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Abstract. Soil is a vital component of the ecosystem, as it provides nutrients needed for the growth of plants and supports all
terrestrial life on the planet. The global agricultural sector underwent enormous change after the World Wars, thanks to some
important developments in technology transfer that saw increased crop production during the Green Revolution of the 1960s;
the initiatives included the use of high yielding variety seeds and also the application of synthetic agrochemicals as nutrient
inputs and crop protection agents. This was meant secure food grains for growing human population. Despite all the
achievements, the initiatives taken during the Green Revolution are meeting with some harsh criticism now. Soil is under
constant pressure due to irresponsible land use and resource exploitation, erosion, escalating climate change, and also the
indiscriminate usage of synthetic pesticides and fertilizers. Synthetic pesticides are contaminating soil, and the contaminants
are making serious alterations to the content and most importantly to the chemical quality, properties and functions of soil,
requiring an immediate risk assessment owing to the hazard and scientific uncertainty surrounding it. Soil pollution is one of
the most serious concerns of our time, which not only limits the sustainability of community livelihood but also
compromises ecosystem services, causing depletion in its fertility and risks to the environmental and human health. So, the
environmentalists, economists, and social scientists have begun advocating more organic amendments to farming and
restoration of ecosystems services of soil. Researchers explore physico-chemical and biological methods to mitigate the soil
contamination. Research enterprise, local policy making, and globalized discourses on environment at the highest decision-
making authority of intergovernmental organizations are being directed towards sustainable future of socio-ecological

system.

1 INTRODUCTION

Cultivating crops for food while moving away from a hunter-gatherer lifestyle is considered a driving force behind the
growth of human civilization on the planet (Dirt, 2008). Although this shift happened gradually and independently as early
as 11000 BCE in the Fertile Crescent and the rest of the world, there is no denying to the fact that fertile soil and freshwater
bodies had known to have attracted and developed human settlements. Soil consists of (i) the solid phase containing minerals

and organics i.e. soil organic matter (SOM) and or soil organic carbon (SOC), (ii) the solution phase with minerals dissolved in
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35 water, (iii) the atmospheric gases such as nitrogen (80%), oxygen and carbon dioxide (making majority of remaining 20%), and
(iv) the living phase biomass. Bacteria, archaea and fungi consist of majority of the soil biomass. It is therefore that the soil
quality, unlike other environmental compartments like air and water, will depends upon multiple factors, not just the presence of
pollutants in each of these phases and impact thereof on the quality of soil, but a host of interactions among the phases
(Biinemann et al., 2018). Contaminants may affect soil microorganisms negatively, decrease their enzymatic activities, alter the

40 soil communities, and diminish the biomass (Smejkalova, et al., 2003; Wang et al., 2007; Kenarova et al., 2014; Xiong, 2015).
GOmez-Sagasti et al. (2012) jotted following as the parameters needed for bioindicators to clearly pinpoint the impacts of soil
pollution; (i) the microbiota or biomass, (ii) microbial activity (both respiration and enzymatic activity), and (iii) soil microbial
diversity. In addition to that, the climate change alters ecosystem functioning and brings about more direct and adverse effects
on the nutrient availability, nutrient use efficiency, nutrient and elemental cycling (Kohler & Triebskorn, 2013), and the overall

45  physicochemical properties and functions of soil responsible for regulating and controlling contaminants’ fate (Biswas et al.,
2018).
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Figure 1 Ecosystem services of soil
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1.1 Soil and its ecosystem services

Soil is the important natural resource. It provides and regulates a plethora of ecosystem services (Figure 1). Soil functions as a
gene reserve, a habitat for plants and other living organisms, including a large variety of biota in the locality, and also caters for
their nutrients or food. Soil make provisions for various services to the environment and the human well-being, including food
security, clean air and water, ecological protection, temperature regulation, and carbon sequestration, etc. Ecosystem services
are defined as the conditions and processes provided by both biotic and abiotic ecosystem components to sustain and maintain
human well-being (Daily, 1997). As per the Common International Classification of Ecosystem Services (CICES), there are
three major services provided by soils: (i) regulation and support, (ii) provision, and (iii) cultural and community services
(Fisher & Kerry 2008; Smith et al., 2015; Potschin-Young et al., 2017; Haines-Young & Potschin, 2018). But the growing
population is causing soil degradation, and depletion in its fertility and functions by putting soil under constant pressure for
resource exploitation and services (FAO and ITPS, 2015).

Today soil provides 95% of all food for mankind (FAO, 2022). Soil supplies almost all the essential elements (N, P, K, Ca,
Mg, S, Fe, Zn, Mn, Cu, B, Mo, and CI) required for the growth of plants, except for atmosphere-derived carbon, hydrogen,
oxygen. For seeds to germinate and plants to start using nutrients efficiently, sunlight, water, and heat should be adequate,
and apart from that the cultural practices and pest control practices have also major roles to play in crop productivity.

Soil absorbs water within pores, and dissolves nutrients, stores, and supplies them for the plant growth. Soil is crucial in
mitigating climate change because it, like the oceans, accumulates carbon (cf. SOC), maintains air quality by reducing the
total concentration of carbon dioxide (CO,), and releases oxygen to the roots. Climate change changes soil nutrient cycling
and availability owing to alteration in ecosystem functioning (Kéhler & Triebskorn, 2013), and the overall physicochemical
properties and functions of soil responsible for regulating and controlling contaminants’ fate (Biswas et al., 2018). Soil
transforms and decomposes materials in the environment and traps contaminants through soil particles and sends filtered or
relatively purified water to the aquifers or rivers (Nikitin, 1982) but contaminants that deteriorate soil quality causes
imbalances in nutrient cycling, biological activity and functional diversity only to alter the agricultural environment. A soil’s
properties such as its colour, texture, density, structure, chemistry, aggregate stability, porosity, consistency, and temperature
are determined by the soil’s composition i.e. the combination of particles of minerals, SOC, air, water, and microorganisms.
For example, the Black Cotton Soil found mostly in the Deccan Plateau of India is the result of weathering of fissure
volcanic rock (basalt), and contains montmorinolite and kaolinite (minerals), iron oxide and calcium carbonate (chemical
compounds) and humus (organic matter). The soil is considered most suitable for the cotton crop; it also offers a fertile and
flexible canvas for other crops like groundnut, sugarcane, jowar, chilies, citrus fruits, banana, and wheat. Characterized by
high content of clay, the Black Cotton Soil, also known as Regur soil, suffers from repeated shrinking and swelling, which
by the way is also considered by many as a good self-plowing quality. This soil is rich in nutrients, but its fine texture makes
it prone to erosion. So, one can just imagine how there is too big a difference between natural (i.e. unexpected natural

calamities, weather change, weathering or surface geological changes) and man-made alterations made to the content or
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composition and most importantly the chemical properties of soil; the latter type of alteration can happen quite quick, and
owing to the hazard and scientific uncertainty surrounding it, it can require an immediate assessment (Figure 2). Water
pollution, eutrophication, and phytoxicity are one of those negative impacts that arise from disruption in or overexploitation
of the natural functions of soil, such as buffering, filtering, and transforming capacities.
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need of remediation immediate remediation

