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Abstract: Organic farming, which is deeply rooted in traditional agricultural practices, has witnessed
a profound evolution over the last century. Transitioning from a grassroots initiative resisting the
industrialization of agriculture to a global industry, organic farming now plays a pivotal role in
addressing contemporary challenges related to environmental health, sustainability, and food safety.
Despite the growing consumer demand for organic products and market access, organic farming has
its challenges. This paper discusses the origin and evolution of organic farming with an emphasis
on different types of organic fertilizers, benefits, and challenges. Nutrient variability and the slow-
release nature of organic fertilizer often do not meet crop demands and can substantially reduce
yield. Some organic fertilizers, like manure and biosolids, can provide a higher yield benefit, but
there are environmental and health risks associated with them. Weed and pest management in
organic farming can be labor-intensive and increase costs. Inefficient planning of organic farming
and rapid transition can also create food insecurity. This paper also gives a brief account of the
current certification process for organic fertilizers and their technicalities. It showcases how the
holistic approach of organic farming extends beyond production, including strategies like reducing
food waste and building self-sufficient farming communities. These practices contribute to a more
sustainable agricultural system, reducing environmental impacts and supporting local economies.
Future technological innovations, especially in precision agriculture and bio-physicochemical models,
can help in formulating targeted organic fertilizers.

Keywords: organic farming; Organic Materials Review Institute; organic fertilizers; regenerative
agriculture; soil health

1. Introduction

Organic production systems integrate cultural, biological, and mechanical practices to
promote the cycling of resources, ecological balance, and biodiversity conservation. With
rising environmental concerns and health awareness, there is a surge in consumer demand
for fresh organic products. This demand is evident as organic fruit and vegetable sales
in the United States account for 15% of all retail produce sales, with USD 60 billion in
revenue generated in 2022 [1]. Studies suggest that nature-friendly organic farming systems
prove more lucrative for farmers than their chemically intensive counterparts [2,3]. This
profitability arises because organic farmers predominantly rely on ecosystem services to
achieve high crop yields, whereas conventional farmers rely heavily on external inputs [4,5].
Premium prices on organic food are another aspect of higher benefits that can compensate
for the lower yields, yet the consumer impact remains a subject of debate. Despite its
popularity and profitability, organic farming is not without challenges. Farmers must
grapple with issues like organic nutrient sourcing, limited nutrient contents of organic
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fertilizers, insect pests, and pathogens and require extensive knowledge in crop and soil
management [6].

The organic production system relies on organic fertilizers. Huntley et al. (1997)
defined organic fertilizers as naturally occurring mineral sources that undergo minimal hu-
man intervention, mainly through physical extraction [7]. They can be broadly categorized
into mineral and rock products, animal products, and plant products. However, they often
release nutrients slowly, and their nutrient availability can be unpredictable. For instance,
composted organic materials only release 1–3% of their total nitrogen (N) annually [8]. To
address these concerns, the market now offers a variety of organic substrates and commer-
cial fast-releasing organic fertilizers. Vermicompost, for instance, provides higher nutrient
levels than traditional compost [9]. Commercial organic fertilizers are available in dry
(e.g., bone meal, blood meal) and liquid (e.g., fish emulsion, seaweed extract) forms, each
providing specific nutrients essential for plant growth. Notably, many of these products
are byproducts of various industries such as fisheries, livestock, and food processing and
can help in establishing a circular economy [10].

The Organic Materials Review Institute (OMRI) assesses products for compliance with
the USDA’s National Organic Program (NOP). As of 2023, 4101 OMRI-listed products fall
under the category of Crop Fertilizers and Soil Amendments across 190 different product
categories. Organic fertilizers are rich in macronutrients, micronutrients, and growth-
promoting substances. Their addition to soil not only nourishes plants but also improves
nutrient cycling [11]. Nonetheless, there is a noticeable gap in farmers’ understanding of
these products, encompassing aspects like their selection, cost, availability, scalability, and,
to a certain extent, the anticipated impact on crop yield.

This paper aims to provide a comprehensive overview of the organic farming system,
including its development and challenges, and a detailed examination of organic fertilizer
sources commonly used in crop production. This study also explores the properties and
categorization of commercially available organic fertilizers, considering those listed by the
OMRI and their certification or approval process. The discussion incorporates research
insights on vegetable crop performance and addresses the current challenges and future
recommendations. This paper also adds the author’s perspective on organic farming and
its broader implications.

2. Overview of Organic Farming
2.1. Historical Development

Organic farming, which is often perceived as a contemporary movement, possesses
historical roots deeply embedded in ancient agricultural practices. Before the 20th century’s
agricultural revolution, many farming methodologies inherently aligned with what we
understand as “organic” today. Traditional agricultural practices naturally adhered to
organic methods since synthetic chemicals and genetically modified organisms (GMOs)
had not been developed [12]. However, the scene shifted dramatically with the advent of
the Industrial Revolution and the Green Revolution in the 20th century. The introduction of
synthetic fertilizers, pesticides, and modern mechanization marked a significant departure
from these age-old practices [13].

By the 1920s and 1950s, concerns were rising regarding the excessive industrialization
of agriculture. Visionaries like Sir Albert Howard, Lady Eve Balfour, and J.I. Rodale began
championing a return to more natural farming methods [14–16]. Their pioneering work laid
the groundwork for the modern organic movement, underscoring the importance of soil
health, the virtues of natural pest control, and the potential perils of synthetic chemicals.

