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Influence of Soil on Crop Performance and Ecosystem Services: A Review

Abstract

Globally, the soil has a direct or indirect role in effective and sustainableagricultural production.
This is due to the soil's multiple benefits to the creation of food, whether it comes from crops or
animals. The pH, organic matter content, and nutritional balance of soils all affect how well they
perform as vital life supports and nourishment sources. In addition to supporting a variety of
living things and aiding in water regulation, these substrates are essential for sequestering
carbon, particularly in light of climate change. But because of climate and human influences,
soils are under danger, necessitating proactive resource management techniques. Combating
degradation of the soil, which is impacted by things like unsustainable agriculture, deforestation,
and inadequate irrigation, is essential to stopping desertification. Sustainable practices like
nutrient management and integrated.soil fertility management, proper tillage operation, etc. aim
to increase crop productivity and improve soil fertility. Management techniques and
environmental modifications have the potential to boost sustainability and enhance ecosystem
serviceand help create agroecosystems that are robust to stress, resource efficiency, and climate

change.
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1. Introduction

Global soil degradation is a significant environmental issue, and there is compelling evidence
that the processes leading to soil degradation pose a short-term risk to biomass and economic
yields as well as a long-term risk to crop yields in the future. The foundation of our ecosystems
is the diverse function that soils play in sustaining plant development, controlling water flow,
cycling nutrients, and maintaining a wide variety of species [1,2]. Additionally, soils are
important for regulating temperature and reducing greenhouse gas emissions because they
function as sinks for carbon (C) [3,4]. But human demands and the effects of climate change



have caused an alarming decline in the ecological services that soils offer, jeopardising the health
of the world. Nonetheless, more obvious environmental issues sometimes eclipse the intricacy

and significance of soils [5,6].

The loss of soil structure is frequently linked to land use and soil/crop management techniques,
and it is increasingly recognised as a kind of soil degradation. Due to human activities like
pollution, industrial agriculture, deforestation, and urbanisation, soils have to contend with a
previously unheard-of range of difficulties. These dangers have impacted the ability of the soil to
deliver vital ecosystem services by causing extensive soil degradation, erosion, salinization, and
desertification [7]. In addition to negatively impacting the planet's ecosystem services and
general climatic conditions, such a scenario increases the dangers of soil erosion; desertification,
and biodiversity loss [8]. These difficulties are made worse by the demands of a world
population that is predicted to expand by 70% to around 10 billion people by the year 2050 [9].
Soil structure affects externalities including runoff, contamination of surface and ground waters,
and emissions of CO,. Reducing tillage and fertilisation can lower greenhouse gas emissions
since they use less fossil fuel for agriculture and production inputs. Management techniques have
an impact on species biodiversity; generally speaking, high-input agricultural techniques reduce
biodiversity while low-input technigues-increase it. Finding ways to boost crop production
without sacrificing environmental. quality .is crucial given the growing population and

urbanisation.

Quantifying the alterations to. the 'soil ecosystem is essential for assessing the effects of
management strategies. on:.the soil environment. As the cornerstone of flourishing ecosystems
and communities, healthy soils are also intimately related to biodiversity, water quality, human
health, mitigation and adaptation of climate change, and food and nutritional security [10,11]. It
is critical to stop land degradation brought on by nutrient losses, soil erosion, and losses of
ecological integrity [12]. This review focuses on a broad spectrum of anthropogenic and
environmental elements and their dynamic interactions. In order to increase agricultural
production and sustainability, soil factors are examined in connection to the environment,

biological components, and management techniques.

2. Soils in Ecosystem Services and Nutrient Cycling



The foundation of life on Earth, soils enable essential ecological processes that support and
maintain life as we know it. With an emphasis on both biogeochemical and ecological
viewpoints, this chapter delves deeply into the complex role that soils play in ecosystem services
and nutrient cycling [13]. A wide variety of plants and animals, including a vast array of
microorganisms that power biogeochemical processes, may be found in soils, which serve as the
foundation of terrestrial ecosystems [14]. The supply of ecosystem services—the innumerable
advantages that nature offers to humans—is supported by this biodiversity <and is. frequently
influenced by soil characteristics including texture, structure, and organic matter. concentration

[15,16]. These services fall under the following categories [17].