S0C, redox. cation-
exchange capacity,
microbiota
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Figure 2 conceptualizes soil contamination, deterioration of soil quality parameters, and need for risk assessment

1.2 Transboundary nature of soil pollution

Soil should not be treated like a sink; it is not advisable for humans to release harmful substances into the soil environment
as many pollutants tend to accumulate, and when their cconcentrations goes above a defined background value, this can lead
to phytotoxicity, and cause negative health impacts on humans, domesticated animals and wildlife, and the ecosystem as a
whole. Soil pollution can extend to other environmental media such as water and air (Jones, 2005). This is true, for example,
in case of heavy metal contamination of soil (Alloway, 1995; Yeheyo, et al, 2024). Anything above a permissible level is
regarded as “contaminated,” and it might not take much time to get such localized contamination diffused or spread
elsewhere (Perk, 2006).

Soil pollution can be categorised into point-source pollution (well-delimited area) and diffuse (covering large area). Research
shows that soil pollution is transboundary in nature (Liu, et al, 2023), nearby natural areas’ pollution reflects that of in urban

greenspaces, and contaminants can traverse beyond continents, as they also found soil contaminants as far as in Antartica.

Anything that can cause the deterioration of soil properties can degrade the quality and function of soil; this is true for all
types of soils. The loss of soil functions adversely affects socioecological and terrestrial life support system. Studies shows
that nearly 2 billion hectares of soil have already been degraded in the world, owing to physical degradation or erosion and
chemical deterioration (Jie, et al, 2002). And the present situation points to alarming climate change emergencies plausible in

near future with more negative impacts for the ecological balance, life-supporting systems, and human life (Parmesan, 2006).
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Although challenged by food demand and material needs of the population, soil is truly an irreplaceable resource that
provides humerous ecosystem services for sustaining life and the quality of life on the planet. Thus, the soil functions range
from agricultural food production to environmental interaction, and biodiversity conservation and forestry to urbanisation
and or even civil engineering applications, as approximately 50% of the houses on the planet are constructed from soil
causing land degradation (Dai, et al, 2022). So, the phrase "think globally, act locally" is being used in various contexts of
the care for people and the planet, such as agricultural soil, the ecosystems and sustainability of socio-ecological system
along with its social dimensions like cultures, institutions, various actors, and economies, including deliverables like
livelihoods and sustainable communities. After all, this thin layer of material covering the Earth is a valuable natural
resource that needs to be cared, conserved if we want to secure our sustenance, sustainability, and also a sustainable future
for our socio-ecological systems. There is also a need to promote teaching and learning for sustainable society (Figure 3),
and that’s the reason why UNESCO (2005) had declared the Decade of Education for Sustainable Development from 2005
to 2014. The UNESCO later launched a global initiative the Greening Education Partnership with institutions and
individuals like us to take a whole-of-system approach to get every learner climate ready, and to support countries in dealing

with climate emergencies by mobilizing the critical role of education.
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Obijectives: This
manuscript aims to conceptualize and critically evaluate the current state of knowledge on degradation of soil quality and
soil pollution (Figure 4) with a special focus on pesticide contamination, impact, mechanism and implications thereof on
ecosystem services, with the possibility of large-scale applications, with high standards of scalability and sustainability. The
idea is to conceptualize the anthropogenic contamination of agricultural soil leading to the degradation or deterioration of its
properties and functions i.e. the implications for ecosystem services, and highlight the importance of research into restorative
mitigation strategies, key trends, potential applications in real farm field setting, and most importantly, with a special focus
on nexus approaches in environmental sustainability for policy making towards resilient socio-ecological system in a more

globalized agricultural sector for achieving sustainable development goals (SDGSs).

2 MATERIALS AND METHOD

The review has been prepared for submission to this interdisciplinary research journal, as it is a key resource for
dissemination of knowledge for the environmental and soil science communities. We examine the effects of agricultural soil
contamination on ecosystem services and the global sustainable development.

2.1 Method of investigation

Various components from relevant research were identified by conducting a comprehensive searching of current literature;
this encompasses any possible combination of the following: (i) common public knowledge or what is already known, (ii)
state-of-the-art literature survey, (iii) addressal of issues from a practice and policy development point of views, and (iv)
critical appraisal of existing research. The whole study aimed at identifying the nature and extent of research enterprise
providing impact, evidence and real-world applications, while combining the strengths of critical review and conceptual and
thematic analyses. This draft addresses the knowledge gaps or heterogeneity of recommendations for future research by
characterizing both literature and correlation between aspects missing in literature and limitations of their methodologies and
practices.

2.2 Data collection

This started as a secondary research i.e. the literature review. We went on to assemble articles and reports published from
academia and kind of presented this scattered literature in state-of-the-art manner and tried to present them in the context of
the research problem in question. The current state of our knowledge, trends in further studies and advancements in
application thereof, and finally the potential impact mechanisms, and research gaps of sustainable agriculture were
identified. A special focus was laid on policy making directed towards meeting the SDGs. The idea was not to attempt
formal quality assessment of others contribution, but to evaluate the contribution, the current knowledge technologies, and
most importantly, conceptual synthesis not just as narrative approach to understanding soil and its ecosystem services,
contaminants and remediation, and following on from that the importance from research and real farm field application point
of views. It’s not about pointing to pitfalls, but showing how promising scientific endeavors are and how political debates,

knowledge-based policy making, and agricultural practices are tackling soil degradation and pollution with mitigation and



180

185

190

195

200

205

210

https://doi.org/10.5194/egusphere-2025-271
Preprint. Discussion started: 17 July 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

replenishment for its quality restoration. Thus, the methods employed for included search, appraisal, synthesis, and analysis,
not mere description, while trying to maintain scientific reporting to subject specific protocol even within multidisciplinary
analysis. We also considered PRISMA protocol as the name itself suggests preferred reporting items on chemical, biological
degradation or remediation processes for pesticides while systematic reviewing the topic. (Moher, et al 2009 & 2019; Page,
2020, Tarla et al., 2020). Our review writing purports to stand as a succinct account that summarizes some of knowledge
advancements in the field, including origin, challenges, key trends, scope and shows the vitality of the environmental
sustainability in agriculture. While reviewing, we cannot help but jot our ideas to conceptualize contamination and
deterioration of soil quality, implications for ecosystem services and restorative mitigation strategies for achieving

sustainable development goals (SDGS).

3 RESULTS

This report addresses the issues with regards to soil contamination, degradation, remediation, and globalized discourse on
ecosystem, and also critically evaluates the developments in bioremediation and other alternative mitigation strategies noted
in the literature.