In the following years, especially during the 1960s and 1970s, there was a growing
awareness of environmental issues. This was, in part, propelled by seminal publications
like Rachel Carson’s “Silent Spring” [17]. Silent Spring highlights the environmental and
health effects of pesticides and symbolizes a distant future spring, where there will be
no birds’ songs. Following this, the era observed the establishment of the first formal
organic certification systems and the rise of organic farming associations [18]. Organic
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farming transitioned from traditional practices to being recognized as a viable, sustainable
alternative to conventional farming [18].

As we approached the late 20th century and early 21st century, organic farming began
gaining acceptance in mainstream society. The health and ecological benefits of organic
produce started gaining broader acknowledgment [19]. In 2002, a pivotal development
took place when the USDA rolled out the National Organic Program (NOP), instituting
federal standards for organic production in the United States. This trend was not limited to
the United States; numerous other nations rolled out similar national guidelines during
this period [20]. For example, five national organizations, including the Rodale Institute,
came together to form an international organization in 1972, known as the International
Federation of Organic Agriculture Movements (IFOAM), to coordinate their actions as well
as to enable scientific and experimental data on organic to cross borders [21].

On the global stage, organic farming witnessed exponential growth, with countries
like India and China and numerous African nations recording substantial upticks [22]. The
organic market evolved, diversifying its offerings, which now span from staple produce to
processed foods, textiles, cosmetics, and beyond. As the global trade of organic products
intensified, discussions about harmonizing organic regulations between countries took
center stage [21].

Nevertheless, organic farming is not without its challenges and critiques. As the
organic sector flourished, it struggled with issues related to scalability, certification, and
upholding the ethos of organic integrity [23]. Looking forward, there is a noticeable transi-
tion towards “beyond organic” or “regenerative” agricultural practices. These methods
not only avoid synthetic inputs but also actively champion soil health, biodiversity, and
holistic ecosystem rejuvenation [24]. As challenges like climate change and global food
security, the merits of organic and sustainable farming practices are becoming more appar-
ent [25]. Regenerative organic farming is a holistic approach. A 40-year period long-term
Farming Systems Trial (FST) conducted by Rodale Institute has shown how regenerative
organic agriculture outperforms conventional grain cropping systems during times of
extreme weather, where corn yield was 31% higher in organic than in conventional during
droughts [26].

Over the past century, organic farming has metamorphosed from a niche movement
to a global industry. Despite facing its share of challenges and critiques, its foundational
principles—environmental well-being, sustainability, and natural production—continue to
wield influence and are progressively shaping the discourse on the future of agriculture [27].

2.2. Trends in Development

Over the past two decades, there has been a marked rise in the number of organic
farms and land under organic cultivation (Figure 1). This trend is evident globally, from
North America to Europe to Asia. For instance, in the United States, organic food sales
have witnessed consistent growth, with organic fruits and vegetables sharing a significant
market share. Similarly, European countries like Germany and France have seen an uptick
in organic agricultural practices and consumer demand [28].

Regions in Australia and parts of Asia are also embracing organic agriculture, driven
by both production and consumption incentives. This global inclination towards organic
farming stems from a confluence of factors, including heightened consumer awareness
about food safety and health, concerns over environmental impacts, and the long-term
economic promise of organic farming. According to a recent report published by IFOAM
and FiBL, there were more than 74.9 million hectares of organic farmland globally in 2019,
which is 1.6% of the total farmland [29], and which increased to 76.4 in 2021 (Figure 1).
Trend analysis with data from 1999 to 2021 showed a gradual increase in the sales of
organic food and the area of acreage under organic farming, with an annual increase of
USD 5 billion in sales and an annual increase of 2.9 million hectares of land dedicated to
organic farming each year (Figure 1). Worldwide, 191 countries practice organic agriculture
with 2.8 million organic producers, and 1.6% of the world’s agricultural land is farmed
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organically. In the USA, there was a 36% increase in certified organic farms between 2015
and 2021 [30].
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2.3. Benefits of Organic Farming
2.3.1. Environmental Benefits

Organic farming, with its foundation in ecologically balanced agricultural principles,
presents a myriad of environmental benefits. By avoiding synthetic fertilizers and pesti-
cides, organic farms significantly reduce the likelihood of groundwater contamination. For
instance, a comprehensive study in Europe found that areas with intensive organic farming
had 40% less nitrate in groundwater compared to conventional farming regions [32]. Or-
ganically managed soils show a higher water-holding capacity and infiltration rate due to
their higher organic matter content [33,34]. Furthermore, by prioritizing soil health through
practices like crop rotation and green manuring, organic farming not only augments soil
fertility but also improves biodiversity. A meta-analysis revealed that organic farms, on
average, support more plant, insect, and animal species than conventional farms [35]. Such
practices also play a pivotal role in attenuating soil erosion, with some estimates suggesting
that soil erosion potential can be reduced by over 61% with organic practices [36,37]. Land
management with organic manure can increase soil organic matter [38]. Agriculture is a
major contributor to climate change, emitting around 22% of global anthropogenic green-
house gas (GHG). Organic management has shown reductions in total GHG emissions per
unit area [3].

2.3.2. Economic Benefits

While facing the initial financial challenges remains in transitioning to organic farming,
the long-term economic prospects are promising. Organic products consistently command
premium prices often between 20 and 30% higher than their conventional counterparts. By
eliminating the recurring costs associated with synthetic fertilizers and pesticides, organic
farms can also achieve substantial savings eventually. Furthermore, the “organic” label
offers a competitive edge in the market. For example, the global organic food market
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size was valued at approximately USD 208.2 billion in 2022 and is expected to grow at a
compound annual growth rate (CAGR) of 11.7% from 2023 to 2030 [39]. Organic systems
also have higher socio-ecological resilience than conventional systems owing to its diverse
mixed farming approach, which can minimize risk by reducing the economic dependence
on a single crop [3].

