analysis was completed through the adaptation of hydrometer method outlined by Kroetch and
Wang (2008). Mean weight diameter (MWD) of aggregates was calculated (Hillel, 2004; Liu et al., 2019) as

follows:
MWD —z Xj Wi
i=1

where i is aggregate size (k = 1, 2, 3 indicate macro-aggregate, micro-aggregate and silt + clay-sized fraction);
xi (mm) is the mean diameter of any particular size range of aggregates separated by sieving; wi (%) is the
weight of the aggregates in that size range as a fraction of the total dry weight of soil used. MWD is commonly
used to express aggregate stability (Blair, 2010). High MWD values indicate lower erodability of soil (Ciric et
al,, 2012) and larger aggregate size fractions in the soil and, therefore, greater aggregate stability (Piccolo et
al,, 1997).

Organic C and total N in soil fractions

A sub-sample of each aggregate size fraction was ground to 0.15 mm for organic carbon (0C) and total N (TN)
content measurement. The OC content was determined by the Walkley-Black potassium dichromate oxidation
procedure (Allison, 1965) and TN was analyzed by Kjeldahl digestion method (Rutherford et al., 2008).
Microbial biomass C and N in soil fractions

Soil microbial biomass (SMB) C and N in different particle-size fractions (8.00-4.00, 4.00-2.00, 2.00-1.00, and
<1.00 mm) were determined according to the method modified by Vance et al. (1987). This method was
described by Sbih et al. (2012). Briefly, the amounts of C and N deriving from SMB were extracted with 0.5 M
K>S0, from non-fumigated and fumigated soil fractions and in the extracts were determined respectively by
wet dichromate oxidization technique and standard Kjeldahl digestion method (Rutherford et al., 2008). The
microbial biomass C (MB-C) and the microbial biomass N (MB-N) are determined according to Joergensen
(1996) and Brookes et al. (1985) respectively. Data were expressed in mg kg! dry soil aggregate and
represented the average of two replicates.

Organic C and N mineralization in soil fractions

Organic C and N mineralization in bulk soil and different particle-size fractions (8.00-4.00, 4.00-2.00, 2.00-
1.00, and <1.00 mm) was determied according to Sbih et al. (2003). Briefly, two 50-g soil samples (oven-dried
at 60°C, not ground) were moistened with demineralized water at 85% field capacity and placed in a 1-L
polyethylene flask. Soil fractions were incubated in the flask at room temperature (25 * 2°C) for 4 wk and the
incubation periodes were 1, 2, 3 and 4wk soil moisture was maintained constant. In order to traped evolved
CO; vials containing 1 M NaOH were introduced in flask, during incubation. At the end of each period, vials
containing NaOH were sampled to measure the CO, content. Soil aggerates were then sampled (20 g) to
measure mineralized N. The CO; evolved was determined by titration of excess NaOH and reported as C-CO;
emision (mgC/ g aggregate- C) (Ross etal., 1995). NH4* and NO3- were extracted with 2 M L-1 KCI (soil-solution
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ratio of 1:4) and determined by Autoanalyser. The amount of N mineralized was calculated as the difference
between the final and initial extractable inorganic N concentrations, after adjustment soil from fresh dry
weight. The net N mineralized (%) is calculated as N-min (%) = [(NH4*-N + NO3-N)¢ / total N¢] x 100, where, f
represent either bulk soil or aggregate fraction (Xie et al., 2017).

Data Analysis

Statistical calculations were performed with the full data set of all soils. the relationships between the various
parameters and the effect of clays on the aggregates and their sizes was evaluated by ANOVA (PROC GLM
procedure of XLSTAT software). Mean separation was done with an F-protected LSD test, and the Pearson’s
correlation is used to find the relationship between the different parameters.

Results and Discussion
Aggregate size distribution

The amount of different macroaggregate size fractions is expressed as a percentage of total soil mass. In
general, FM (<1mm) represented the lowest fraction whereas intermediate macroaggregates class (1-4 mm)
represented the greatest proportion for all soils (Table 1). The same observation was reported by Xie et al.
(2017) who examined the OC stock over 20 cm depth of aggregates, its mineralization under the effect of
organic and inorganic inputs in intensive wheat-maize cultivation in northern China. The large-coarse
macroaggregate size fraction >2 mm was the most abundant, suggesting that LCM (as determined by dry
sieving) comprised the bulk of the macroaggregates within the soil studied.

Table 1. Amounts of different macroaggregate size fractions, expressed as percentage of total soil mass.