3.1 Towards Sustainable Socio-Ecological Systems: Land and Soil Quality Restoration for Sustainable Development Goals
According to FAO et al. (2020), about 135 billion tonnes of soil has been depleted from farmlands since the industrial
revolution. Soil is under great pressure globally (FAO & UNEP, 2021) and the quality of soil itself has become a cause of
serious concern (Zhang, Y. et al 2023) Land degradation and deterioration in agricultural fertility comes with far-reaching
impacts and affects about 40% of the surface globally with dire consequences for biodiversity, climate and livelihood
(UNCCD website, 2024). Rapid degradation in quality of soil is an alarming reality, and it is widespread so much so that it
mocks the global sustainable development (Jie, 2002).

3.1.1 Globalized discourse on environment at the intergovernmental organizations

The efforts made at intergovernmental organizations is noteworthy. The World Commission on Environment and
Development WCED used the term sustainability for the first time in 1987. Sustainability has emerged as an across-the-
board, actually the most comprehensive, concept of all. Sustainability refers to the immutability of systems and processes

that gives an account of the dynamics and the balance between the input and output (Shaikh, 2020)

Sustainable development, as a term, is said to have appeared first in a 1969 official document signed by African nations
under the auspices of the International Union for Conservation of nature (IUCN). In 1987, while pressing the need to study
and identify the human impacts on the environment, the term sustainable development was revisited again in a report
entitled, “Our Common Future,” wherein the United Nations (UN) commission led by Gro Harlem Brundtland defined
sustainable development as “the development that meets the needs of the present without compromising the ability of future

generations to meet their own needs” (Brundtland Commission, 1987). The UN Conference on Environment and
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Development (UNCED, 1992) highlighted the pressing need to come up with a more sustainable way of life by reducing
environmental emissions and using resources carefully. The global goals for sustainable development were adopted by world
leaders in 2015. On 01 January 2016, the goals replaced the eight millennium goals that the UN and the world's countries
had been working on since 2000. Agenda 2030 was adopted to lay out an ingenious approach to socio-economic development
going hand in hand with the environmental conservation (UN, 2015). FAO’s Global Soil Partnership GSP, its
Intergovernmental Technical Panel on Soils ITPS identified soil pollution as a serious problem, and started collecting data at all
levels viz. national, regional and the global (FAO and ITPS, 2015). And since then, there is an increased globalized discourse
on soil, environment and human health (FAO et al., 2021). The Global Status of Soil Pollution report was presented by FAO’s
GSP, its ITPS supported by UNEP, and this report is the result of an inclusive process with scientists from all regions of the
world to bring the science behind soil pollution, and pledge to prevent, address, and remediate soil pollution within the recently
declared UN Decade on Ecosystem Restoration (2021-2030). Actually, the UN Decade on Ecosystems Restoration was adopted
in March 2019.

Soil pollution is a topic of concern, the significance of the problem two/fold as soil pollution adversely affects soil functioning
in the environment and threatens human health and food security. This is evident from the globalized discourse and
collaborative efforts of these intergovernmental organizations and agencies. They highlight the urgency in introducing national,
regional, and international regulations for prevention of pollution in agricultural soil and remediate, as and when required. The
conclusions drawn from the Global Symposium on Soil Pollution (GSOP18, FAO Rome, Italy) unveiled a very heterogeneous
and fragmented data from different regions, data was fairly often missing in many other such instances. And participants of the
GSOP18 called attention to the lack of compatible and comprehensive methods, and also the costly hassle of pollutant analysis
in laboratories. The outcome document of the GSOP18 entitled, “Be the solution to soil pollution,” reflected the conclusions
and recommendations, which further made provisions for substantiating the UNEAS3 resolution (FAO, 2018). In March of 2019,
the UN Decade on Ecosystems Restoration was adopted. And off late, FAO (2022) organized a virtual two-day Global

seminar on strengthening regulations to protect pollinators from pesticides in the month of February that year.

Figure 5 shows some key tools for the sustainably managing soil, including the preventive measures and management of
polluted soils. These documents and dedicated efforts of the FAO & GSP are directed towards valuing and conserving the soil

for the coming generations.

10
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Figure 5 Managing soil sustainably

A standard methods” catalogue for collecting and analyzing contaminants is available with the 1SO Technical Committee
240 190 (Soil Quality). It also offers toolkit for the design and implementation of soil sampling of contaminated sites (1SO,
2024).

The ‘Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and their Disposal” was adopted in
1989, and entered into force in 1992. The Basel Convention work towards reducing the generation and movement of hazardous
wastes, except for the wastes deemed to be safe in environmental management practices, and that such waste management
245  practices protect human health and the environment from any adverse impact which may arise from such wastes (UNEP, 1989;
Basel Convention, 2011). The Basel Protocol on Liability and Compensation establishes financial responsibility for incidents

during transboundary movement until its final disposal or spillages, if any. The Basel Protocol also aims to put a check on

11
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illegal dumping or accidental spillage, and to put in place a comprehensive framework liability and financial compensation for

damage (Basel Convention, 2011).

In 1994, the Basel Convention Ban Amendment was proposed, it was aimed at strengthening the prohibition on export of
hazardous waste to the Least Developed Countries LDCs that have low level of economic and human development. Thanks to a
country-led initiative from Switzerland and Indonesia (Basel Convention, 2019a, 2019b), 98 countries ratified this amendment
as of December 2019.

In 1998, the Rotterdam Convention on Prior Informed Consent for Hazardous Chemicals and Pesticides in International Trade
was adopted and entered into force in 2004. The Rotterdam Convention obliges 164 countries exchange information on
chemical characteristics and also by better export import regulations at national level (Rotterdam Convention, 2010), and
thereby the convention works towards promoting shared responsibility and cooperative efforts between or among or Parties in

international trade of specific hazardous chemicals, including pesticides and industrial chemicals.

In May 2001, the Stockholm Convention on Persistent Organic Pollutants (POPs) was adopted. The Stockholm Convention
entered into force in 2004. The Stockholm Convention is ratified by the record 184 Parties, and tops the list among all the
multilateral environmental agreements or international treaties addressing hazardous waste and chemicals management,
(Stockholm Convention, 2021, UNDP website, 2024). The Convention aims at prohibiting and reducing POPs release, and
works towards restricting POPs in various products, owing to their particularly serious health and environmental properties.

The Stockholm Convention categorized chemicals in three annexes. Annex A covers list of chemicals whose production and use
must be prohibited by the Parties to the Convention. As of now, there are total 14 pesticides in this list, and the import and
export of such pesticides and or chemicals must be legally prohibited by the parties. Annex B lists those two chemicals that
signatories are legally constrained to restrict the production as well as the usage. Annex C lists seven chemicals whose

unintentional release should be reduced.

But, despite all these international efforts over all these years, it feels like we are not doing enough, and are still on the path
of un-sustainable development even though the UN with a set of 17 interconnected SDGs (Figure 6) defined global priorities

and aspirations for the year 2030 aiming at a better and sustainable future for all. (UNGA, 2015).