2.3.3. Health Benefits

Organic foods, which are produced devoid of synthetic pesticides and genetically
modified organisms, cater to the escalating consumer inclination for natural and uncon-
taminated foods. Research has indicated that organic crops, on average, have higher
concentrations of antioxidants, lower levels of cadmium (Cd), and a reduced frequency of
pesticide residues compared to conventionally grown crops [40]. For instance, organic toma-
toes were found to contain, on average, more vitamin C than conventional tomatoes [41].
By reducing the application of synthetic chemicals, organic farming also minimizes the
potential health risks posed by pesticide residues. This approach has potential to decrease
the incidence of certain chronic diseases and conditions [42].

3. Challenges in Organic Farming

Organic farming, while offering numerous advantages in terms of sustainability,
environmental conservation, and health benefits, confronts a myriad of challenges that can
impact its efficacy and adoption rate. This section explores the multifaceted challenges
experienced by practitioners of organic farming, explaining both the inherent complexities
of the method and the external factors that influence its application.

3.1. Organic Nutrient Sourcing

One of the primary challenges in organic farming is the sourcing and application of
organic nutrients. Unlike conventional agriculture, which has access to a wide range of
synthetic fertilizers designed to meet specific nutrient requirements, organic farmers have
a narrower spectrum of choices. These organic inputs, such as compost, manure, and bone
meal, can vary considerably in nutrient content/imbalance amount of nutrients as needed
by plants, demanding careful management to ensure balanced soil fertility [43]. In addition,
the availability of organic fertilizers in the market is another concern. It is required in bulk
quantity due to its lower nutrient concentration compared to synthetic fertilizers and can
be associated with transporting and handling challenges [44].

3.2. Pest and Pathogen Management

The non-reliance on synthetic pesticides and herbicides in organic farming reintro-
duces the challenge of managing insect pests, weeds, and pathogens. Moreover, the
variability in environmental conditions and pest behaviors adds complexity to this scenario.
The organic approach demands a more intricate strategy, encompassing crop rotation,
companion planting, biological controls, and tillage to some extent. While these methods
can be effective, they often require a more nuanced understanding and can sometimes be
less predictable in outcome compared to chemical controls [45].

3.3. Soil and Crop Management

Managing soil fertility in organic farming can be quite challenging, particularly when
it comes to the use of organic fertilizers. Unlike inorganic fertilizers, organic fertilizers
contain fewer nutrients and do not have a targeted source of nutrients. Instead, they are
a blend of several nutrients available in organic form, which need to be mineralized to
release the nutrients for plant uptake. As a result, it can be difficult to manage the required
and recommended nutrient levels, especially for high nutrient-demanding crops [46]. This
would be more critical when growers produce longer-growing season greenhouse crops
like cucumber, tomato, and sweet pepper. These crops demand a continuous and consistent
supply of nutrients throughout the growth stages [47,48]. The asynchronous release of
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nutrients in organic farming can pose challenges in meeting crop demand and can also be a
cause of environmental pollution.

3.4. Yield Gap and Economic and Logistic Concerns

Organic farming, despite its environmental and health benefits, frequently faces a
persistent challenge of lower yields compared to conventional farming, known as the
“yield gap”. Studies show that, on average, organic crop yields in developed nations are
between 5% to 34% lower than their conventional counterparts [49,50]. This is attributed to
organic farming’s reliance on the natural decomposition of organic fertilizers, like compost,
to release nutrients [43]. Unlike conventional farming using synthetic fertilizers, organic
farming lacks flexibility in adjusting nutrient availability in response to crop needs, leading
to lower yields.

Moreover, the absence of synthetic herbicides in organic farming requires labor-
intensive manual or mechanical weed removal, which may fail to control aggressive
weed species and incur additional costs [51]. Transitioning to organic farming can pose
significant economic challenges, involving expenses for organic certification, infrastructure
modifications, and the potential for reduced yields during the transition phase, which can
strain financial resources. Additionally, the logistical challenges of sourcing organic seeds
and managing extended crop rotations further add hurdles for farmers [52]. A notable
example is Sri Lanka. In 2021, the country banned the import and use of synthetic fertilizers
and pesticides without adequate support for farmers and consumers. This led to a drastic
30–50% decrease in crop yields, forcing many farmers to abandon their fields, skyrocketing
food prices, and necessitating the importation of rice worth hundreds of millions of dollars.
Sri Lanka, once a self-sufficient producer of rice, faced significant challenges. This high-
lights that the shift to organic agriculture must be carefully planned and tailored to local
resources and capabilities.

3.5. Knowledge and Training

The principles of organic farming have ancient roots, face challenges in their appli-
cation in contemporary settings, and often require specialized knowledge and training.
For example, the benefits of adopting cover crop practices are more for improving soil
health and structure than increasing farm profitability. Similarly, research results obtained
in one zone (e.g., temperate) cannot be readily transferred to another zone, which requires a
better system understanding of tropical, sub-tropical, and arid climates. Access to training,
research, and extension services tailored to organic farming can be limited in many regions,
hindering the adoption and optimization of organic practices [53].

4. Organic Fertilizers: Categories and Characterization
4.1. Major Classification

Organic production systems offer diverse nutrient sources, including compost, manure,
green manure, meals, biosolids, mineral fertilizers, and microbial solutions. We have
categorized the organic fertilizers into six distinct groups based on their source, which are
also summarized in Table 1:

1. Animal-based fertilizers: manure, bone meal, blood meal, fish emulsion, and feather meal;
2. Plant-based fertilizers: compost, green manure, cottonseed meal, and seaweed extracts;
3. Mineral-based fertilizers: rock phosphate, greensand, and lime;
4. Specialty organic fertilizer: bat guano, worm casting (vermicasting), and biochar;
5. Microbial inoculants: mycorrhizae and bacterial inoculants;
6. Wastewater-derived organic fertilizer: biosolids.
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Table 1. Comprehensive overview of organic fertilizer types: analyzing benefits, challenges, nutrient profiles, environmental impact, suitable crops, and shelf life.