Clay content (g kg1)
Macroaggregate size fractions 150 - 200 (n=7) 201 - 300 (n=5) 301 - 400 (n=2)
<8-4 mm range mean 20.8 - 288 (25.3)bc 302 - 359 (329)a 366 - 386 (37.6)a
<4-2 mm range mean 285 - 410 (33.5)a 302 - 420 (353)a 278 - 337 (30.8) b
<2-1 mm range mean 17.6 - 262 (19.7)c 139 - 221 (188)b 185 - 252 (21.8) c
<1 mm range mean 121 - 265 (21.5)c 82 - 174 (13.0)c 93 - 103 (9.8)d
LSD (0.05) 3.5 4.23 5.7

Different letters in each column indicate significant differences between different treatments n: number of soil samples; Means
with the same letter are not significantly different at P<0.05 according to the LS means test.

In general, the amounts of macroaggregate size fractions were lowest in soils with high clay content (Table 1).
The amount of FM (<1mm) decreased markedly with increasing clay content within soil aggregates (Table 1).
These results are in agreement with the findings of Kristiansen et al. (2006), who also found that the
proportion of soil recovered in aggregates> 2 mm increased with increasing clay content of the whole soil,
while those <1 mm decreased. The results of the correlation analysis (Figure 1) showed that the amounts of
clay+silt-sized particles within macroaggregate fractions were positively correlated with the mass proprotion
of LCM (<8-4 mm) (r=0.75; P<0.01) and negatively correlated with the mass proportion of FM (<1 mm)
(r=0.90; P<0.001).

Dry mean weight diameter

The dry MWD of macroaggregate size fractions varied between 2.80 and 3.70 mm (Figure 2). It increases as
the proportion of small particles increases. The clay particles affect the mean value of MWD in the following
order: 2.98 mm for soils with 150-200 g clay particules kg soil < 3.40 mm for soils with 201-300 g clay
particules kgt soil < 3.58 mm for soils with 301-400 g clay particules kg1 soil. MWD exhibited significant
correlation with particle size distribution. From figure 2, it is notable that the values of dry. Contrasting
correlations between MWD and soil texture components, indeed, MWD were positively correlated with clay
content (r =0.88; P <0.01) and negatively correlated with sand content (r =-0.79; P < 0.01). When the amounts
of clay+silt-sized particles were considred, the correlation became more strong (r=0.90; P <0.001), suggesting
that clay+silt-sized particles promotes the formation of stable aggregates in meadow soils. Khaledian et al.
(2013) examined the effect of soil texture on soil permanganate organic carbon in somes soils fron deforested
areas in Northern Iran. They concluded that clay and silt particles could provide some degree of physical
protection for oxidizable C groups in lignin. In addition, positive correlations were obtained between MWD
and soil OC (r=0.66; P<0.05) and MB-C (r=0.64; P<0.05). Different experiments have demonstrated that
aggregate stability increases when clay and organic matter accumulation increase, confirming the role of these
soil properties in soil aggregation (Norton et al., 2006; Nweke and Nnabude, 2015). Aziz and Karim (2016)
monitored in the climatological region of Iraqi Kurdistan region with different uses of agricultural land certain
soil properties in relation to soil aggregates. They obtained a positive correlation between aggregate stability
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(MWD) and clay content and organic matter content of soils. Khaledian et al. (2013) obtained very highly
positive correlations (P<0.001) between stable carbon and MWD. These relationships are in agreement with
the fact that organic matter and clay content of soils acts as cementing and binding agent (Kemper and Koch,
1966; Kemper and Rosenau, 1986; Golchin et al., 1997; Seybold and Herrik, 2001). The stabilization of clay-
organic complexes is the main mechanism of soil preservation, this is due to the soil clay content which seems
to be the determining factor in the chemical stabilization of this complex (Blanco-Moure et al., 2016).
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Soil macroaggregate sizes markedly affected soil OC stock (Figure 3) and consequently, the distribution of
microbial biomass C (Figure 4) and mineralization of OC (Figure 5) within soil macroaggregates.

Total oganic carbon

The OC content within soil macroaggregates increased with decreasing macroaggregate size from LCM (8-4
mm) to FM (<1 mm) (Figure 3). The OC content varied between 34.9 to 42.1 g kg1 in soil fractions with lower
clay content (150-200 g kg1) and from 37.6 to 56.4 g kg-1in soil fractions with highest clay content (301-400
g kg1). Thus, the mean OC content in LCM class with highest clay content was 7.7% higher than in LCM with
lowest clay content. However, the OC content of FM fraction with highest clay content was 55% higher than in
FM fraction with lowest clay content. These results indicate that the OC is more concentrated or sequestered
in the finest soil aggregate fraction of meadow soils. Clay particles provide a greater ability to chemically
stabilize SOM due to the greater reactive surface area of clay particles and also to physically protect SOM by
incorporation into aggregates (Feller and Beare, 1997; Six et al., 2002). This implies that as the clay content
increases, the proportion of small pores increases, therefore decomposing microbes are excluded which
stabilizes the OC (Mtambanengwe et al.,, 2004; Strong et al., 2004).