The United Nations Climate Change Conference (COP29) in Baku, Azerbaijan, like its predecessors, focused on furthering
the UNFCCC (The UN Framework Convention on Climate Change) and the Paris Agreement. COP29 concluded on 24
November 2024 with an agreement to reduce greenhouse gas emissions drastically, and protect lives and livelihoods from
negative impacts further worsening amid climate change. Climate change mitigation topics of limiting the global warming

and adapting to the impacts thereof were revisited. In addition to that, COP29 called on developed countries to take a lead in

12
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Figure 6 A set of 17 interconnected SDGs (UNGA, 2015).

UN Secretary-General Antonio Guterres asked for climate justice earnestly to build a prosperous and sustainable future for
everyone, and appraised this agreement as a base for building more ambitious mitigation outcome and finance while facing
the great climate challenge. (UNFCC, 2024; EC, EU, 2024).

COP16 of the United Nations Convention to Combat Desertification (UNCCD) in Riyadh addressed the urgent global crises
of land degradation, drought and desertification. In the 2024 position paper for COP16, the International Union for
Conservation of Nature (IUCN) recommended, among other things, increased action for the restoration of agricultural lands
for climate and biodiversity benefits (IUCN, 2024).

3.1.2 Contamination as a causal agent of soil degradation and deterioration

Land degradation and quality deterioration or contamination of soil is mostly caused by mining, industries, and urbanisation
or urban pollution. For example, the UKs environment secretary warned at the launch of the Sustainable Soils Alliance in
2017 that only 30 to 40 years are left for their countrys soil fertility to completely diminish from the farmlands (SOCI,
website 2024). Although there is no single metric to estimate the lifespan of a soil, eventual decline in farmland’s fertility is

13
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cause of concern that highlights the importance of need for protection and restoration of the soils that have formed under
thousands of years (Evans, D. L. et al 2020).

Irresponsible farming practices like irrigation and erosion - the removal of soil particles by wind and quick water run-offs
degrade the agricultural land and negatively impact the soil fertility. And other factors including the use of fertilizers or
pesticides while farming, acidification, salt contamination and compaction, and the the fossil fuel burning (Pefia, 2022;
Gautam, et al., 2023) degrade the quality and or deplete the fertility of soil. While broadening our perspective on land use,
we tend to show a prevalent sense of entitlement but lack accountability; we need to narrow down our focus to land
degradation and soil pollution. Soil pollution is nothing but a chemical deterioration and degradation. Soil is under constant
threat from climate change, hydrogeological cycle, natural landscape change or land use change, loss in biodiversity, and
chemical pollution. (Rockstrom et al., 2009). Human activities for infrastructure development and land use can cause physical
degradation of soil, change in physical status and or sealing of soil, for example, compaction by agricultural machinery. Soil
contaminants can impact soil organic matter and beneficial soil microorganisms negatively, and change the soil structure

increasing soil erosion (Korkina & Vorobeichik, 2018).

Contamination of soil is an environmental problem; co-contamination is even worse due to its complexity. Inorganic and
organic contaminants require different mitigation strategies, as they behave differently. Microplastics behave different than
heavy metals and organic pollutants. As rightly pointed by Liu et al. (2019), microplastics are contaminants which can further
adsorb other contaminants, and also present soil microorganisms with a microhabitat. Soils physical structure can be degraded
by contaminants like microplastics, nanomaterials or crude oils. Soil bulk density is increased by crude oils and lowered by
microplastics. Hydrophobic contaminants, if accommodated in the soil pore space, block air and water permeability (Klamerus-
Iwan et al., 2015; de Souza et al., 2018). In addition to that, soil contaminants reach distant areas by characteristic mode of
motion of soil particles in air (saltation movement) and by aerial transport of contaminated soil particles due to wind and
erosion. And if one can only recall, in 2004, the US Environmental Protection Agency estimated 294,000 sites requiring
clean-up (USEPA, 2004). Chinese Ministry of Environmental Protection (MEP China, 2014) reported that an estimated
16.1% of soil was contaminated in China. In India, a guidance document (CPCB India, 2015) for the assessment and
mitigation of contaminants was published by the national program for rehabilitation of polluted sites under the auspices of
Ministry of Environment, Forest and Climate Change. The guidance documents methodologies mainly covered process for
selection and implementation of preferred remediation options, and the technical guidelines and standards that can be

applied.

According to the FAO UNEP report cited earlier, soil is under great pressure globally, and there can be irreparable
consequences for ecosystem and human health due to soil contaminants (FAO & UNEP, 2021); Fantke, P. et al., 2012). The

report also says, “Greater political, business, and social commitment is needed to seek alternatives to the use of
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highly toxic contaminants and to increase investment in (pollution) research, prevention and remediation.” (FAO &
UNEP, 2021). This shall have a special focus on SDGs including zero hunger, no poverty, livelihood, and concerning SDGs
concerning land (soil), air, clean water and sanitation, climate change, biodiversity and ecosystems, etc. Farmers and other
societal stakeholders through incentives and legislative frameworks need to adopt to better land management, restoration and
mitigation strategies with the help of modern and better knowledge technologies i.e. cost effective agricultural practices
more friendly with natural and environmental ecosystems; such practices are essential to delivering sustainable communities.
And in response to this growing threat to humanity, research into sustainable agricultural practices has already gained
significant momentum

(Pifeiro, et al., 2020; Saikanth, et al, 2023; Shaikh, 2020)

3.2.3 Policy, Business and Sustainable Communities

Environmental policy making and knowledge-based green economy are the most sought after deliverables (UN3P, 2011),
and entrepreneurial sustainable development (UN, 2017; Schaltegger, 2018), as we understand it, can be the driving force
behind this paradigm shift. Implementation of environmental sustainability in the agriculture sector requires us to perform
not only the usual economic analysis but also the quantification of its benefits, this includes the justification for economic
prosperity, as in any other industry while keeping in view social wellbeing and equity as well as the environmental
protection and resource conservation, as in the Triple Bottom Line for industry (WBCSD, 2024).

The term “ecoefficiency” was coined by the World Business Council for Sustainable Development (WBCSD) in its 1992
publication “Changing Course,” (Schmidheiny, WBCSD, 1992); it denoted the sustainable development’s business value
and pinpointed corporate enterprises’ responsibility and culpability for using unsafe materials in their processes or products
(Fiskel, & Fiskel, 2001; Rogers, & Roberta, 2001), which by the way needs tools viz. Life Cycle Analysis (LCA), Long
term Risk Assessment, and Total Cost Assessment for evaluating the benefits of implementing environmental sustainability
in agriculture. One can find the list of impact categories (resources, ecosystem health and human health) addressed in a LCA
and learn more from Wiley's renowned reference work Chemical Technology and the Environment; an important information
can also be found on green chemistry (Figure 7 including its insets a-d) in one of earlier papers. (Kirk-Othmer Chemical
Technology & the Environment, 2007; Shaikh, et al., 2018)

The doughnut model of economics is especially handy in public policy making. It is line with the framework for sustainable
development; the doughnut model converges core needs of all on the economic activities (the concept of social boundaries)
that reside within the planetary means (the concept of planetary boundaries), or flourish in harmony with the planet (Raworth,
2017). In our opinion, it is therefore, a special research front tackling land degradation that impacts agro ecological system
productivity and resource sustainability is high on demand; knowledge transfer initiatives towards mitigation and adaptation
to climate change while making provisions for ecosystem services of soil should be our topmost priorities with a more

planet- and people-centred inclusive growth model over only (what) profits.
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Figure 7 Green chemistry and its 12 principles (Shaikh, 2013, 2014; Anastas, & Waner, 1998). Figure insets: Figure 7 a & 7
b shows the chemical structures of DDT & Pyrene respectively; Figure 7 ¢ Sustainable development from chemistry point of
view; Figure 7 d The triple bottom line for industry (WBCSD. 1992).

