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Abstract:

Soil is the most complex and biologically diverse environment on earth. Soil biodiversity estimates range from several thousand invertebrate species per site to relatively unknown levels of microbial and protozoan variety. This varied population provides a variety of ecosystem services that are critical to agricultural sustainability. Through their effects on the decomposition of dead organic matter, nutrient cycling, and the creation and maintenance of the soil structure, soil organisms control ecological processes. The soil biodiversity is under threat from numerous anthropogenic activities since many of them are particularly vulnerable to diverse edaphic disturbances. The extinction rate of species is predicted to be between 100 and 1,000 times higher than what might be deemed natural as a result of the rapid climate change and other anthropogenic activities, according to the FAO. To strengthen and sustain various soil communities and the roles and services they play throughout all ecosystems, it is important to protect existing natural areas, restore damaged habitats, and use sustainable agriculture techniques.
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Introduction:

Soil, which contains over a quarter of the globe's diversity, is the most complex and heterogeneous ecosystem on the planet (Ram, 2019). A modest amount of soil includes an estimated 10 -100 million organisms from over 5,000 species (Ramirez et al., 2015), only a small portion of which has been recorded (Adams and Wall, 2000). There are thousands of invertebrate species per site, according to rough estimates of soil biodiversity, and levels of microbial and protozoan variety are still mostly unknown (Wallwork , 1970).
Bacteria and Archaea, fungi, protists, and many other eukaryotes, including nematodes, oribatid mites, centipedes and millipedes, enchytraeids, tardigrades, springtails, ants, ground beetles, and earthworms, are all part of the soil ecosystem (Zhang, 2013; Stork, 2018; Coleman and Whittman, 2005). Soil communities are graded systems in which a diverse range of organisms thrive. Microbes are of 20 nm to 10 µ in size including virus, bacteria, fungi etc, and microfauna includes soil protozoa and nematodes ranging from (10 µm – 0.1 mm) in size. They both are participated in decomposition of soil organic matter. Mesofauna (0.1 mm - 2 mm) includes mites; springtails, apterygota etc, are soil microarthropod, help to increase the surface of active biochemical interaction in soil. Macrofauna are considered as litter transformer, ecosystem engineer are large soil invertebrates (eg; earthworm, termites) ranging from 2 mm to 20 mm in size and lastly megafauna those are vertebrates are greater than 20 mm in size ( FAO, 2020).
Each functional group contributes to different soil functions, but there is also a significant level of functional redundancy. Human interventions alter the soil structure and diversity of the soil food web (FAO, 2020). Current agricultural practices in many developing nations are unsustainable, resulting in significant volumes of toxic waste being discharged directly or indirectly into soil, air, and water (Yáñ et al., 2002). 
The unique set of skills that the soil biota possesses enables it to both prevent disturbances or changes and to recover from them. One of the most important characteristics of biodiversity is the capacity to adapt to change. Higher biodiversity soils are said to have a built-in biodiversity. Resilience and resistance to change are both possible responses. Loss of biodiversity may leave soil with little ability for regeneration and resistance (Allison & Martini, 2008; Downing et al., 2012).




Soil health is determined by four primary biodiversity-based soil processes (carbon transformation, nutrient cycling, soil structure development, and biodiversity control) (Kibblewhiteet al., 2008), as well as linked Sustainable Development Goals (SDGs). These functions, however, are acknowledged as under threat (CEC, 2006; Gardi et al., 2013). The growing global demand for quality protein-rich food resources for the growing world population puts a strain on the need to develop an environmentally sound strategy for maintaining soil health and advancing food security without degrading global soil biodiversity So, it is crucial to focus research on better understanding the links among biodiversity attributes and soil functions and ecosystem services (de Vries et al., 2013).
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Figure 1: The hierarchical system of soil communities (Orgiazzi et al., 2016)


Soil Biodiversity and Importance:

