Areview of long-term effects of mineral fertilizers on soil microorganisms

Abstract

The intricate relationship between soil microbiomes and fertilizers is central to the
sustainable future of agriculture. This review delves deep into the multifaceted interactions
between soil microorganisms and varying fertilizer regimens, shedding light on their
immediate and long-term impacts. Soil, teeming with a rich diversity of bacteria, fungi,
archaea, protozoa, and viruses, plays a pivotal role in agricultural productivity. These
microbial communities are intricately linked to soil health, fertility, and resilience. Fertilizers,
while essential for enhancing crop yields, have shown varied impacts on these microbial
communities. Immediate post-application dynamics reveal shifts in microbial diversity and
abundance, with potential cascading effects on soil processes. Longitudinal studies in real-
world agricultural settings underscore the resilience and adaptability of these communities in
the face of disturbances. Advanced technological tools, from metagenomics to 10T devices,
offer unprecedented insights and real-time monitoring capabilities. The convergence of
biology with technology holds the promise of a future where agricultural practices are fine-
tuned based on real-time microbial feedback, ensuring both enhanced yields and sustained
soil health. As we stand at the crossroads of a global food demand surge and environmental
sustainability, understanding and harnessing the potential of soil microbiomes becomes
paramount. This review underscores the need for robust, long-term research endeavors to
chart a path for truly sustainable agriculture.
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Introduction

Soil, often termed as the skin of the Earth, is more than just the medium that anchors
plants by their roots. It is a complex and vibrant ecosystem teeming with diverse life forms,
the smallest yet among the most significant of which are soil microorganisms. These
microscopic entities are the unsung heroes of the soil matrix, playing pivotal roles in ensuring
soil health and, by extension, global food security. This review aims to shed light on the
critical importance of these microorganisms and to understand the role and implications of
mineral fertilizers in modern agriculture.Soil microorganisms include a vast range of bacteria,
fungi, protozoa, and algae. Though minuscule in size, their impact on the soil environment
and ecosystem at large is colossal. They are the primary agents of nutrient cycling,
decomposing organic matter, fixing atmospheric nitrogen, improving soil structure, and
enhancing plant health through symbiotic relationships [1].One of the principal contributions
of soil microbes is their role in the nutrient cycle. Through the decomposition of organic
materials, microorganisms release essential nutrients into the soil, making them available for
plant uptake. This process is the backbone of soil fertility. Certain bacteria, known as
diazotrophs, can fix atmospheric nitrogen, converting it into forms accessible to plants. Given
that nitrogen is one of the primary limiting nutrients for plant growth, this activity profoundly
influences plant productivity and, thus, ecosystem dynamics.Beyond nutrient cycling, soil
microorganisms influence the physical properties of soil. Through their metabolic activities
and the substances they excrete, microbes can improve soil structure, promoting aggregation,
which increases the soil's capacity to retain water and resist erosion [2]. Soil microbes play a



protective role. They compete with potential pathogenic microorganisms, preventing
diseases. In some cases, they form symbiotic relationships with plants, providing them with
nutrients while receiving organic compounds in return. Mycorrhizal fungi, for instance,
enhance plant access to phosphorus and other nutrients in exchange for photosynthetic sugars
from the plant [3].