Category Benefits Challenges As Major Nutrient Source Environmental Impact Suitable Crops Shelf Life References

Animal-Based
Fertilizers

High nutrient
content;
improves soil
structure and
water retention

Risk of pathogenic
contamination;
odor and potential
nutrient loss via
runoff and leaching

i. N (from manure, blood meal)
ii. P and Ca (from bone meal)
iii. N-P-K (from fish emulsion)

Medium to high; potential water
pollution from runoff and leaching
and pathogenic contamination;
greenhouse gas emissions and
odors; phosphorus leaching from
long-term manure application.

Most crops
Several
weeks to
months

[54–61]

Plant-Based
Fertilizers

Renewable and
eco-friendly;
enhances soil
microbial activity

Slower nutrient
release; potentially
lower nutrient
content than animal-
based fertilizers

i. N (from green manure)
ii. Minor trace elements (from
seaweed extracts)
iii. Balanced nutrients
(from compost)

Low; contributes to soil health with
minimal negative impact;
composting reduces landfill waste
and methane emissions; sustainable
harvesting of seaweed is crucial to
minimize ecosystem disruption.

A broad range of
crops, including root
vegetables, leafy
greens, and herbs

Varies;
compost is
stable

[62–65]

Mineral-Based
Fertilizers

Natural and
eco-friendly; slow
release ensures
prolonged
nutrient availability

Variable nutrient
content;
may require
additional processing

i. P (from rock phosphate)
ii. K (from greensand)
iii. Ca (from lime)

Medium: mining of rock phosphate
and greensand can lead to land
degradation and habitat disruption;
lime application must be managed
to prevent soil alkalinity imbalance.

Suitable for crops
requiring specific
nutrients like beans
(P) and potatoes (K)

4–6 weeks
or longer [66,67]

Specialty
Organic
Fertilizers

Unique nutrient
compositions;
specific benefits like
high N content or
soil improvement

Availability and cost;
specific han-
dling requirements

i. High N (from bat guano)
ii. N, P, K, Zn, and beneficial
microbes (from worm castings)
iii. C-rich material
(from biochar)

Generally low to moderate; sourcing
of bat guano needs to be sustainable
to avoid ecological disruption;
biochar production has a positive
impact on carbon sequestration
(longer persistence of biochar than
the biomass it is made from).

Specific to needs, e.g.,
high-demand crops
for bat guano e.g.,
okra, tomato,
lettuce, kale

Varies sig-
nificantly [68,69]

Microbial
Inoculants

Enhances nutrient
uptake and soil
health; supports
plant growth

Requires specific soil
and environmental
conditions for
effectiveness;
application
expertise needed

Beneficial microbes, no direct
N-P-K content;
phyto-stimulatory

Low; enhances soil biodiversity and
health without negative impacts;
can reduce the need for chemical
fertilizers, thereby lowering
environmental stress.

Broadly applicable
(vegetables to row
crops), especially
beneficial for crops
sensitive to
soil conditions

1–2 years
or more [70,71]
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Table 1. Cont.

Category Benefits Challenges As Major Nutrient Source Environmental Impact Suitable Crops Shelf Life References

Wastewater-
Derived
Organic
Fertilizer
(Biosolids)

Higher nutrient in
balanced
composition;
improves soil health,
water retention, soil
structure, and
crop yield

Risk of pathogenic
contamination; heavy
metal contamination;
potential source of
toxic pharmaceutical
and personal care
products (e.g.,
Triclosan), endocrine-
disrupting
compounds
(Bisphenol A), and
dioxins and furans

Nutrients: N, P, K, S, Mg, Ca, Zn,
Cu, and B; Biosolids can also
contain heavy metals such as As,
Hg, Se, Cr, and Ni

Possibilities of water pollution and
soil contamination when applied
long term and exceed the
recommended rates; nutrient
leaching; eutrophication, and
negatively impacting aquatic
ecosystems; health risks due to the
presence of endocrine-disrupting
compounds and dioxin and furans.

Most crops; can be
used for row crops
like corn, wheat,
and soybean

1–2 years [72–74]

Note: Fertilizers are classified into high, moderate, and low categories based on their effectiveness.
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4.2. Organic Fertilizer: Nutrient Profile, Application, and Challenges

In exploring the use of organic fertilizer, it is important to recognize that managing
nutrient budgets with organic sources can be challenging. This challenge arises from
their low nutrient profile, variability in mineralization dynamics, and complex organic
compositions. Additionally, there are challenges in their production, outsourcing, shelf
life, and environmental implications. This section covers the most commonly available
and used organic nutrient sources and discusses their nutrient profile, application, and
challenges. Specific information on the nutritional composition of organic fertilizers is
provided in Table 2.

Table 2. Nutrient composition of various organic fertilizers and soil amendments.