3.3 Soil Contaminants Origin, causes and status

Anything that poses risks to human health by way of exceeding its naturally-occurring level is considered as a contaminant
in soil. But there is no single reason or source of soil pollution; it actually varies by region. Industrial pollution is the culprit
in North America and western Europe, whereas in sub-Saharan Africa it is mining. Urban pollution or poor waste disposal is
responsible for soil pollution in the northern Africa and near east. Irresponsible farming is the biggest reason behind the soil
pollution in Asia, eastern Europe and Latin America (8 FAO UNEP, 2021).

Soil is already a complex mixture of inorganic components, organic matter or materials, water and various microbial life
forms, and soil contamination may result naturally from the transfer by rain or from windborne dust. In 2015, when a forest
fire broke out in the 30-kilometre exclusion zone or the Chernobyl nuclear power plant zone of alienation, radiocaesium or

Cesium -137 radionuclides were transported long distance affecting not only the Russian Federation but also Eastern and
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Central Europe, Latvia, Lithuania, Finland, and southeastern Europe or the Balkan Penninsula region (Evangeliou et al., 2016).
Water or lipid soluble contaminants of soil, soil contaminants in air, and residual soil contaminants from plant decay, etc. can
all be transferred between or among different components like air, water and soil or even plants through partitioning, by dry
deposition, wet deposition, etc. Deposition from the atmosphere is one thing, but contaminant sources like direct spraying or
mixing of contaminants to soil, including the use of synthetic fertilizers and plant protection agents, sewage sludge
application on agricultural lands and pasture, contaminated irrigation waters, etc. are actually internal to soil (Malakar, et al
2019; Iticescu, et al., 2021; Lamastra, et al 2018: Orosun, et al., 2023; EEA, 2024; Goldemund, 2004; Shaikh, et al., 2012).

Let’s be honest; even the agrochemical contaminants directly applied to the agricultural soil was not of concern for many
people for many years, until serious health effects started propping up. Toxicity of organic and inorganic contaminants have
four main mechanisms carcinogenic, neurotoxic, teratogenic, and endocrine disruption. Such contaminants are also found to
produce stress proteins by inducing cellular oxidative stress (Landrigan et al., 2018; Stohs & Bagchi, 1995). There is a definite
risk to human health due to soil pollution. The role soil plays on human health (Abrahams, 2002; Oliver, 2008) is crucial in

achieving SDG number 3: healthy lives and well-being for all.

WHO (2010) has identified and listed Arsenic, Cadmium, Lead, Mercury, Dioxin, Flouride, Benzene, Asbestos, hazardous
pesticides and air pollution as ten contaminants of public health concern, and 9 out of 10 are soil contaminants with confirmed
adverse impacts on human health.

3.3.1 Soil pollution: Impact and its implications on environment

As noted earlier, anything that poses risks to human health by way of exceeding its naturally-occurring level is considered
pollutant, and we know by now that direct spraying of contaminants to the crops and or the agricultural soil is of a greater
concern. It is high time we weigh the scientific judgement over commercial considerations and promote better farming and
effective waste management (Shaikh, et al., 2012). Pollution prevention is always better than costly and cumbersome
cleanups after pollution, and this cannot be far from truth as the long-lasting pollutants in soil cannot be easily
quantified. Reasons that require immediate attention among other things are the emergence of pesticide resistance among
insect-pests, and the high cost of pesticides not delivering desired results, instead having ecological and environmental
repercussions. And research into investigating increased concentrations of potentially toxic elements in soil, crop protection
chemical agents causing loss of soil fertility and thereby forcing soil remediation, and the human health risk assessment of
various soil contaminants including agrochemicals are rapidly becoming complementary now. And so an increasing number
of scholars have therefore started focusing on different types of land use and the identification of the of the effects thereof on
pollutant concentrations and in different functional areas; this includes identifying contaminants, sources of contaminants,

sampling for soil contamination analysis, further experimenting, and even applying geostatistical methods and studying
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pollution processes and their impact, mechanisms, assessment and remediation by way of physico-chemical technologies,
phyto-/bioremediation, metabolomics, etc.

Soil fertility can be conserved by implementing environmental sustainability in farming i.e. by minimizing biological,
chemical and physical degradation of soil; this shall include (i) enhancing biotic and abiotic resources, (ii) minimizing the
disruption of these biotic and abiotic resources, and (iii) minimizing the disruption of and also minimizing the mining of soil
nutrient pool, etc. In cases such as these, there is no excuse for the ignorance, but we do need to undertake the chemical and
toxicological profiling of such chemical products and their effects, and embark upon environmental sustainability to make
natural as well synthetic chemical processes benign (Shaikh, 2014). If we give careful attention and resolve several problems

that arise from the present-day agricultural practice, we can reap socio-economic benefits and healthy food from soil.

3.3.2 The green revolution

The technology transfer initiatives taken during the Green Revolution really revolutionized the crop production and secured
self-sufficiency in food grains for many nations, but it all came with significant environmental cost.

Agricultural Sector: From Crop Production to Pollution

Over the period 1961 to 2020, the global agricultural sector underwent enormous change, in terms of resource use and the
improvements in and optimization of crop production (Vaidyanathan, et al., 2023; Swaminathan, 2009; Ritchie, 2017). The
works of American scientist Norman Borlaug and Indian scientist M. S. Swaminathan were exemplary in food security
owing to the growth in global population and demand in feeding these people. Some important measures were taken during
the 1960s and 1970s; these drastic changes included the use of high yielding seeds, their variety, especially for wheat and
rice, and most importantly the application of synthetic fertilizers and insecticides ensuring increased production of food
grains and pest-control respectively (Fuglie, et al, 2024). But despite all the achievements of the Green Revolution, the
initiatives taken during the Green Revolution met with some harsh criticism by 1990s and the environmentalists, economists,
and social scientists began advocating careful adoption of the technology transfer and or new Green Revolution (FAO, 2010
retrieved 2024) aiming at but replenishing soil fertility (Sanchez, et al. 1997) and increased crop agricultural productivity or
functional food availability for good health as the global population with its current rate is expected to reach 9.6 billion by
2050 (Tripathi, et al. 2019). So, no matter how much useful agrochemicals are in controlling the weeds or insects, their
use comes at a significant environmental repercussion. Nowadays, when the word agrochemical or just chemical is
uttered in public, all seem to assume that chemistry applications disregard the environment, and in the public eye, the
word chemical is becoming synonymous to contaminant now. But the chemical age has contributed to the well-being of
mankind by contributing to pharmaceutical, petrochemical and agrochemical industries; there is no denial to the fact that the
global population could meet the overall food demand because of these chemical crop protection agents. Pollution due to
agrochemical industries is considered un-avoidable, and a widespread phenomenon now. Almost every component of