Providing services: Refers to the material goods made from soils, such as food, fuel, fibre,
medicinal plants, and more. Over 2.5 billion people were projected by the World Bank to be
directly dependent on agriculture in 2007 [18]. This underscores the critical role that soil health
plays in maintaining global food security. This highlights the complicated relationships that are
becoming more recognised between crop output, nutritional content, and soil conditions [19].
Nevertheless, unsustainable farming methods such as.over cultivation and improper use of
chemical fertilisers are steadily reducing soil fertility, endangering food supply in the future, and
causing further unanticipated environmental effects [19-21].

Controlling services: Includes managing ecological systems and processes. In addition to
reducing flood risks and guaranteeing the availability of clean water for use by humans and the
environment, soils also play a critical role in water regulation by absorbing, storing, and
purifying water through soil-water interactions that are influenced by factors such as soil cation
exchange capacity, porosity, and land management [22]. The mitigation of climate change by
carbon: sequestration is another important regulatory function. By acting as a carbon sink and
reducing the impacts of greenhouse gases, soil organic matter has the ability to be strategically
manipulated through certain land use practices [23,24].

Supporting services: Uphold biodiversity and facilitate other ecosystem services like nutrient
cycling, which is essential to soil fertility, preserving soil structure, and promoting biodiversity.
These activities involve intricate interactions between plants, microorganisms, and soil minerals
[25].



Cultural services:Include the intangible benefits of ecosystems such as intellectual growth,
spiritual enrichment, leisure, and aesthetic enjoyment[26].

Soils play a crucial role in providing these cultural benefits due to their extensive biodiversity
(Table 1). They reinforce a feeling of location and cultural identity by sculpting landscapes,
influencing regional customs and practices, and igniting creative and spiritual endeavours [27].
But the availability of these ecological services is becoming more and more threatened by human
demands and climate change. A major worldwide problem is soil degradation, which is defined
by the loss of soil organic matter, the depletion of nutrients, and the disturbance of soil'structure.
Among the main drivers of soil degradation, disturbance of nutrient cycling,-and negative effects
on biodiversity and ecosystem services include changes in land-use patterns, deforestation, and
inefficient agriculture techniques. Since these processes are intimately. related to larger socio-
ecological systems, conservation and management must be approached holistically [28].

Table 1: Multifaceted Roles of Soils in Ecosystem Services and Nutrient Cycling

Role of Soil Ecosystem

Description i References
Service

Supports  diverse  flora, . fauna, and

Support for microorganisms driving  biogeochemical | Supporting | [29]

Biodiversity
processes.
Provisioning Includes " tangible " products derived from L
. oy . .. Pr nin 2

Services soils-like food, fiber, fuel, medicinal plants. ovisioning | [20]
Soil Health & | Link between soil:properties, crop yield, and
Global Food | nutritional  content. Importance  of | Provisioning | [21]
Security sustainable practices.
Water Absorbs, stores, and purifies water,

i infl factors like cation han Regulatin 22,
Regulation influenced by factors like cation exchange | Regulating | [22,30]

capacity, porosity, and land management.

Climate Change | Acts as a carbon sink through soil organic Regulating | [23,24]

Mitigation matter, mitigating greenhouse gases.

Nutrient Fundamental to soil fertility, maintaining .

Cycling soil structure, and fostering biodiversity. Supporting | [25]
Encompasses spiritual enrichment,

Cultl_JraI mtellec_tual (_jevelopment, recreation, and Cultural [27]

Services aesthetic enjoyment. Shapes landscapes,
traditions, artistic, and spiritual endeavors.

Soil Characterized by nutrient depletion, loss of | 28]

Degradation & | organic matter, and disruption of structure,




Nutrient leading to land degradation.

Depletion
Need to prioritize sustainable soil
. .. | management, including conservation,
Strategic  Soil reducing degradation, and restoration. | - [28]

Management Fundamental to continued provision of

ecosystem services and nutrient cycling.

3. Soils in Plant Growth Mechanism

Soil is a natural resource that gives plants the assistance they need to grow and develop. It does
this by facilitating root penetration, maintaining soil pH levels; and offering  structural
appropriateness and water retention capacity. It performs a variety of tasks that promote plant
growth and development in terms of anchoring, nutrient and water supply, as it interfaces with
the lithosphere, hydrosphere, atmosphere, and biosphere [31].

Anchorage: For plants to thrive and proliferate on land, the. soil serves as a crucial and
fundamental substrate or basis. According to Biswas and Mukherjee [32], the ground (soil) or

base aids in providing deep anchoring for plant roots to endure high winds and/or lightning.