Material % Nitrogen % Phosphate % Potash

Alfalfa hay 2–3 0.5–1 1–2

Bone meal 1–6 11–30 0

Blood meal 12 1–2 0–1

Cottonseed meal 6 3 1

Composts 1–3 1–2 1–2

Feather meal 12 0 0

Fish meal 6–12 3–7 2–5

Grass clippings 1–2 0–0.5 1–2

Hoof/horn meal 12–14 1.5–2 0

Kelp 1–1.5 0.5–1 5–10

Leaves 1 0–0.5 0–0.5

Legumes 2–4 0–0.5 2–3

Manures: cattle 2–3 0.5–1 1–2

Horse 1–2 0.5–1 1–2

Swine 2–3 0.5–1 1–2

Poultry 3–4 1–2 1–2

Sheep 3–4 0.5–1 2–3

Pine needles 0.5 0 1

Sawdust 0–1 0–0.5 0–1

Sewage sludge 2–6 1–4 0–1

Seaweed extract 1 2 5

Straw/corn stalks 0–0.5 0–0.5 1

Wood ashes 0 1–2 3–7
Adopted from Utah State University, Yard and Garden Extension [75], written by R. Koenig and M. Johnson,
received permission from authors to re-use.

4.2.1. Animal-Based Fertilizers
A. Manure

Manure, a natural fertilizer consisting of animal feces and urine mixed with hay or
straw, is a key component of organic farming, providing numerous benefits to soil and
crops. This can be broadly categorized into cow, horse, sheep, chicken, pig, goat, and
rabbit manure, each with varying nutrient contents (NPK and other nutrient values). For
instance, cow manure typically contains N concentrations ranging from 0.5% to 3%, P
concentrations ranging from 0.3% to 0.6%, and K concentrations ranging from 0.5% to 3%.
Chicken manure is particularly rich in nutrients, with N ranging from 1.5% to 3.5%, P
from 1.5% to 3%, and K from 0.8% to 2.5%. Factors like animals’ diet, manure’s age, and
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storage influence nutrient concentrations. Fresh manure has lower nutrient concentrations
than composted or aged manure due to higher water content. Hence, manure analysis
is recommended for precise nutrient management. While long-term manure application
enhances crop yield and improves soil organic matter and health [38,54,76], challenges
like the overaccumulation of P nutrient exist, which can cause eutrophication [38,54,55,77].
Excessive application can also cause issues like salinity and acidity [78]. Manure has also
been reported as a source of greenhouse gas emissions, especially methane and nitrous
oxide [58]. Manure is often composted before application to reduce the pathogenic risk and
weed emergence count. Proper manure management incurs costs, and obtaining a large
amount of manure can also be a challenge depending on location.

B. Blood Meal

Blood meal, a popular organic fertilizer derived from dried and ground animal blood,
is a cost-effective and efficient source of N for plants, particularly high-N-demanding veg-
etables such as lettuce, spinach, kale, tomatoes, peppers, cucumbers, and okra. Despite its
high N content (10–13%) compared to other organic sources, it is also a slow-release fertil-
izer. Blood meal is mainly composed of hemoglobin (globular protein) and is characterized
by the presence of a prosthetic group (protoporphyrin) containing iron (Fe) [60]. Limited in-
formation exists on its role as an Fe source for plants [61,79]. Excessive application of blood
meal can lead to a high concentration of N, potentially burning the plant by disrupting its
water uptake system. The strong smell of blood meal can attract animals and pests like
dogs, rodents, and raccoons, which may dig up gardens or plant beds where it is applied.
Overapplication may lower the soil pH, making it more acidic. While rich in N, blood
meal lacks P and K. Safety precautions are advised during handling as a slaughterhouse
byproduct, though disease transmission risk is low.

C. Bone Meal

Bone meal, a popular organic fertilizer derived from finely ground animal bones, is rich
in P (15–27%) and Ca (22–33%) [80]. Bone meal also contains a small amount of N (1–4%)
and trace minerals, including collagens. Bone meals, while beneficial in many contexts, are
not universally applicable. It may not be ideal for plants that demand substantial amounts
of N or for use in soils with high acidity. The reason lies in bone meal’s slow transformation
into soluble P in acidic conditions. This characteristic can be advantageous in P-deficient
soils, aiding plant growth. However, in soils that already have sufficient phosphorus, bone
meal tends to convert into a stable form of phosphorus, offering no additional benefits
to the plants. Excessive use can lead to a build-up of phosphorus in the soil, which can
disrupt the balance of soil nutrients and potentially lead to environmental problems like
water pollution. Variability in nutrient content, attractiveness to pests, and impact on soil
pH make bone meal less consistent in its effectiveness as a fertilizer.

D. Fish Emulsion

Fish meal, comprising fish and seaweed emulsions and meals, is an organic nutrient
source with a relatively high level of N (10%) and P (6%) [81,82]. While its rapid mineraliza-
tion is advantageous [81], its unpleasant odor in closed environments like greenhouses can
be a drawback. At typical summer soil temperatures, more than half of the organic N may
mineralize within two weeks of application. However, overapplication of fish emulsion can
cause N burn, harming plant roots and leaves. The nutrient profile varies based on source
and manufacturing processes, leading to inconsistent results. The biggest challenge for
fish emulsion is its shelf life, and improper storage can reduce efficacy. The fish emulsion
generally needs to be diluted before application, which increases the additional preparation
time. Depending upon the brand and quality, fish emulsion can be more expensive than
some other organic fertilizers.
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E. Feather Meal

Feather meal, a poultry industry byproduct, contains relatively high N levels (14%).
Although initially insoluble, it mineralizes rapidly (around 2 weeks) under favorable
conditions. In soil, where the substrate is not limited to a short retention period, the
prolonged decomposition of a protein-rich material may be advantageous [83]. Feather
meal is the least expensive organic fertilizer, but its effectiveness depends on soil microbial
activity, varying with soil type, pH, and other conditions. Some processing methods for
converting feathers into meal involve chemicals or high heat, which can raise additional
environmental concerns. Application and storage pose challenges; feather meal can be
dusty and inhaling it can be unpleasant or potentially harmful. Improver storage can
reduce the effectiveness of feather meal.