the environment has been contaminated by pesticides (Brihl, et al. 2024), and such contamination present significant
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risks to off-target vegetation including the beneficial soil microbes, insects, animals, birds, fish, and the environment.
And it’s not always easy to fully evaluate or comprehend the short-term and long-term risks to the human health.
Acidification of agricultural soil is caused by indiscriminate use of inorganic (nitrogen) fertilizers (Cachada et al.,
2018), and carbon sequestration is adversely impacted due to land use changes (Duarte-Guardiaet et al., 2019).
Moreover, contaminants like plastics, pharmaceuticals and anti-microbials leading to drug-resistant bacteria are
emerging, meaning soil contaminants are expected to increase further. There are health consequences of exposure to
trace elements, but other inorganic contaminants although less of a concern should be studied for their toxicity, too.
So be it fertilizer or pesticide, a little can do good to the production of grains, but a lot can deteriorate the quality or fertility
of soil and damage human health.

4 DISCUSSIONS

The results point to observations and findings, and highlight the process and technical or scientific contributions to
knowledge or technical research on soil degradation and remediation. There is a strong correlation between progress in
research enterprise and the global discourse on environment for progressing with holistic approach towards sustainable
development.

4.1 Pesticide — Crop protection agent with environmental repercussions

Pesticide, derived from the Latin words pestis (plague) and caedere (kill), is a chemical or biological agent used to protect
plants from insects or fungi and weeds. Sulphur, arsenic, and nicotine were among the "“first-generation" pesticides sprayed
on crops, but owing to their ineffectiveness and toxicity were gradually replaced with the "second-generation" synthetic
pesticides after the World War 1lI; the examples of affordable insecticides among other things were organochlorines like

dichloro-diphenyl-trichloroethane (DDT), dieldrin, and organophosphates and phenoxy acids (Handford, et al., 2015).

As said earlier, pesticides are inherently xenobiotic in nature, and pesticides remain as exorbitant deposition in soils causing
harmful effects on the composition, abundance and proliferation of rhizosphere microbiome (Magdoff & Van, 2021).
Unmethodical or haphazard usage of synthetic pesticides cause their exorbitant depositions, and consequent accumulation in
soil adversely affecting the abundance, diversity, composition, and functions of beneficial Rhizosphere microorganisms. In
other words, pesticide kills pests and insects, but it also has ecological repercussions. (Jeyaseelan, et al. 2024).

Pesticide contaminated soil disrupts the detoxifying role microbiomes play; pesticides can harmfully affect or kill symbionts

by destructing ultra-structures, morphology, cellular permeability, and even the protein profiles of the microbes.

Generally speaking, pesticides are not soluble in water and are non-biodegradable. When applied in excess, pesticides form
exorbitant deposits, and consequent accumulate in soil inhibiting the nitrogen fixation process by altering molecular level
interaction between plants and soil microbiome, e.g. rhizosphere Bacteroidetes, Proteo-bacteria, and other Copiotrophs

(Ling, et al 2022); excessive usage of pesticides has adverse effects on further biotransformation of beneficial
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microorganisms in soil and biochemical reactions, viz. mineralization of organic matter, nitrification, de-nitrification,
ammonification, etc. And substantially less water-soluble DDT (dichlorodiphenyltrichloroethane), HCH (hexa-
chlorocyclohexane), aldrin, chlordane, dieldrin, endrin, endosulfan, heptachlor, lindane can chemically bound to the soil
particles (Syafrudin et al., 2021).

PAHSs, already listed in the Stockholm Convention, are continuously and unintentionally emitted globally as by-products of

fossil fuel use or refineries, smoke-stack industries, and also the biomass burning.

Depending on the type or class, concentration, and the environmental factors, herbicides can disrupt benign microbial
interactions, herbicides can e.g. inhibit Mycorrhizal fungi, reduce enzyme activities, and taper the mineralization of nitrogen
(Ikioukenigha, et al., 2024; Sarker, et al., 2024).

Although perceived obstacular in securing agri-food sustainably (Aktar, et al., 2009), the application of chemical pesticides
in the farm fields is still considered indispensable for optimized and increased crop-production in meeting the needs of
growing population and in controlling pests and various communicable diseases in most parts of the planet. And over the last
decade, an increase of 20% in volume was observed in pesticide use globally, and a whopping 153% increase was witnessed
by the coutries with low-income economies. (Shattuck, et al 2023).

So, the best way to start preventing pesticide contamination in soil for farmers is to prefer safer and possibly non-
chemical weed control and insect killing alternatives. What we need is an in-depth science based understanding of the
soil quality, knowledge of local weather conditions, and the locality along with suitable recommendations on organic inputs,
integrated pest control strategies, enhancing beneficial plant-microbe interactions, harvest or post-harvest strategies,
breeding, crop rotation with legumes, and or the use of improved germplasm, etc. And soil health can be restored by
Genetically modified organisms (GMOs) capable of catalyzing pesticide degradation process and thereby neutralizing or

removing the xenobiotic effects of pesticides in soil.(Rebello, et al 2021).
4.2 Remediation Importance of physicochemical and microbial studies for environmental sustainability

Physicochemical and microbiological studies of soil are essential to remediation Shaikh et al 2012. Trace elements are
immobilized to reduce their bioavailability (Adriano, et al., 1999), to prohibit a chemical/substance from crossing an
organism’s cellular membrane (Semple et al., 2004, Klaassen et al., 2013)

Microorganisms cannot degrade trace elements, but convert them to less hazardous forms i.e. possessing less hazardous
physical and chemical properties. Highly mobile and toxic chromium in its hexavalent state can be reduced to its less mobile
and less toxic trivalent state by anaerobic microorganisms. (Sumikura and Shiiba, 2016; Thatoi et al., 2014). Soils are generally
wetted and also added with organic and inorganic amendments to exclude oxygen and thereby stimulate the anaerobic
microorganisms. Explosives RDX and HMX can also be effectively treated anaerobically. And in case of contaminants such as
chlorinated organic compounds, reductive dechlorination of these compounds are carried out by adding electron donors to the
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contaminated soil. Researchers (Dalgren, et al., 2009; Garcia, et al. 2013) suggested that biodegradation can be enhanced by
combining phytoremediation and microbial remediation strategies. And, there are many more chemical and thermal treatments

500 available for complete destruction of soil contaminants, and or their degradation to less toxic species (Figure 8 & Table 1).
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Figure 8 Soil remediation [Disclaimer: Part of this figure, although drawn by the authors include Soil Vapour Extraction
from Shah et al., (1995), and credited to them, but the aforementioned part of drawing was found by accessing Evuti, M. et
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Table 1. Soil contaminants and methods of treatment. Pollutant destruction and or remedial actions to restore degraded soil

Soil contaminants

Treatment or method of destruction and removal or

remediation

Heavy metals (Pb and Cd) or trace
metalloid having pH and redox
condition

dependent  mobility;

toxic effects on plants and humans

Chemical & phytoremediation

Chlorination and thermal treatment,

Remedial technologies like solification, stabiliation, liming,
etc.