Highly diversified invertebrate populations can be found in soils, and these communities provide crucial ecosystem functions including mitigation of environmental pollution. Soil invertebrates provide a variety of ecological services that are necessary for agriculture to be sustained. The variability of the soil allows specialized activities such as soil structure maintenance, carbon transformations, nutrient cycling, and the control of pests and pathogens are all powered by self-replicating ecosystem functions (Balvanera et al., 2006; Perrings et al., 2006; Kibblewhite et al., 2008; Chagnon et al., 2015). Soil organisms' burrowing activity alters soil porosity by improving aeration, water penetration and retention, and decreasing compaction (Pisa et al., 2015; Ram, 2019). By increasing soil porosity and water infiltration, earthworms can create up to 8,900 km of channels per hectare, which reduces soil erosion by 50% (Blouin et al., 2013; Gaupp-Berghausen et al., 2015). Foragers, tunnelers, and ground-nesting insects like beetles, ground-nesting bees, ants, and termites transport nutrients through various soil layers. Detritivores, such as nematodes, springtails, earthworms, millipedes, and woodlice, convert decomposing matter and minerals into usable forms, cycle nutrients, and improve soil fertility (Stork and Eggleton, 1992; Kibblewhite et al., 2008; Ram, 2019). Nematodes and mites, for example, promote nitrogen mineralization by feeding on fungal roots and promoting and controlling microbial activity. Dead invertebrates decompose and contribute nitrogen to the soil. By breaking down litter and producing biologically rich casts and excrement, soil invertebrates provide up to 50% of all soil aggregates (Stork and Eggleton, 1992). Because the creation of these big soil aggregates allows for increased soil carbon absorption, these ecosystem engineers contribute to the reduction of fossil fuel emissions and the mitigation of climate change (Lal, 2004a, b; Lavelle et al., 2006; Dirzo et al., 2014). Dead invertebrates decompose and contribute nitrogen to the soil. By dissolving trash and releasing casts and excrement that are rich in organic matter, soil invertebrates also help to the formation of half of all soil aggregates (Stork and Eggleton, 1992). These ecosystem engineers contribute to the reduction of greenhouse gas emissions from fossil fuel use and the fight against climate change because the creation of these huge soil aggregates allows for better soil carbon storage (Lal, 2004a, b; Lavelle et al., 2006; Dirzo et al., 2014).
Many soil invertebrates also help to manage agricultural pests. In crops, nematodes and mites are employed to target disease-causing microorganisms (Stork and Eggleton, 1992; Kibblewhite et al., 2008; Ram, 2019). Predators and parasitoids, such as beetles and parasitic wasps, prey on arthropods that disrupt crop production (Stork and Eggleton, 1992; Gill et al., 2016), and herbivorous soil insects can preferentially eat the seeds of undesirable plants over crop seeds, limiting the spread of aggressive weeds (Honek et al., 2003).
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Figure 2: Importance of soil biodiversity (FAO, 2020)



Threats to soil biodiversity:

Soil biodiversity is thought to be deteriorating in both diversity and quantity when soil subsistence declines. Degradation of soil biodiversity can have a big impact on how well soil works, responds to disasters, and bounces back from trouble. Soil biodiversity is negatively impacted by extensive human exploitation, altered land use, loss of soil organic matter, and widespread use of various chemical substances as pesticides, insecticides, fertilizers, etc. (Tibbett et al., 2020).
Due to increased land conversion and agricultural intensification, roughly 60% of soil ecosystem variety has been lost (Diaz et al., 2006; Veresoglou et al., 2015; Singh et al., 2019). Loss of habitat as a result of agricultural intensification and pollution, as well as the indiscriminate use of synthetic pesticides and fertilizers, is regarded to be a major cause of recent insect declination and a growing threat (Hallmann et al., 2017; Forister et al., 2019; Seibold et al., 2019; Sánchez-Bayo and Wyckhuys, 2019; Miliˇci´c et al., 2020).
According to a survey of Food and Agricultural Organization in 2019, one of the main reasons for the decline in soil biodiversity is the extensive use of chemical control methods like pesticides and other similar substances. Now-a-days, a variety of unsustainable farming methods in many developing countries lead to the release of significant amounts of hazardous effluents into the soil and the environment (Yáñ et al., 2002). Pesticides are chemicals that are used to harm or control plant or animal life. Herbicides, fungicides, and insecticides are included in the category of pesticides. Pesticides are in greater demand, and more than half of those utilized come from Asia. China is ranked first among the nations that use the most pesticides globally. Due to their effect on agronomic production and profit margin, pesticides are a significant part of modern agricultural techniques. However, their indiscriminate use damages the microbial communities of soil (Önder et al., 2011). In addition, the FAO stated that from 2015 to 2018, Asia accounted for 52.2% of the world's pesticide usage, followed by the USA (30%), Europe (11.8%), Africa (2%), and Oceania (1.6%). Jammu & Kashmir and Andhra Pradesh used the most chemical pesticides out of all the Indian states. According to statistics on the usage of chemical pesticides in India alone, it is imperative to look for alternatives, particularly to enhance the use of bio pesticides.
 (
60.00%
50.00%
40.00%
30.00%
20.00%
10.00%
0.00%
Asia
Europe
Ocean
Africa
America
)
Figure 3: Percentage share of pesticide use by different continents. Source (FAO, 2019).