4.2.2. Plant-Based Fertilizers
A. Compost

Compost, a key element in sustainable waste management, results from the aerobic
decomposition of organic matter like kitchen scraps, yard waste, and agricultural residues.
It enhances soil structure, water retention, and microbial activity [84–86]. Composting
can be categorized into various types based on the method and materials used, including
home composting, vermicomposting (using earthworms to accelerate decomposition) [87],
bokashi (a method involving fermentation) [88], and large-scale industrial composting.
Benefits encompass the enrichment of essential nutrients, improvement in soil aeration and
moisture retention, aiding carbon sequestration, and reducing greenhouse gas emissions
by diverting organic waste from landfills. Challenges involve space and maintenance in
home composting, specific conditions for vermicomposting, an anaerobic environment
for bokashi composting [89]. Large-scale composting facilities are challenged by the need
for significant infrastructure, regulatory compliance, and potential odor and leachate
management issues. Moreover, compost quality varies based on the inputs and processes,
impacting its suitability for different applications. In all forms, composting necessitates a
balance between N-rich and C-rich materials to ensure effective decomposition, a factor
that requires careful attention to detail. Despite challenges, the continued innovation and
adaptation holds potential for enhancing its efficacy and applicability in diverse settings.

B. Green Manure

Green manure, involving fresh plant material incorporation, especially from fast-
growing cover crops, offers a sustainable approach to enhancing soil quality/health. Crops
like legumes such as clover, vetch, and peas, as well as grasses such as rye and barley,
are sown not for harvest but for their beneficial impact on soil health [90–92]. Their
integration into farming systems notably contributes to N fixation and the improvement in
soil structure and organic matter content. However, the implementation of green manure
is not without its challenges, for example, precise timing and management; the growth
period of these crops can sometimes conflict with the scheduling of main crop planting.
Additionally, the incorporation of green manure into the soil must be meticulously timed to
occur before the plants reach seeding stage. This process, while beneficial for soil health, can
be labor-intensive and necessitates appropriate agricultural equipment. Moreover, water
resource management emerges as a crucial consideration, especially in arid conditions
where supplementary irrigation might be required [63]. In addition, it can attract pests and
diseases that carry over to subsequent crops and potentially lead to temporal N depletion
in soil. Furthermore, species selection, climatic conditions, and decomposition rate of
these crops can impact on achieving desired outcomes. While green manure presents
an ecologically sound method for improving soil health, its integration into agricultural
systems demands careful planning and resource management to optimize its benefits and
mitigate potential drawbacks.
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C. Cottonseed Meal

Cottonseed meal, an organic fertilizer derived from cotton seed byproducts, is rich in
N (6–7%), P (1–3%), and K (1.5%). It is particularly known for enhancing vegetative growth
and root development, while its slow-release property ensures a prolonged nutrient supply,
minimizing over-fertilization risks. Additionally, its acidifying effect on soil renders it
ideal for acid-loving plants, making it a versatile choice for a variety of garden settings.
Challenges include its specific nutrient ratio not fitting for all plants or soil types, potential
residual chemicals, the allergenic properties of cottonseed (a known allergen which may
pose risks during handling) [93], pest attraction, variable availability, and cost effectiveness.
Applied in spring as a side dressing or soil mix, cottonseed meal recognized as beneficial
for plants that thrive in slightly acidic soils, such as azaleas, blueberries, and rhododen-
drons [94], offering sustainable and environmentally friendly fertilization. However, careful
consideration is essential for tailored application and to address potential challenges.

D. Seaweed Extracts (Kelp Meal)

Kelp meal, which is derived from kelp or brown algae seaweed, is nutrient-rich
in fertilizer containing N, P, K, and various trace elements. Marketed as biostimulants,
fertilizers, soil conditioners, and environmental stress reducers [95], it offers benefits but
faces challenges such as variability in nutrient content and production costs, and there is
still a lack of information regarding the effectiveness of kelp meal products in different
agroecosystems and specialty crops. Contamination is another concern, as seaweed can
accumulate heavy metals from the marine environment and issues with stability and shelf
life require careful handling. Despite these hurdles, seaweed extract remains a valuable
component in organic farming, contributing to plant health and sustainable practices when
used in conjunction with other organic fertilizers.

E. Alfalfa Meal

Alfalfa meal, an organic fertilizer from ground alfalfa plants, rich in N (2–3%), P, and
K, promotes healthy growth in diverse plants. It also contains essential trace minerals,
improving soil structure and moisture retention. While its N level may not meet the needs
of high-demand crops and it can also attract pests, combining it with other fertilizers
ensures comprehensive plant nutrition. Its applicability extends to gardening and farming,
offering a sustainable choice for enriching soil.

4.2.3. Mineral-Based Fertilizers
A. Rock Phosphate

Rock phosphate fertilizer, an organic fertilizer, originates from phosphorite or rock
phosphate, a sedimentary rock containing high amounts of phosphate minerals. It is
mined in countries like Morocco, China, and the United States. Its composition primarily
includes P in the form of phosphates, and it may also contain beneficial minerals like
Ca and Fe, along with trace elements essential for plant growth. In organic farming,
rock phosphate is utilized as a soil amendment and a slow-release phosphorus fertilizer.
Typically applied directly to soil, it plays a crucial role in supporting root development and
flowering in a variety of plants, including vegetables, fruits, and ornamentals. Additionally,
it improves soil health by enhancing soil structure and water retention capabilities and is
considered more environmentally friendly compared to synthetic P fertilizers. Despite these
advantages, there are challenges associated with rock phosphate fertilizer, for example,
slow nutrient release and variable effectiveness due to composition and soil conditions.
Moreover, the mining of rock phosphate raises environmental concerns; therefore, its use
should be carefully considered based on the specific needs of the soil and crops.