Microbial biomass carbon

The content of MB-C within soil macroaggregates increased as follows: FM (<1 mm) > MFM (2-1 mm) > (CMM)
(4-2 mm) > LCM (8-4 mm) (Figure 4). These results indicate that MB-C is more concentrated in the finer
fraction of soil macroaggregates. This is probably due to the fact that fine macroaggregates can have a high-
water holding capacity and become a preferential microhabitat for MB. Seech and Beauchamp (1988), Miller
and Dick (1995) reported that C-MB is mainly concentrated in microaggregates and as FM is a set of
micraggregates that is why they contain more C-MB. The MB-C content within soil macroaggregates increased
with increasing soil clay content (Figure 4). Microbial biomass C content was significantly correlated to OC
content (r=0.70; P<0.05), and strongly correlated to soil clay+silt content (r=0.889; P<0.001). These results
suggest that MB-C is concentrated mostly in the smallest macroaggregate sizes and the finest textured
meadow soils. When investigated the relationship between soil clay content and soil organic matter turnover
Miiller and Hoper (2004) found strong relationship between clay content and soil microbial biomass-C and
concluded that clay particles might render some degree of protection for microbial biomass. Particles less than
2 um (clay) are generally considered as protective microhabitats and provide protection for microbial biomass
against desiccation (Heijnen and van Veen, 1991). Sainju et al. (2009) found greater MB-C at 0 to 5 cm or
greater MB-C and MB-N at 5 to 20 cm in the <0.25 mm than in the 4.75 to 2.00-mm size class of soils from
different cropping sequences. They concluded that microaggregates can protect microbial biomass from
predators.
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Mineralization of organic carbon

Because microorganisms related to C and N dynamics could be heterogeneously distributed throughout pores
of various sizes and within aggregates (Watteau and Villemin, 2018), it is expected that OC mineralization will
vary among soil macroaggregates. The CO; emission during the 28-d incubation (Figure 5) was expressed as
mg C g1 aggregate C content.

As we can see from figure 5, the C-CO; emission increased with increasing macroaggregate size as follows:
LCM (8-4 mm) > (MC) (4-2 mm) > (MFM (2-1 mm) > FM (<1 mm). These results indicate a higher organic C
mineralization activity in coarse macroaggregates. Several studies have shown that OM decomposition is
faster in coarse-textured soils than in fine-textured soils (vanVeen and Kuikman, 1990; Strong et al., 2004)
because clay soils are better able to protect OM from decomposition (Mtambanengwe et al., 2004). Fernandez
et al. (2010) found highest CO; production at 15 days of soil incubation in the 1-4 mm aggregate fraction,
however, the aggregates <1, >4 mm and undisturbed soil, their respiration was 59, 56 and 72% lower
respectively, compared with the 1-4 mm class. Under three contrasting land uses of the topsoil from Dermosol
sites (Acrisols in the FAO soil classification), Rabbi et al. (2014) show that the cumulative C mineralization (C-
CO; gkg! aggregate) of the < 53 um fraction was 28% lower than that of macroaggregates (250-2000 um) and
microaggregates (250-53 pm). However, because of the insignificant difference in C mineralization, slow soil
0C pool sizes and mean residence time of slow soil OC pool between macro-aggregates and micro-aggregates,
they concluded that soil OC mineralization rate and thus the protection of soil OC was similar in both
macroaggregates and microaggregates. In another study, Rabbi et al. (2016) investigated the influence of pore
geometry on the OC decomposition rate and bacterial diversity in both macroaggregates (250-2000 pm) and
microaggregates (53-250 um) using field samples. They found that the OC decomposition rate constant was
similar in aggregate size ranges. In general, the C-CO; emission increased with decreasing clay content of soil
macroaggregate fractions (Figure 5). Protection of OM within stable aggregates is potentially stabilized by a
high clay content (Six et al., 2002). In general, OM compounds could be stabilized by interaction with soil clay
fraction, as soil organic compounds binds chemically to clay minerals or Fe/Al oxides (Saidy et al., 2012;
Torres-Sallan et al., 2017; Singh et al., 2018). Chen et al. (2018) concluded that organic C-mineral associations
in soils could retard the decomposition of biochemically labile organic compounds like carbohydrates and
peptides. Several studies reported that the stabilization of soil OC is influenced by the type of phyllosilcates
present in soils (Goh, 2004; Gartzia-Bengoetxea et al., 2017; Singh et al., 2018). Meena et al. (2017) reported
that smectic clays are more potent in accumulation and sequestration of SOC in black cotton soils of India.
Jones and Singh (2014) highlighted the potential of mineral surfaces in influencing the stability of OM in
organo-mineral interactions.
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Dynamic of nitrogen within soil macroaggregates

Total nitrogen and microbial biomass nitrogen

Figure 6 shows TN associated with different sizes of macroaggregates. The distribution of TN followed the
same pattern as OC among the four macroaggregate classes. The size of macroaggregates markedly affected
TN stock within soil macroaggregates. The content of TN increased with decreasing macroaggregate size
fractions as follows: LCM (8-4 mm) < MCM (4-2 mm) < MFM (2-1 mm) < FM (1 mm) (Figure 6), indicating that
smaller-size macroaggregate fraction was the main pool of total N.
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Figure 5. C-COz emission from incubated macroaggregate Figure 6. Total nitrogen (TN) content of macroaggregate
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by least square means test). <0.05 by least square means test).