Mineral Fertilizers in Modern Agriculture

With the global population soaring, there has been an unprecedented demand for food.
Modern agriculture, in its bid to meet this demand, has turned to various technological and
scientific innovations. One of the most transformative of these innovations has been the use
of mineral fertilizers.Mineral fertilizers are synthesized compounds or mined substances that
supply essential nutrients to plants. The three primary nutrients commonly found in these
fertilizers are nitrogen (N), phosphorus (P), and potassium (K). They are often referred to by
the N-P-K value indicating their composition (Table 1). While traditional farming relied
heavily on organic manure and compost, the advent of mineral fertilizers brought about a
revolution, enabling increased food production at scales previously unimagined [4].The
Green Revolution in the mid-20" century stands as a testament to the power of mineral
fertilizers. Countries that were once grappling with food shortages transformed into grain-
surplus nations. Fertilizers, along with improved crop varieties and irrigation, brought about
significant yield improvements. Crops that were once nutrient-starved now had a consistent
and concentrated source of essential nutrients, leading to better growth and increased
productivity. As with all great innovations, there are associated challenges. Over-reliance on
mineral fertilizers, without considering the natural biological processes of the soil, can lead to
a range of environmental issues, including eutrophication of water bodies, greenhouse gas
emissions, and even degradation of the soil's physical structure [5].
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Table 1:Overview of Common Mineral Fertilizers Used in Modern Agriculture,
Type of Fertilizer Primary Nutrients Typical Best Suited
Application Crops
Rates (kg/ha)
Urea Nitrogen (N) 50-200 Cereals,
vegetables
Diammonium Phosphate | Nitrogen (N), Phosphorus 80-120 Corn, wheat,
(DAP) (P) soybeans
Monoammonium Nitrogen (N), Phosphorus 50-100 Fruits,
Phosphate (MAP) (P) vegetables
Potassium Chloride Potassium (K) 50-100 Root crops,
(Muriate of Potash) fruit trees
Calcium Ammonium Nitrogen (N), Calcium 60-120 Leafy
Nitrate (Ca) vegetables
Ammonium Sulphate Nitrogen (N), Sulphur (S) 50-150 Tea, coffee
Superphosphate Phosphorus (P) 40-80 Flowers, fruits
Magnesium Sulphate Magnesium (Mg), Sulphur 20-50 Citrus fruits
©)
Triple Superphosphate Phosphorus (P) 30-60 Legumes
NPK (Compound Nitrogen (N), Phosphorus 100-200 General use
Fertilizers) (P), Potassium (K)




Long-term Impact of Mineral Fertilizers

While the immediate benefits of mineral fertilizers on crop yield are apparent, their
long-term implications, especially on soil microorganisms, are complex and multifaceted.
Soil, being a dynamic system, responds to external inputs in ways that are not always
predictable in the long run.Over-application of mineral fertilizers can lead to nutrient
imbalances in the soil. Excessive nitrogen, for instance, can make soils acidic over time,
affecting microbial communities that thrive in neutral pH [7]. Such alterations can disrupt the
natural processes of nutrient cycling, potentially reducing soil fertility in the long term. The
frequent application of fertilizers can lead to a scenario where plants become overly reliant on
external nutrient sources, diminishing their symbiotic relationships with certain beneficial
microbes. This can make plants more susceptible to diseases and pests, reducing the overall
resilience of the ecosystem.Thus, it is of paramount importance to understand the long-term
impact of mineral fertilizers, not just from an agricultural productivity standpoint but also for
ensuring sustainable and ecologically sound agricultural practices.

Basics of Soil Microbiology

Soil is often referred to as the final frontier in terrestrial biology because it harbors a
rich diversity of life, much of which remains uncharacterized. The soil matrix is teeming with
a vast array of microorganisms that play crucial roles in the maintenance of soil health,
fertility, and ecosystem functioning.Bacteria are unicellular, prokaryotic microorganisms and
are among the most prolific entities in the soil. They exist in various shapes ranging from
spheres (cocci) to rods (bacilli) and spirals (spirochetes). Bacteria in the soil are involved in
several crucial processes, including decomposition, nitrogen fixation, and disease suppression
(Table 2). Examples include Azotobacter, which is a free-living nitrogen-fixing bacterium,
and Rhizobium, which forms nodules on the roots of leguminous plants and fixes
atmospheric nitrogen [8]. Fungi are eukaryotic organisms that play a multifaceted role in the
soil. They range from single-celled yeasts to complex multicellular molds and mushrooms.
Fungi are primary decomposers in the soil, breaking down complex organic matter and
recycling nutrients. Mycorrhizal fungi form mutualistic associations with plant roots, aiding
in nutrient uptake, particularly phosphorus [9]. Actinomycetes Often confused with fungi due
to their filamentous growth, actinomycetes are actually bacteria. They are known for their
ability to decompose complex organic compounds, including cellulose and chitin. Many
actinomycetes, like Streptomyces, are known to produce antibiotics, playing a role in
suppressing soil-borne diseases [10].Protozoa are single-celled eukaryotic microorganisms
are pivotal in controlling bacterial populations in the soil, maintaining a microbial balance.
They feed on bacteria and release nutrients in a form that can be utilized by plants and other
microorganisms.