(Sante, M.Di. 2020, Hu, Y. et al., 2024, CLU/IN, 2024)

Radionuclides
Serious consequences upon human

exposure to radionuclides

Mainly stabilization and excavation
Remediation by electro-kinesis
(Ammar, A. et al., 2025)

Highly soluble, mobile and | Chemical
phytotoxic inorganic salts Leaching; application of CaSO42H.0
PAHSs AOP, Nanoremediation, Bioremediation, etc.

Phenanthrene, Pyrene

Photocatalysis

UV treatment using rutile nanosized TiO;

Chemical

Magnetite-activated persulfate oxidation

PFHxXA, PFOA, and PFOS

Thermal
Temperature 900-1100 °C

Dieldrin, endrin, DDT and lindan

Bioremediation

Iron reducing bacteria for the soil remediation with Chlorinated
organic compounds

(zhong, H. et al., 20224)

DDT contaminated sediments

Mixed methods / phytoremediation:

Bacteria and white-rot fungi enhanced DDT degradation,
biological approach, use of cattle manure compost, spent
mushroom waste degrade DDT

dredging, capping, natural attenuation. sediment washing, and

Petroleum hydrocarbons
Complex mixture of compounds;

significant solubility/toxicity

Land farming; thermal desorption, biodegradation
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Bioremediation is an effective, economical, and environmentally benign biological therapy for soil ecosystem, wherein
microbes, algae, and plants are put to good use for removing and or minimizing severity of soil contaminants present in the
ecosystem (Saxena & Bharagava, 2020; Kuppusamy et al., 2020). Increased investments are expected in pests and insect
control technologies by employing such microbial, plant-incorporated protectants, and biochemical pesticides originating

from Nature. (Duarte, et al., 2018) rather than taking time out and reduce our exposure.

Omics tools:  Although no single omics method can provide enough data, omics methods such as bioinformatics, genomics,
metabolomics, proteomics, and transcriptomics can produce data relating to the genes and proteins involved in pesticide
degradation pathway (Rodriguez et al., 2020; Gangola et al., 2022; Raj, et al., 2023, Kumar, et al. 2024).

Biotechnological advances can improve pest control by using gene editing, gene transformation, marker-assisted selection,
omics, RNA interference, etc.

Pesticide remediation is a complex issue specific to pesticide- and climate-factors and redox, catalysis, and hydrolysis are
key reported pesticide remediation strategies. (Sarker, 2023)

Irresponsible agricultural practices can lead to pesticide residues persisting in the food chain (Damalas & Eleftherohorinos,
2011). The European Union has already banned around 850 pesticide-active ingredients (Landrigan et al., 2018; Pappas &
Foos, 2023). Countries like China, USA, and Brazil still top the list of the world's top three pesticide users based on the
frequency of application, and that amounts to over 70% of all the global pesticide use. (Zhang, et al 2022, Tang et al., 2022).
Sustainable or good agricultural practice requires use of crop protection agents posing no threat to off-target vegetation. And
identifying and filling-up of holes in our knowledge on diversified life cycle studies starting from pesticide residue
monitoring, pesticide-specific safety recommendations, transport and secured disposal, and potential risks to benign biota
and transformed metabolites, if any are vital (Sarker, et al., 2024).

Multi-dimensional chemical and biological degradation methods and especially the prospects of synthetic biology in
degrading pesticide residues are of great interest (Ruomeng, et al 2023). Substantial reduction in use of pesticide has become
a complex issue because most of the agriculture-based food sector relies heavily on pesticide use, despite phasing pesticide
out from the farm field applications has become a common goal for the EU nations. (Jacquet, et al., 2022). As per the official
records, 370 million kilograms of pesticides had been sold in the EU in 2018. (Eurostat 2020/a). And as the European Green
Deal strategy goes, soil plays a crucial role in achieving the ambitious target of a climate neutral EU by year 2050. (EC,
2020; EC, 2017; FAO, 2022). The research enterprise e.g. Jacquet, F. et al. (2022) highlights the need to adapt to a pesticide-
free agriculture or navigating paradigm shift, and outlines five conjointly undertaken strategies which shall have a deep
impact on pesticide use (Figure 9). Here, by research enterprise we mean research projects conducted by academicians

aimed at generating evidence of impact for informing decision-making in agricultural sustainability.
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Figure 9 Five research fronts for pesticide-free-paradigm: Five Systematic and coupled innovation (Jacquet, et al. 2022)

Off late, cost-effective, efficient and advanced technology driven soil washing projects are being taken up to respect
stringent environmental regulations. (Wilson, and Conway, 2024). Many remediation case studies were conducted in the
past (CLU-IN, 2024). We present herein a collection of case studies of site monitoting and or remediation applications, these
studies were undertaken in different countries with different motives, but what is interesting to notice is the the results and
lessons learned from applications in soil remediation of polluted sites, and even in real farm field setting. Most of them help
us establish benchmark data on technology advancement, cost effectiveness, and the overall performance leading us to

believe in futurustic sustainable agricultural practices.
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4.3 CASE STUDIES
Case Study 1 The Vemmenhdg Project, Sweden

Indiscriminate use of pesticides in agriculture contaminated water bodies of Vemmenhdég in Sweden during the mid-1980's.
And so the Vemmenhdg Project was launched in 1990 after monitoring studies on aquatic environments within the
Vemmenhog agricultural catchment revealed pesticide contamination (Kreuger & Brink, 1988). This project based on
research started investigating sources of pesticides, pathways and occurrence thereof in water streams within the catchment
area, and continued over almost the entire decade of 1990. A monitoring work was conducted in co-operation with the local
farmers. Farmers were made aware of the benefits and environmental repercussions of pesticides. This project encouraged
transfer of scientific knowledge to farmers, and inspired them to change to better agricultural practices, and as a result the
average pesticide concentrations dropped by more than 90%. The Vemmenhog catchment area saw a drastic reduction in
transport of pesticides to surface waters. (EEA, EU, 2024) This project is a good example of research enterprise influencing

practitioners (farmers) by generating evidence of impact for informing decision-making in agricultural sustainability.