Nutrient supply: The soil stores nutrients-and enables them to change into forms that are useful.
The biotic kingdom receives its food supplementation from the soil due to its fertility and
productive capacity. The main factor in restoring soil fertility is well-drained soil. According to

Sahai [33], soil organic matter enhances soil structure, moisture retention, and root penetration.

Water supply: Soil is.the repository of water wealth. Organic matter in the soil contributes to
better root penetration, moisture retention, and soil structure. The area of saturated flow in the
soil is known as the groundwater and is found there. Water from that region percolates through
the: soil profile to reach the parts where plant roots may absorb it through the process of
infiltration [34].

4. Soil Fertility and Crop Growth

Natural nutrient cycling has taken place throughout Earth's history, with plants and animals
receiving nutrients from the soil and returning it to the environment through the breakdown of
biomass. The vital nutrients needed for plant development in the soil are preserved in part by this

cycle. A variety of physical, chemical, and, most crucially, biological processes are combined in



complex nutrient cycles to track the environmental destiny of certain plant nutrients (such as N,
P, C, and S) (Fig. 1). Further reference materials are available for a comprehensive investigation
of these cycles [35-37].

Natural Ecosystem Agroecosystem

Plant Grow Plant Growth = Piant Harvest

co,

Erosian

Leaching Leaching

Fig. 1: Nutrient cycling (a) a natural ecosystem and (b) an agroecosystem
(Source: Parikh, [38])

According to Troeh and Thompson:[37], there are generally acknowledged to be seventeen key
components needed for plant development. The output of crops may be severely limited if any
one of these vital ‘nutrients is lacking. The key macronutrients—N, P, and K—are the
constituents of minerals that plants require the most from the soil and are most likely to be scarce
in agricultural soils. Secondary macronutrients are not usually limiting factors for crop growth
since they are required. in lesser amounts and are generally present in sufficient amounts in the
soil. The micronutrients, also known as trace nutrients, are required in minuscule amounts and

can beharmful to plants in excess.

The normal cycle of nutrients in soil is altered by agriculture. Plant nutrients may be efficiently
mined from the soil by intensive crop production and harvesting for human or animal use. Soil
additives are usually needed to keep the soil fertile enough to provide adequate agricultural
yields. Farmers now apply a wide range of soil amendments, such as compost or manure, as well

as inorganic chemical fertilisers, to improve soil fertility. This practice frequently results in an



excess of primary macronutrients. Crops' application and utilisation of fertilisers is not always
efficient, and surplus nutrients—particularly N and P—can contaminate surface and groundwater
via leaching from agricultural fields or being carried by surface runoff [39-40]. Choosing the
right amount of fertilizers and from organic source have been proven to increase the soil
microbial and enzymatic activities. This lead to improve soil fertility resulting in enhanced plant
growth and productivity.

5. Soil Health Management, Indicators and Crop Productivity

Confusion surrounds attempts to connect soil health to production since there-is disagreement
about what defines a “healthy soil” and which frameworks and metrics are most appropriate
[41,42]. The lack of a common link between soil health metrics and this fundamental agronomic
outcome in assessment frameworks, the infrequency with which yield data are evaluated or
reported, and the rarity of studies reporting changes in both soil health indicators and yields with
management all contribute to the confusion surrounding the relationship between SH and yields
[41,43-45]. Although there is limited direct evidence linking higher soil organic matter (SOM) to
higher yields (independent of exogenous<organic inputs), soil organic matter (SOM) is widely
regarded as the primary soil health indicator due to-its positive correlation with numerous
biological, chemical, and physical soil health indicators. Additionally, there is still much work to
be done to separate regionally specific controls and causative interactions of management, soil
type, and climate on the SOM-yield relationship [46,47].

To maximise soil health in relation to improving crop productivity, four guidelines have been
proposed: (a) reduce disturbance (no-till); (b) increase plant variety; (c) retain live roots all year
round; and (d) increase soil covering [48]. It is well known that different cropping rotations
increase yield over continuous monoculture; potential "rotational effects" that increase yield
includes reduced insect, weed, and disease pressures as well as increased nutrient availability
[49-52].. These ideas are almost exactly the same as those of conservation agriculture (CA),
which has been proposed for at least 20 years. The definition of conservation agriculture is (a)
no-till or low soil disturbance, (b) permanent soil cover provided by crops, covercrops, or mulch,
and (c) varied crop rotations [53]. This vast corpus of work offers a reliable prism through which

to examine the possible yield of managing for soil health; it need to be used to formulate and



pinpoint the topics that need more investigation as well as to determine which ones have already

received sufficient attention.
6. Sustainable Soil Management
6.1 Minimizing Soil Disturbance (No-Till) and Crop Yields