Herbicides, fungicides and insecticides are also being used indiscriminately to kill the weeds, some parasitic fungi and insects as these are the major reducing biotic factors in agriculture and hamper crop yield, productivity (Oliveira et al., 2014).Therefore, herbicides (type of pesticide

that kills specifically targeted herbs), fungicides (type of pesticides that used to control fungi that damage plant) and insecticides (type of pesticide that kills specifically targeted insects) are being used for ensuring higher production by eliminating or suppressing pest population (Meena et al., 2016). So a large account of complex agrochemical compounds is received by soil. Several of those chemical compounds are detrimental to the activity of non-target beneficial soil micro- organisms (Wang et al., 2016).
Pretilachlor and pendimethalin herbicide formulations showed their lethal effects on Collembola (Chakravorty et al., 2015). The diversity and reproduction of orbited mites were significantly impacted by exposure to mixtures of the fungicides mancozeb, copper oxychloride, and metalaxyl (Al- Assiuty et al., 2014). According to a study, insecticide dimethoate has a deleterious impact on Collembola survival (Joy and Chakravorty, 1991).


[image: ]
Figure 4: Percentage showing the negative, no effect, and positive effects of an insecticide (organophosphate), herbicides (glyphosate) and fungicides (conazole) on soil invertebrates. Organophosphate- negative effect-82%, no effect- 19%, positive effect-1%, Glyphosate- negative effect- 56%, no effect- 41%, positive effect-3%, Conazole- negative eggect-65%, no effect-33%, positive effect- 2%) (Gunstone et al., 2021).

Table 1: List of some herbicides and their impact on soil microbiota

	Herbicides
	Effects
	References

	Atrazine
	Inhibitory effects on cyanobacteria
	Herman et al., (1986)

	2,4-Damine
	The activity of Rhizobium sp. is
adversely affected
	Fabra et al., (1997)

	Bentazone, Prometryn, Simazine,
and Terbutryn
	Inhibition of N content occurs
	Singh and Wright (2002)

	Isoproturon, Triclopyr
	Adversely impacts nitrosomonas, Nitrobacter, urea hydrolyzing bacteria, nitrate reductase activity and growth of actinomycetes and fungi
	Nowak et al., (2002)

	Glyphosate
	Growth and activity of azotobacter is
compromised. Inhibits phosphatase activity
	Santos and Flores (1995)
Sanninoand Gianfreda(2001)

	Oxyluofen,


Propaquizafop
	Reduces microbial population in soil transiently
	Adhikary et al., (2014)

	Paraquat
	Inhibits the growth of nitrite oxidizer
	Tateo, 1983

	Pendimethalin, Pretilachlor
	Effect upon several non-target soil organisms.
Reduce the hatching success of Collembola.
	Chakravorty et al, 2016 Haque et al., 2011.



Table 2: List of some fungicides and their impact on soil microbiota


	Fungicides
	Effects
	References

	Benomyl
	Affect	arbuscularmycorrhizal
fungi.
	Chen et al., (2001)

	Captan,


Thiram
	Inhibits aerobic N-fixing, nitrifying, denitrifying bacteria
and nitrogenase activity.
	Sáez et al., (2005)

	Etridiazole
	Retards nitrification by
affecting ammonium oxidizers.
	Rodgers (1986)

	Chlorothalomil,


Mancozeb
	Impacts on bacterial activities
related to N cycling and carbon cycling in soil.
	Chen et al., (2001),


Cernohlávková et al., (2009)

	Copper fungicides
	Cellulolytic fungal species and streptomycetes in sandy soilis
decreased.
	Kostov and Cleemput (2001)

	Pencycuron
	Metabolically active soil
bacteria are affected.
	Pal et al., (2005)

	Fenpropimorph
	Bacterial activity in wetlands is
affected.
	Milenkovski et al., (2010)

	Dimethomorph
	Nitrification and ammonification process of
sandy soil is compromised.
	Cycon et al., 2010

	Dithianon
	Bacterial diversity of soil is
declined.
	Liebich et al., 2003

	Dinocap
	The activity of ammonifying
bacteria is inhibited.
	Cernohlávková et al., 2009

	Fludioxonil
	Possesses toxicity towards the
algal activities.
	Verdisson et al., 2001

	Funaben, Oxafun, Baytun
	In application of its higher dose the nitrogenase activity of methylotrophic bacteria is
compromised.
	Durska, 2004.