Table 2:Key Aspects of Soil Microbiology and Their Importance in Agriculture\
Type of Primary Functions Importance in Agriculture
Microorganism
Bacteria Nutrient cycling, nitrogen fixation | Enhances soil fertility, plant
growth
Fungi Decomposition, mycorrhizal Increases nutrient uptake, soil
associations structure
Actinomycetes Decomposition, antibiotic Breaks down tough organic
production matter
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Protozoa Grazing on bacteria, nutrient Stimulates microbial activity,
release nutrient cycling

Algae Photosynthesis, nitrogen fixation | Adds organic matter, oxygen
production

Viruses Infects other microorganisms Can control harmful microbe
populations

Nematodes Predation, nutrient cycling Can be both beneficial and
harmful

Microbes in Soil Health and Nutrient Cycling

The aforementioned microbial groups, though minute, shape the health and vitality of
the soil. Their activities directly and indirectly influence the physical, chemical, and
biological properties of the soil.Decomposition and Organic Matter Breakdown: Bacteria and
fungi play a significant role in decomposing dead organic matter. They break down complex
compounds like cellulose, lignin, and proteins into simpler compounds. This decomposition
process recycles essential nutrients back into the soil, making them available for plant uptake.
Actinomycetes, with their ability to decompose cellulose, play a pivotal role in recycling
plant material [11].Nitrogen Cycling: Nitrogen is a fundamental component of amino acids,
proteins, and DNA, making it essential for all living organisms. Although the Earth's
atmosphere is approximately 78% nitrogen, most plants cannot use it in its gaseous form.
Bacteria like Rhizobium and Azotobacter fix atmospheric nitrogen, converting it into a form
that plants can use. Other bacteria are involved in nitrification and denitrification processes,
ensuring the continuous cycling of nitrogen in its various forms in the soil.

]Disease Suppression: Certain soil microorganisms have antagonistic effects on soil-borne
pathogens. By producing antibiotics, competing for resources, or directly feeding on
pathogens, these beneficial microorganisms help in suppressing diseases and maintaining
plant health [12].

Soil Structure: Microorganisms, through their metabolic activities and the substances they
excrete, influence the soil's physical structure. For instance, fungi produce a sticky protein
called glomalin, which aids in soil aggregation. Properly aggregated soil enhances water
infiltration, root penetration, and resistance to erosion [13].\

Plants and Soil Microbes

The relationship between plants and soil microbes is multifaceted and largely symbiotic.The
rhizosphere, the region surrounding plant roots, is a hotspot of microbial activity. Plants
exude sugars, amino acids, and organic acids from their roots, which attract and nourish a
diverse community of microorganisms. These microbes, in return, aid the plant in various
ways. For instance, mycorrhizal fungi associate with plant roots, increasing their nutrient
uptake capacity [14].Some microbes have direct applications in agriculture as biofertilizers.
Bacteria like Rhizobium and Azotobacter enhance plant growth by supplying fixed nitrogen.
Others, like Pseudomonas and Bacillus, can solubilize phosphorus from the soil, making it
available to plants.Some soil microorganisms protect plants from pathogens. They might
produce compounds that inhibit pathogens or outcompete them for resources. Actinomycetes,
for instance, produce a range of antibiotics that can suppress harmful fungi and bacteria.
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Mineral Fertilizers

Mineral fertilizers, categorized into nitrogenous, phosphatic, potassic, and complex types, are
central to modern agriculture. Nitrogenous fertilizers like urea are essential for plant growth
and contain high nitrogen content [15]. Phosphatic fertilizers, including DAP and SSP, supply
phosphorus crucial for energy transfer and DNA formation in plants. Potassic fertilizers like
MOP provide potassium for water balance and enzyme activation. Complex fertilizers, such
as DAP, offer multiple nutrients. These fertilizers release nutrients in specific forms plants can
absorb; for instance, urea converts to ammonium ions in the soil, which can be directly taken
up by plants or transformed into nitrates [16]. Application methods include broadcasting,
placing, foliar application, and drip irrigation, each with its advantages and limitations. Rates
of application depend on soil tests, crop needs, and environmental considerations.