Case Study 2. Remediation of dichloro-diphenyl-trichloroethane (DDT) and hexachlorocyclohexane (HCH) contaminated

soil, Huaxin Cement, Hubei, People’s Republic of China

Firstly, a pre-processing unit was constructed for grinding and drying of the polluted soil. DDT and HCH were made to
partially volatilize by passing hot gases (300 °C to 350 °C) through that unit, and then they were combusted in the pre-
calciner. Contaminated soils with DDT concentrations 243 mg/kg to 429 mg/kg and HCH concentrations 37.9 mg/kg to 60.6
mg/kg were subjected to thermal oxidation, and stored in a silo, and the remnant DDT and HCH were made to combust in
the pre-calciner (1 000 °C). Such soil is then made to convert to cement clinker by passing through the rotary kiln as an
alternative raw material, and as an additive to other usual raw materials. According to Li et al. (2015), 400 000 tonnes of

contaminated soil was successfully co-utilized in this plant within just two years.
Case study 3. Use of spent mushroom compost for remediation of PCB polluted soil, Italy

The Caffaro company had a chemical manufacturing unit or site in Brescia, Italy since 1906. The company manufactured
polychlorinated biphenyls (PCB) during the period of 1938 1984. PCB is listed under Annex A as a persistent organic
pollutant. This polluted site in Brescia, Italy is no longer is use, but Teseco undertook an important project and demonstrated
effective remediation of the soil there by using spent mushroom substrate. Biopile piolot plant treated ten tonnes of polluted
soil, and the decontamination capacity was verified, and after the public health intervention, a substantial decline of PCBs

serum levels was observed (Magoni, et al. 2016).
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Case study 4. Chloroform and tetrachloromethane polluted soil remediation, Italy

The vadose and saturated soil layers in northern Italy had been polluted due to the leakage of tetrachloromethane (CCly),
chloroform (CCls), hexavalent chromium, and perchloroethene (PCE) and trichloroethene (TCE) from an underground
storage at a chemical manufacturing site there. CHCIs and CCls were found in high concentrations in the saturated zone
during an initial risk assessment and conceptual site model, while CHClzwas in high concentrations in the vadose zone. As
remediation strategies, hydraulic containment barrier using pump and treat technique and soil vapour extraction (for
chloroform) was carried out in for the saturated zone and the vadose zone respectively. After a year into its operation in

2017, the in-situ remediation project successfully decreased the concentrations of contaminants in the polluted soil zones.

We should revalue resource use, production pattern and make it safe and environmental friendly; we should adopt to circular
economy, entrepreneurial sustainable development, and above all, we should include risk assessment prior to the pest
management, waste treatment, and inculcate environmental sustainability in agricultural practices with the help of research
enterprise. In order for us to address soil pollution, what is necessary is the implementation of tools such as Life Cycle
Assessment, the Triple Bottom Line, Doughnut Model and relevant policy commitments such as the Basel and most importantly
the tools like the International Code of Conduct for the Sustainable Use and Management of Fertilizers (Fertilizer Code) and the
Voluntary Guidelines for Sustainable Soil Management (VGSSM).

5 FUTURE SCOPE

There is always a risk in predicting the future of any research enterprise, but organic modifications to soil,
application of biopesticides, periodic monitoring and model studies as that of ours in assessing phytotoxicity of trace
metal concentration and other contaminants, eutrophication analysis for biota or biomass, bioremediation, etc.
undoubtedly attract widespread attention. Research into enhancing soil resilience and microbe diversity for nutrient
cycling, and the development of efficient degradation or contaminant removal technologies are in demand as well. It
would also be good to see the researchers developing nanoremediation techniques be used for their large scale and
safe applications in the real farm field setting. It will certainly be satisfying to see tremendous efforts come to
fruition upon globalized discourse leading to policy making and actions at local level after having learnt from the
research community. And as for the chemical crop protection agents and contamination caused by them, we can say
that sustainability can achieved through various practical approaches, operational tools, and monitoring tools of
chemistry. Chemistry plays pivotal role in the Life Cycle Assessment (LCA) and resource efficiency. It is therefore
necessary to highlight the cross-sectional roles of chemistry and reduce pollution in natural as well as synthetic industrial
chemical processes, and that could be they key aspects of sustainable development from chemical perspective (Shaikh, 2013,
2014, 2020). In other words, one cannot help but notice a strong relationship between designing benign industrial ecology

with the help of chemistry in this anthropocene era. Implementing environmental sustainability for soil and its ecosystem
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services demands further basic to applied research on sustainable and green chemistry, (Anastas & Warner 1998) in
identifying contaminants, risk assessment, and analyzing level of soil contamination, developing mitigation strategies, and
improved measures and or more practical applications in real farm field setting. Innovation in green chemistry and
engineering intertwined with environmental sustainability will be key to transitioning to a pollution free soil and its

ecosystem services.

6 CONCLUSIONS

This report does not follow any specific methodological framework for the critical literature review, but successfully screens
and synthesizes relevant literature available in the field of relevance and attempts to conceptualize what restoration of
contaminated soil is, and subject the theme to two-level analyses facilitating systematic interdependence of restorative
mitigation of contaminated soil for ecosystem services, and influences from research enterprise and sustainable development
goals. Since there are no standards for assessing sustainability in agriculture practices, implementation of environmental
sustainability, research, and encouragement for policy making through active participation of stakeholders at the highest
intergovernmental level is considered crucial in transitioning to sustainable agriculture with possibility of real farm field
applications. In doing so, the review tries to bring some case studies and many outstanding researches together to show the
importance of good agricultural practices while illustrating the significance of soil quality, its properties, functions and or the

ecosystem services.

Key findings include: There has been a marked increase in agricultural soil contamination due to agrochemicals and heavy
metals. While pesticide was was encouraged during and post-green revolution as a way of providing fertilizaers and using
chemicals as crop protection agents, the indiscriminate usage continues to adversely affect soil, quality and agricultural
productivity. The attitude towards looking at resource use has changed, as the menace compounded with climate change has
transhoundary effects on soil pollution. The soil microbes are at risk causing disruptions to ecosystem services, including
problems with nutrient cycling or nitrogen fixation. The soil pollution subjects to socio-ecological system at risk, and

thereby mocking the global sustainable development goals.

Soil pollution or contamination with agrochemicals is a serious issue, and remedial actions need to be taken towards
enhancing soil resilience while moving towards sustainable consumption and production patterns, for a well-functioning
socio-ecological system. This report demonstrates extremely thorough secondary research and describes critically its
characteristics to conceptual innovation and analysis that results in cross-sectional role that current science plays, in
particular that of the green chemistry and environmental sustainability in conceptualizing the theme of soil restorative
mitigation, and thereby reflecting upon degradation of soil quality, soil functions, and remediation of polluted soil with a

special focus on pesticide contamination, impact, mechanism and implications thereof on ecosystem services, along with
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some exemplary case studies to show evidence of impact with high standards of scalability and sustainability. Future studies

will explore further cross-sectional role of green chemistry on agro-system or agriculture.
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