	Hexaconazole
	Affects bacteria those are
associated with N cycling.
	Madhuri   and	Rangaswamy,
2003

	Metalaxyl
	Declination of urease activity is
occurred. Phosphatase activity is also affected.
	Sukul, 2006

	Triadimefon
	Shows negative effect towards
soil bacterial communities.
	Yen et al., 2009

	Triarimol and Captan
	The frequency of Aspergillus
sp. is declined.
	Wainwright and Pugh, 1975

	Oxytetracycline
	Declines soil bacterial
population.
	Yang et al., 2009.




Table 3: List of some insecticides and their impact on soil micro biota


	Insecticides
	Effects
	References

	Arsenic, DDT, and Lindane
	Decreases microbial biomass and microbial and
enzymatic	activities	as	a result of longer persistence in
soil
	Singh and Singh, 2005

	Carbamate insecticides
	Inhibits several soil microorganisms, enzymes and nitrogenase activity of
Azospirillum
	Sannino and Gianfreda, 2001,Pandey and Singh, 2004

	Chlorpyrifos, Quinalphos
	Reduces ammonification
process
	Madhuri	and
Rangaswamy,2002

	Metalaxyl and Mefenoxam
	Decreases nitrogen-fixing bacteria and microbial
biomass
	Monkiedje, 2002

	Organophosphate insecticide
	Impacts the activity of soil enzymes, several beneficial soil      bacteria,and      fungal
population and  reduces N-
	Pandey and Singh, 2004



	
	mineralization rate
	

	Neemix-4E
	Reduces urease enzyme
activity
	Antonious, 2003

	Diazinon and Imidacloprid
	Inhibits urease-producing
bacterium (Proteus Vulgaris)
	Ingram et al., 2005

	Chlorinated hydrocarbons
	Inhibits methanogenesis
	Mahía et al., 2008

	Amitraz, Aztec, Cyfluthrin, Imidachlor,andTebupirimphos
	Have effect on the activities of urease and phosphate
enzymes
	Tu, 1995

	Bensulfuron methyl and
Metsulfuron-methyl
	Decreases microbial soil
biomass
	El-Ghamry et al., 2002

	Cyfluthrin, Fenpropimorph, and Imidacloprid
	Nregative impact on
nitrification and denitrification process
	Tu, 1995

	Validamycin
	Negative impact on
phosphatase and ureas enzymes
	Qian et al., 2007

	Quinalphos
	Negative impact on the enzyme
phosphomonoesterase
	Mayanglambam, 2005




Because pesticides are sprayed in proportion across the entire field, they reach non-target soil microorganisms as well as their target pests. As a result, only around 0.1% of the total amount of pesticides applied reaches the target organisms, while the remainder pollutes the soil and the environment. Unselective pesticide use has a negative impact on soil microcosms, which include soil microfauna in field communities and soil ecosystems (Lo, 2010). Pesticides have a major impact on soil microbiota, a biological indicator of soil fertility that promotes plant growth and development. However, a number of studies have documented how various pesticides affect the activity of soil enzymes that impact soil nutrient status, such as hydrolyzes, oxidoreductase, nitrate reductase, urease, nitrogenase, and dehydrogenase (Santos and Flores, 1995, Fabra et al., 1997, Hussain et al., 2009). 

Pesticide use has an impact on biotransformation, including nitrification, ammonification, denitrification, phosphorus dissolution, and S-oxidation (Monkiedje and Spiteller, 2005). In addition, extensive pesticide use in agriculture has a negative impact on reduced microbial carbon biomass (MCB) and the functional diversity of many non-target soil microbial species (Wang, 2006).
Another method of soil contamination is the buildup of heavy metals from the quickly growing industry (Li et al., 2014). Pb, Cr, As, Zn, Ni, and Cd are among the most prevalent heavy metal contaminants and are among the most dangerous inorganic chemical dangers (Chin, 2010, Zhang et al., 2019, Su et al., 2014). According to Li et al. (2014), the main source of heavy metal contamination is the fast growing industry. The buildup of heavy metals can have a number of impacts, including a reduction in the availability of micronutrients and an increase in soil acidity (Lan et al., 2020). Lead (Pb) is regarded as one of the harmful toxicants due to its high toxicity (Qi et al., 2018). According to Dotaniya et al. (2020), Pb causes a decline in soil fertility by reducing the microbial diversity of the soil. The combined effects of Pb and Cd have a significant impact on microbial development (Khan et al., 2010).
Apart from the above mentioned practices, deforestation, land clearing, careless management of forests, improper management of industrial waste etc. are some human-induced land degradation activities that led to soil degradation and considered as a major threat to soil diversity (Bhatia et al., 2019).