Short-term vs. Long-term Effects

The Green Revolution popularized the use of mineral fertilizers, boosting agricultural yields
but also altering soil microbial communities. In the short term, nutrients from fertilizers spur
microbial activity, benefiting bacteria that can quickly utilize these added nutrients [17].
However, this can lead to rapid depletion of soil's organic carbon stocks.Over time, these
changes can reduce microbial diversity [18] and impact beneficial microbial functions like
nitrogen fixation [19]. This has long-term implications for soil health and raises sustainability
concerns, including greenhouse gas emissions. Balancing immediate benefits of fertilizers
with their long-term impacts necessitates optimized application rates and new technologies
for sustainable agriculture.

Long-term Effects on Soil Bacterial Communities

Long-term use of mineral fertilizers significantly alters soil bacterial communities,
impacting both their abundance and diversity (Table 3). While fertilizer application initially
increases bacterial abundance due to added nutrients [20], it often decreases species diversity.
Reduced diversity can affect soil resilience to disturbances like disease outbreaks or climate
extremes [21].Shifts also occur in bacterial functional groups. Nitrogenous fertilizers promote
bacteria that utilize inorganic nitrogen but reduce the number of nitrogen-fixing bacteria,
which naturally replenish soil nitrogen [22]. This impacts other crucial soil processes, such as
phosphorus solubilization and organic matter decomposition. Long-term fertilizer use can
stimulate denitrifying bacteria, increasing emissions of potent greenhouse gases like nitrous
oxide. This compromises both climate stability and soil fertility [23]. The alterations in
bacterial communities underline the need to consider the trade-offs between immediate
agricultural gains and long-term soil health.

fTabIe 3:Long-term Effects of Different Types of Fertilizers on Soil Bacterial Communities\

|
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Type of Effect on Effect on Impact on Specific Long-term
Fertilizer Bacterial Bacterial Bacterial Groups Agricultural
Diversity Abundance Implications
Organic Increases Increases Promotes beneficial | Improved  soil
Fertilizers diversity abundance bacteria like | health, nutrient
Rhizobium cycling




Chemical Decreases May increase | Can reduce | Risk  of  soil
Fertilizers diversity abundance beneficial bacteria, | degradation,
promote nutrient
opportunistic imbalance
pathogens
No Fertilizers | Moderate Lower Balanced but less | Limited nutrient
diversity abundance active bacterial | availability,
communities slower plant
growth
NPK Varies Varies Can favor Nitrogen- | Enhanced
(Compound depending on fixing, Phosphorus- | nutrient
Fertilizers) composition solubilizing bacteria | availability, but
risk of imbalance
Slow-release | Moderate  to | Moderate Balanced bacterial | Sustained
Fertilizers high diversity | abundance communities nutrient release,
improved  soil
structure

Long-term Effects on Soil Fungal Communities

Soil fungal communities, as vital as their bacterial counterparts, experience significant shifts
due to long-term mineral fertilizer applications. Mycorrhizal fungi, which have evolved
symbiotic relationships with most terrestrial plants, find their roles diminished when
phosphorus is abundantly supplied via fertilizers. This altered dynamic compromises not just
nutrient uptake, but also the soil's resilience against pathogens and environmental stresses
[24].Saprophytic fungi, the decomposers, are influenced by nutrient-rich conditions. While an
initial increase in decomposition might seem beneficial, it can lead to long-term depletion of
soil organic carbon, impacting soil health. The specialization among saprophytic fungi could
also be disrupted, altering soil nutrient cycling [25].Pathogenic fungi, responsible for plant
diseases, also experience altered dynamics. High nutrient conditions may favor some
pathogenic species, and the reduced presence of beneficial mycorrhizal fungi can make plants
more susceptible to these diseases [26].These changes in fungal communities have far-
reaching implications for soil health, plant growth, and broader ecosystem functions. As
sustainability becomes a focal point in agriculture, understanding these fungal shifts is
crucial. Choices in fertilizer type and application rates today will impact the soil's biological
fabric for years to come.

Effects on Other Soil Microbes

The impact of long-term mineral fertilizer use extends to a wide range of soil microorganisms
including actinomycetes, archaea, and protozoa. Actinomycetes are pivotal for decomposing
complex organic substances like lignin and chitin, and they produce antibiotics that suppress
soil diseases. However, excessive nitrogen from fertilizers can suppress actinomycetes,
affecting soil decomposition and disease resistance [27].Archaea, specifically methanogenic
types, play a key role in methane production, an important greenhouse gas. Nitrate-rich
fertilizers can inhibit this methane production, affecting global climate dynamics
[28].Protozoa serve as microbial predators, influencing both nutrient cycling and microbial
community structure. An abundance of nutrients from fertilizers can disrupt this balance,



potentially leading to new equilibrium states that could affect nutrient cycling and microbial
communities. High nutrient conditions may also trigger protozoa to form cysts, affecting their
predatory roles [29].