B. Greensand

Greensand, a natural mineral with a distinctive green hue from iron silicate com-
pounds, is a valuable resource in gardening and agriculture. Extracted from ancient seabed
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deposits, it primarily consists of glauconite, an iron potassium silicate mineral, and trace
minerals. Greensand is known for its slow-release K content, being vital for plant health,
photosynthesis, and nutrient absorption; it also improves soil structure and water retention.
It is particularly beneficial for sandy soils and can also loosen clay soils, promoting root
growth. One of the key advantages of greensand is its ability to release nutrients gradually,
preventing the risks associated with over-fertilization and offering a sustainable solution
for long-term nutrient provision. As a natural soil conditioner, it improves texture and
essential trace minerals that might be missing in some soils. Being a natural and organic
product, greensand is a favored choice in organic gardening, devoid of synthetic chemicals.
Greensand is typically applied directly to soil; its rates can vary based on soil type and
plant needs. While effective for slow-release and soil conditioning, it may not rapidly
correct severe nutrient deficiencies and works best in slightly acidic to neutral pH soils.

C. Lime

Lime, a crucial soil amendment in gardening and agriculture, is derived from ground
limestone rock, which is primarily composed of calcium carbonate (CaCO3) and, in some
types, magnesium carbonate (MgCO3). Two main types, calcitic lime and dolomitic lime,
serve to raise the soil pH of acidic soils, which is essential for plants that thrive in neutral to
alkaline conditions. Lime improves nutrient availability, particularly P and K, and improves
soil structure by aiding water retention and aeration. This amendment is indispensable for
providing plants with essential nutrients like Ca and Mg, which are crucial for growth and
development and are applied before planting. Conducting a soil test before application is
crucial to determining the necessary amount of lime, as its overuse can lead to an overly
alkaline soil environment, adversely affecting plant growth and nutrient absorption. It is
also important to note that lime reacts slowly with soil; therefore, it should be applied well in
advance of planting. While not a substitute for fertilizers, lime is integral to comprehensive
soil management, ensuring optimal conditions for a variety of plants, particularly those
unsuited for acidic soils.

4.2.4. Specialty Organic Fertilizer
A. Bat Guano

Bat guano, the excrement of bats, is a highly recognized organic fertilizer known for its
rich nutrient content, especially N, and beneficial impact on soil and plants. High in N for
leafy plant growth, it also provides P for root development, K for overall plant health, and
beneficial microorganisms and trace elements, contributing to soil health and improving
plant resilience against diseases. Its standout feature is fast-acting nutrient release, offering
a quick boost in growth. It is versatile in its application and suited for various gardens
and plants, acting as both fertilizer and soil conditioner, enhancing structure, moisture
retention, and microbial activity. Despite its benefits, careful use is crucial to avoid nutrient
imbalances, making it an integral part of a balanced fertilization strategy aligned with plant
and soil needs.

B. Worm Casting (Vermicasting)

Worm castings, or vermicasting, are potent organic fertilizers created through earth-
worm digestion, offering a rich array of essential nutrients and enhancing soil properties.
With balanced levels of N (1–2%), P (1–2%), and K (0.5–1%), along with micronutrients, they
support comprehensive plant growth. One of the standout features of worm castings is
their high concentration of beneficial microorganisms, which play a crucial role in breaking
down nutrients and improving soil structure [96]. They also contain humic acid, enhancing
nutrient absorption and increasing soil water retention. The exact nutrient composition
can vary based on the worms’ diet and the production conditions of the vermicasting. In
terms of application, worm castings improve soil aeration and water retention due to their
porous nature and are pH-neutral, making them suitable for a wide range of plants and
soil types. They can be mixed into garden beds, added to potting mixes, and used as a top
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dressing. Despite being pH-neutral and versatile, challenges in their use include their cost,
nutrient variability, production demands, and lower concentrations compared to synthetic
fertilizers. Proper storage is crucial to maintain effectiveness, and overapplication may
lead to nutrient imbalances and pest attraction. While research is limited, worm castings
remain invaluable for sustainable and organic gardening, contributing significantly to
long-term soil health and plant growth when integrated into a balanced soil management
and fertilization strategy.

C. Biochar

Biochar, a carbon-rich product derived from the thermal decomposition of organic
materials in an oxygen-limited condition, is a vital soil amendment in organic farming. Its
rich porous structure enhances water and nutrient retention, promoting soil health and
crop productivity. When used directly in soil or during composting, biochar improves soil
structure, aeration, soil organic matter, and water infiltration [97,98]. Its nutrient retention
reduces reliance on chemical fertilizers, aligning with organic principles. Additionally,
biochar’s stability in soil makes it an effective means of carbon sequestration and allows
it to reduce greenhouse gas emissions [69]. This, in turn, contributes to improved plant
growth and yield. Challenges include production and transportation costs, variable effec-
tiveness due to differences in quality, and a lack of long-term research on diverse soil types
and ecosystems. Careful consideration and ongoing study are essential for maximizing
biochar’s benefits in organic farming.

4.2.5. Wastewater-Derived Organic Fertilizer
Biosolids

Biosolids, which are derived from wastewater treatment processes, are treated sewage
sludge used in agriculture and landscaping. There are different kinds of biosolids, catego-
rized based on their treatment and pollutant levels: Class A biosolids are highly treated and
contain minimal pathogens, making them safe for public use, while Class B biosolids have
undergone less treatment and may have restrictions on their application. While beneficial
for soil due to the presence of organic matter and essential nutrients (N, P, and trace miner-
als), their use in organic farming faces scrutiny due to concerns about contaminants such
as heavy metals and pharmaceuticals. Challenges include public perception, regulatory
constraints, and variable composition. Despite existing challenges, research is ongoing
to enhance treatment processes and assess long-term impacts, highlighting biosolids as a
potential resource for soil health and crop production.