   Restoration of soil diversity:

Numerous ecological functions depend on soil variety, thus it must be restored (Robinson et al., 2012; Graber et al., 1995). Protecting soil biodiversity is essential for maintaining the whole range of life on Earth. It is critical to preserve existing natural areas, implement sustainable agriculture practices, and restore degraded habitats that may strengthen the diversity of soil communities in order to preserve the diversity of soil communities and their function. Lal (2015) asserts that the restoration of soil quality is dependent on three fundamental procedures: 1. To curtail losses from the soil layer.

2. To form a positive soil C budget and thus increase of biodiversity.
3. To fortify water and elemental cycling.


The deterioration of soil quality and the reduction of the SOC pool may be brought on by a number of factors. A few of these are the indiscriminate use of plowing, the excessive removal of crop wastes, and the careless use of chemical fertilizers. Contrarily, switching from conventional tillage to conservation agriculture can be successful and lessen degradation. The linked cycling of carbon and water as well as the amplification of elemental cycling can both boost the C sink capacity of soil (Lal, 2015).
           The strategies for restoring soil quality can be summarized into the following types: (Lal,  
           2015).
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Figure 5: Strategies for restoring soil quality (Lal, 2015).


           According to the FAO and ITPS's 2015 World Soil Resources Report, 33 percent of the world's land is "moderately to highly degraded." In order to rehabilitate the degraded lands and ensure the community's overall sustainable development, immediate action must be taken. To increase soil biodiversity, management techniques like crop rotation, irrigation, organic matter addition, and intercropping systems may be used.
One of the key components of soil restoration strategies is the application of microbial-based products to enhance soil health (Timmusk, 2017). Scientists have recently tested a large number of microbial floras for their ability to breakdown pesticides (Kullman and Matsumura, 1996). The five bacterial genera Klebsiella, Acinetobacter, Alcaligenes, Flavobacterium, and Bacillus were discovered to be capable of degrading endosulfan in an efficient manner (Kafilzadehet al., 2015). Seven actinomycete strains were discovered by Jayabarath et al. in 2010 to have excellent carbofuran degradation abilities. Elgueta et al. (2016) discovered that white rot fungus reduce the half-life of atrazine to six days. The microalga Chlamydomonas Mexicana can efficiently break down atrazine (Kabra et al., 2014).


Table 4: Lists of some common pesticide-degrading microorganisms:


	Types
	Species
	Example of pesticide
degradation

	



Bacteria
	
	Pseudomonas
	
	Aldrin, Endosulfan, (Verma et
al., 2014)
	

	
	
	
	
	Endrin (Verma et al, 2014),
Parathion (Verma et al, 2014, Upadhyay and Dutt, 2017),
	

	
	
	Flavobacterium
	
	
	

	
	
	
	
	Glyphosate (Upadhyay   and
Dutt, 2017)
	

	
	
	Bacillus
	
	
	

	
	
	
	

	
Actinomycetes
	
	Actinimyces
	
	Aldrin (Verma et al., 2014)
	

	
	
	Nocardia
	
	Carbofuran (Jayabarath et al.,
2010)
	

	
	
	Streptomyces
	
	Diuron (Esposito et al., 1998)
	



	
Fungus
	
White rot fungi, Rhizopus, Mucor, Tricoderma
	Alachlor (Hai et al.,2012),Atrazine (Hai et al.,2012,Elgueta et al., 2016)Carbofuran(Jayabarath et
al., 2010)

	
Algae
	
	Small green algae
	Phorate (Tang, 2018), Atrazine(Kabra et al., 2014) Parathion(Tang, 2018),
Patoran(Shehata et al., 1997)

	
	
	Chlamydomonas
	







Conclusion and future direction:

Unsustainable farming practices are the main hazard to soil biodiversity among a number of other problems. Soil resources serve a crucial role for both human welfare and all terrestrial life. Some crucial elements and methods for restoring soil include reducing soil erosion, boosting the availability of various macro and micronutrients, increasing soil diversity, and strengthening microbial processes. For the selection of the most effective remedial method, prior understanding of the sources, chemistry, and possible dangers of toxic heavy metals and pesticides in contaminated soil is required. The adoption of an integrated strategy for managing soil resources ought to be the main objective. To minimize the negative environmental effects, it is essential to educate farmers, distributors, industry, legislators, and other stakeholders about the selective use of pesticides. Well-designed experiments are needed on the long-term effect of pesticides on microbial communities and their long-term eco-toxicological effects in the soil environment.
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