Physicochemical Changes due to Mineral Fertilizers and their Microbial Impacts

The intricate balance of life in soil hinges not just on the biological components but
also on the physicochemical parameters that mold its environment. From the farmer's plough
to the scientist's microscope, the soil's physical and chemical properties have always been of
paramount significance. Mineral fertilizers, long heralded for their role in enhancing
agricultural yields, leave indelible footprints on these properties. And as these
physicochemical characteristics change, so do the microbial communities that call the soil
their home.One of the most immediate and perceptible impacts of mineral fertilizer
application is on soil pH. pH, a measure of soil's acidity or alkalinity, is a master variable in
soil science, influencing a plethora of soil functions. Many mineral fertilizers, based on their
constituents, can either acidify the soil or make it more alkaline. Ammonium-based
fertilizers, for instance, tend to release hydrogen ions as the ammonium is converted to
nitrate, leading to a decrease in pH or increased soil acidity. Conversely, lime, often used to
rectify acidic soils, increases soil pH. These shifts in pH don't just remain mere numbers on
paper. They sculpt the microbial landscape belowground. Each microbial group, be it
bacteria, fungi, or actinomycetes, has a preferred pH range. As pH shifts away from this
optimum, certain microbial populations can decline while others flourish. Acidic soils, for
instance, might favor certain acid-loving fungi while suppressing some bacterial groups. Over
the long term, these pH-induced shifts can alter microbial community structures, influencing
processes like nutrient cycling, organic matter decomposition, and disease suppression
[30].Yet, pH is just one part of the story. Soil organic matter (SOM), a complex mixture of
decomposing plant and microbial residues, humic substances, and other organic compounds,
is the lifeblood of fertile soils. It enhances soil's water-holding capacity, binds to and releases
essential nutrients, and plays a crucial role in soil aggregation. However, the long-term
application of mineral fertilizers, by providing plants with readily available nutrients, can
sometimes reduce the input of organic residues to the soil. Over years, this can lead to a
decline in SOM content. Reduced organic matter can stifle the growth and activity of those
microbes, particularly fungi and actinomycetes, which rely on organic substrates for energy
and growth. SOM plays a role in buffering soil against pH changes. A decline in SOM can,
therefore, exacerbate pH fluctuations induced by mineral fertilizers. As organic matter levels
drop, the soil's ability to retain water and nutrients might also diminish, creating an
environment less conducive to microbial growth and activity [31].

Indirect Effects of Fertilizer Application

The direct benefits of mineral fertilizers, such as improved crop yields, often overshadow
their subtle indirect effects on soil ecosystems [32]. These fertilizers alter root exudates
complex compounds secreted by plant roots that facilitate communication with soil microbes.
The shift in exudate composition can impact the microbial communities in the rhizosphere,
the soil region directly influenced by root activities [33].Additionally, mineral fertilizers can
introduce trace elements like heavy metals into the soil, which accumulate over time [34].
This accumulation has repercussions for soil microbes, crucial for soil health, as they become
vulnerable to heavy metal toxicity. Such toxicity can inhibit microbial enzymatic activities



and reduce microbial diversity (35).The application of mineral fertilizers can also disrupt
long-standing symbiotic relationships between plants and microbes. For instance, nitrogen-
rich fertilizers may reduce a legume plant's reliance on nitrogen-fixing bacteria [36]. This
shift can alter the fabric of plant-microbe symbiosis in agricultural soils, affecting both soil
health and crop resilience over time [37]. While the immediate benefits of mineral fertilizers
are significant, it's crucial to consider their indirect effects for sustainable agriculture. These
hidden impacts on soil ecosystems can have long-term implications for both crop yield and
environmental health.