No-till methods can have significant positive effects on the economy and environment by
minimising mechanical soil disturbance according to Delgado et al. [54]. These advantages
include less field operations, decreased erosion, preservation of nutrient-rich top:soil, and
enhanced water uptake and retention. A recent worldwide meta-analysis comparing yields under
no-till and conventional tillage employing over 5,000 paired yield data across crop types
discovered that adopting no-till alone resulted in an overall yield.decrease of —9.9% [55], but
when no-till was combined with residue retention (—5.2%) or rotation (=6.2%), yield decreases
were mitigated. Negative yield impacts were further minimised when all three techniques were
used concurrently (—2.5%) [55].

6.2 Cover Crops and Crop Yields

Cover crops offer a variety of ecological advantages, such as decreased erosion and nutrient
losses, increased nutrient scavenging and cycling, and N fixation by symbiotic bacteria in
legume cover crops [56,57]. Cover crop impacts on marketable cash crop yields are dependent
on variables such as crop rotation, climate, growing season length, tillage, soil type, cover crop
species, timing and method. of termination, and years in cover crop. By absorbing radiation and
protecting the soil surface,.cover crops regulate soil temperatures. This can have a beneficial
effect on yield in warm climates but a negative effect on soil warming and crop establishment in
cool climates [56,58]. In the United States and Canada, a recent meta-analysis of corn yield
responses under winter conservation systems revealed that grass winter cover crops increase the
corn yields with incorporation of legume [59]. According to a review of 17 experiments
conducted in temperate U.S. regions, cover crops improved the yields of cash crops in 11 of the
trials that followed [56].

7. Soil Sustainable Development and Food Security



Sustainable intensification for food security advocates for increasing food productivity from
existing farmland in a manner that reduces environmental impact and enhances resilience to
climate change [60-62]. A thorough understanding of the role that soil plays in food production
is required, as soil health—which is threatened by salinization, erosion, desertification, and
climate change—is exacerbated by unsustainable practices that undermine soil health,
endangering our food systems [63] and a range of services essential to agriculture [64].
Mitigating these dangers requires a shift to sustainable agricultural techniques that enhance soil
health. Enhancing soil fertility, biodiversity, and overall resilience of agricultural systems may
be achieved by the application of techniques such as crop rotation, organic farming, conservation
agriculture, and agroforestry [65]. Regenerative agriculture presents.a viable. path towards
sustainable food production by restoring biodiversity and regenerating soils [66].

Farmers must be knowledgeable about effective water and nutrient management, soil health, and
sustainable farming techniques. Efforts should be made to make this information accessible and
useful. Promoting sustainable farming may be greatly aided by financial incentives. Furthermore,
the achievement of sustainable intensification objectives:may benefit from advances in agrotech,
such as precision agriculture and the-use of Al and machine learning to anticipate soil health
metrics and crop output [67). “These technologies might assist control the growing
unpredictability brought on by climate change, optimise inputs, and reduce their negative effects

on the environment [68].

Sustainable soil management and a*move towards more sustainable agricultural methods are
imperative due-to the complex interrelationships among soils, sustainable development, and food
production and security [69]. Promising avenues for sustainable food production and soil
conservation are provided by cutting-edge agricultural techniques, scientific discoveries, and all-
encompassing regulatory frameworks—despite the potential difficulties that may arise. Against
the backdrop of growing populations and unpredictable climate change, these diverse strategies
that combine policy, technical, and socioeconomic elements can be used to support sustainable
development and guarantee global food security. There is a significant role for consumers as
well. Demand for more sustainably produced goods may change as a result of growing
understanding of the negative environmental effects of food production [70,71].

8. Conclusion



The extensive function that soils play in our lives and their deep influence on the environment,

climate change, sustainability, food production, and our eating patterns highlight how

intertwined the world's systems are. This review study has examined these intricate relationships

and underlined how urgent it is to reconsider and update our strategy for managing soil. Soils are

essential to biodiversity and human life because they support nutrient cycling and serve as the

basis for ecosystem services. However, a number of issues, including as pollution, deforestation,

and unsustainable farming methods, are putting this vital resource in jeopardy. Sustainable soil

management is evidently important for our future survival, not merely for environmental reasons.

In order to improve agricultural productivity and ecosystem services, we may encourage more

resilient, sustainable farming methods by increasing awareness of these linked challenges.
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