The amount of TN varied from 2.3 g kg* to 3.3 g kg! in macroaggregates with 150-200 g clay particules kg
soil and from 3.0 g kg! to 4.4 g kg1 in macroaggregates with 301-400 g clay particules kg1 soil. On average,
the amount of TN in <8-4 mm size fraction in macroaggregates with 301-400 g clay particules kg soil was
43% higher than that in macroaggregates with 150-200 g clay particules kg soil. These results indicate that
N is more concentrated or sequestered in the finest soil macroaggregate fraction.

The distribution of MB-N among soil aggregates showed the same pattern as the macroaggregate total N
(Figure 7). This observation is in accord with the findings of Egan et al. (2018) who reported that long-term
grazing and inorganic nutrient fertilization could contribute to greater N and C pools of smaller soil fractions.
Several studies found that soil management practices can alter the aggregate associated organic C and N
fractions with different clay contents (Sodhi et al., 2009; Tripathi et al., 2014).

Organic nitrogen mineralization

In general, N mineralization increased with increasing aggregate size, with the <4-2 mm aggregate size
mineralizing more N, compared to smaller sized aggregates (<2-1 and <1 mm). The amount of N-mineralzed
increased with increasing aggregate size as follows (Figure 8): LCM and MCM (4-2 mm) > MFM (2-1 mm) >
FM (<1 mm), suggesting that larger macroaggregate fractions contain a larger proportion of readily
mineralizable organic N than smaller macroaggregate fractions in meadow soils. Similarly, Muruganandama
etal. (2008) found that N mineralization enzymes increased with increasing aggregate size of soils. They found
that the potential activities of NAG, l-glutaminase, and arylamidase were significantly greater (P < 0.05) in the
intermediate (0.5-1 mm) aggregate size than in other size fractions (<0.25, 0.25-0.5, 1-2, and 2-4 mm). In
general, an increasingly greater proportion of the organic N within soil aggregate fractions was mineralized
as the mineral particle size decreased, except for the small macro-aggregate (<1 mm) (Figure 8), which
released less than 3 mg N g1 aggregate N after 28 d of incubation. This indicates that in the small macro-
aggregate fraction, OM was not available for microbial degradation and was therefore physically protected
against decomposition (Hassink et al., 1993; Bimiiller et al., 2014).
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Figure 8. Nitrogen mineralization within macroaggregate
fractions with different clay contents
(Lower case letters in Figureure represent differences between
same aggregates at different clay level are significantly

Nitrogen mineralization pattern in soil aggregate size fractions seems to be similar to CO; emission pattern.
Indeed, a significant positive correlation was found between N-min and CO, emission (r=0.66, P<0.001).
Unlike what we have seen with C-CO; emission, the C/N of both soil OM and microbial biomass are very highly
correlated (r=0.62, P<0.001) to N-min at aggregates size <8-4 mm. Also, C-MB and N-MB were highly correlatd
to N-min (r =0.84, P<0.001; r =0.67, P<0.001 repectively). However, these parameters are less correlated in
the other aggregate sizes. It seems that LCM are more accessible to microbial and contain a larger proportion
of readily mineralizable organic N than smaller aggregates. In contrast to our findings, other researchers have
reported higher N mineralization in small aggregates (Craswell et al., 1970; Cameron and Posner, 1979).

Conclusion

Soil aggregates of different sizes provide diverse microhabitats for microorganisms and therefore influence
soil activities. The clay content of soil aggregate fractions affects the mean weight diameter of macroaggregate
size fractions. Generally, a greater proportion of the organic carbon (C) and organic nitrogen (N) within soil
aggregate fractions is mineralized as the mineral particle size decreases. Clay content can increase the
protection of microbial biomass in meadow soils. This study suggests that the mean weight diameter (MWD)
should be considered in routine soil testing because it determines the particle size distribution of aggregates
and essentially measures the stability of macroaggregates, maintaining high stability. Aggregates in soils are
important for sustainable soil maintenance, as they are essential for preserving agricultural production,
reducing soil erosion and degradation, and reducing environmental pollution. A well-aggregated soil creates
favorable conditions for biological activity, resulting in an increase in the bioavailability of nutrients, thus
improving plant growth conditions.
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