Implications for Soil Health and Productivity

Mineral fertilizers' influence on soil microbial communities is a subject of ongoing research,
aiming to unravel the balance between enhanced productivity and long-term soil health.
Several studies have identified initial benefits of mineral fertilizers, such as enhanced
microbial activity attributed to the immediate availability of essential nutrients [38].
However, there is growing evidence that unregulated and excessive use of these fertilizers
can have detrimental impacts on microbial diversity [39].0ne key area of concern is the
disruption of nutrient cycling within the soil microbiome. Soil microbes are instrumental in
the decomposition of organic matter and the subsequent release of essential nutrients for plant
uptake [40]. Excessive application of nitrogenous fertilizers, in particular, has been shown to
disrupt these microbial processes [41]. Such disruptions can result in nutrient imbalances,
causing either nutrient deficiencies or toxicities that ultimately affect crop yields [42].The
issue is further exacerbated by the advent of climate change. Shifts in weather patterns can
introduce additional stress factors that may affect both soil and microbial health. A robust
microbial community provides functional redundancy, offering a buffer against such
unpredictable stressors [43]. Therefore, the reduction in microbial diversity due to
indiscriminate fertilizer application could leave soils and, by extension, agricultural systems
more vulnerable to the impacts of climate change [44].

Sustainable Fertilizer Practices

Precision agriculture stands out as a model that leverages technology for more responsible
farming. Its data-driven tactics optimize the use of mineral fertilizers, offering a good balance
between soil health and agricultural yield. This minimizes the risk of upsetting the delicate
microbial balance of the soil, making it a forward-thinking approach that aligns well with
sustainability goals.Integrated Nutrient Management (INM) is another cornerstone in the
realm of sustainable agricultural practices. Your mention of the symbiotic relationship
between organic amendments and soil microbes underscores the importance of a well-
rounded nutrient strategy. INM does more than just meet the immediate nutritional needs of
crops; it also serves as an investment in the long-term fertility and resilience of the soil. The
focus on monitoring soil health, particularly through advanced techniques like metagenomics,
adds another layer of complexity and responsibility to farming practices. The genomic profile
of soil can serve as an early diagnostic tool, providing a snapshot of the microbial diversity
and, by extension, the soil’s overall health. This could revolutionize the way we understand
and interact with the very ground that sustains us, making it an integral part of future
sustainable practices.Certainly, as we advance in our understanding of soil microbiology and
its integral role in agriculture, the necessity for practices like precision agriculture and INM
becomes increasingly clear. These aren't just optional approaches but critical components of a



sustainable agricultural system that respects both yield and ecological balance. The microbial
world beneath our feet is not just a passive recipient of farming practices but an active
participant that can offer crucial feedback for sustainable agriculture. Therefore, the future of
agriculture may well be a finely tuned dance between technological advancements and
microbial ecosystems, each informing and enriching the other.

Future Research Directions

As we deepen our understanding of soil ecosystems and their integral relationship
with agriculture, one truth becomes increasingly evident: our knowledge, while substantial,
remains only at the precipice of the vast expanse of intricacies this realm offers. The study of
soil microbiomes in relation to fertilizer practices, in particular, is a field replete with
opportunities and challenges, beckoning researchers to chart new territories and decipher the
myriad interactions that sustain life on this planet.Soil, often referred to as the Earth's living
skin, is a dynamic matrix where innumerable biotic and abiotic factors interplay. While we
have gleaned insights into some of these interactions, particularly concerning macro-
organisms and plants, the microscopic world remains shrouded in mystery. Soil microbiomes,
consisting of a mind-boggling diversity of bacteria, fungi, archaea, protozoa, and viruses,
orchestrate processes fundamental to soil health and, by extension, agricultural productivity.
The precise roles, interactions, and adaptive strategies of these microbes, especially in the
context of varying fertilizer regimens, are areas that beckon deeper exploration.

Conclusion

In the ever-evolving landscape of soil research, understanding the interplay between
fertilizers and soil microbiomes is paramount. As our knowledge expands, it becomes clear
that these microscopic entities profoundly influence soil health and agricultural productivity.
The intricate balance between soil microorganisms and fertilizers is delicate, with both
immediate and long-term implications. Technological advancements provide a promising
avenue to delve deeper into these interactions, promising a future where agricultural practices
are both informed and sustainable. Investing in focused research in this realm is not merely
an academic pursuit but a pressing necessity to ensure a harmonious coexistence of
productive agriculture with thriving soil ecosystems.
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