4.3. Ecosystem Services of Organic Fertilizers

The pivotal role of organic fertilizers in fostering ecosystem services for crop produc-
tion is evident. Those can include enhancing biodiversity, nutrient cycling, soil health, and
farm productivity. Further insights into the economic, environmental, soil health, and crop
yield impact of different organic fertilizers in crop production are detailed in Table 3.
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Table 3. The economics, soil health, and environmental impact of organic fertilizers in crop production.

Fertilizer Type Initial Cost (per Unit) Yield Impact Soil Health Impact Environmental Impact References

Manure USD 15–28 per ton
Long-term manure application

improves crop yield (most of the
crops and vegetables).

Improves soil organic matter, soil
organic carbon, water retention, soil

microbial biomass.

Long-term application of manure has
the potential to cause water

contamination and
phosphorus leaching.

[38,76]

Greensand USD 33 per 50 lbs

Availability is limited to a few
garden studies found on

independent websites. It is primarily
used as a soil conditioner for flower

beds, gardens, and lawns.

It improves water retention and
microbial growth, promotes plant root

growth by loosening clay soil, and helps
bind sandy soil.

None to report due to
limited studies. [66,99]

Rock Phosphate USD 35 per 50 lbs
It improves crop yield but varies

based on soil types and
nutrient profiles.

Improve carbon sequestration and
accumulation by increasing soil

exchangeable calcium and
magnesium cations.

Overapplication of rock phosphate
can lead to water pollution and

accumulation of cadmium, which is
harmful to the environment.

[100,101]

Lime USD 12 per 50 lbs

Liming can significantly enhance the
effectiveness of fertilizers by

reducing soil acidity, potentially
leading to yield increases of 20% or

more in crops such as corn and
soybean. For alfalfa, the yield

improvement can be 35% or greater.

Liming increases soil pH, which
stimulates microbial activity and

enhances soil organic matter. This
process can significantly impact the

dynamics of carbon pools in the soil. By
lowering soil acidity, liming not only

improves crop yield but also enhances
the soil’s water retention capacity.

Over-liming can add excess calcium,
which can lead to deficiencies in

nutrients like magnesium
and potassium.

[102–106]

Bone Meal USD 40 per 50 lbs

Improves protein content in spring
and winter wheat; crude fat yield in

rapeseed; and yield in sweet corn
and perennial grass.

Increases soil pH and improves total and
mineral nitrogen, total phosphorus, and

dissolved organic carbon.

Reduces the bioavailability of lead,
zinc, and cadmium in polluted soils. [107–111]

Blood Meal USD 60–100 per 50 lbs

Reduce chemical fertilizer
dependency for cereals, oilseed rape,

and sweet corn; contradictory, one
study also reported a potential

inhibitory effect on
maize establishment.

Increases soil organic matter and fertility;
improves the availability of iron and

micronutrients for plant growth
and development.

Potential risk of water contamination
and heavy metal pollution. [60,61]
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Table 3. Cont.

Fertilizer Type Initial Cost (per Unit) Yield Impact Soil Health Impact Environmental Impact References

Fish Emulsion USD 20 per gallon Improves crop yield in tomato
and rice.

Positive impact on disease suppression
and plant growth.

Fish can accumulate heavy metals in
their marine environment, which can
then be transferred to soil and plants;

high nitrogen content can lead to
nutrient runoff if overapplied.

[112–115]

Seaweed Extracts USD 25 per quart Improves yield in tomato.

Improving soil nitrogen, soil fertility, and
microbial activity enhances plant growth

and yield; additionally, it improves
water retention and nutrient uptake and
provides plants with resistance to both
abiotic and biotic stress environments.

Unsustainable harvesting of seaweed
can disrupt marine ecosystems and

biodiversity; the production and
processing of seaweed extract may

contribute to greenhouse gas
emissions, depending on the method;

the heavy metals accumulated by
seaweed may get transferred to

the soil.

[116–120]

Alfalfa Meal USD 30–60 per 50 lbs

While there is a lack of specific
scientific reports, several

independent websites have
dmonstrated that alfalfa meal

contributes to an increase in organic
matter, trace minerals, and NPK

levels. Additionally, when used as
mulch, alfalfa can help in weed

reduction. It is also noteworthy that
alfalfa contains triacontanol, a

natural plant growth stimulator,
which has been reported to enhance

yield in vegetable crops.

Alfalfa meal enhances soil microbial
biomass and nitrogen levels,

decomposes quickly, and positively
impacts soil tilth and water retention.

Producing alfalfa meal requires
careful consideration of water and

land usage, particularly in
environments with water scarcity.

Additionally, if the alfalfa is treated
with pesticides, there is a potential
risk of transferring residues to both

the soil and the plants.

[121,122]

Biosolids USD 50–125 per dry ton Biosolids improve crop yield in
winter wheat and corn

Improves soil organic carbon and
potentially mineralizable nitrogen, soil
organic matter, water retention capacity,

and water infiltration rate.

Biosolids can contain heavy metals,
pathogens, and residual

pharmaceuticals, posing a risk to
water quality and human health.

[123–128]

Note: costs of organic fertilizers (in the U.S. market in 2023) are adapted from 7SpringsFarm and Fertrell Co. Plant, Bainbridge, PA, USA; data were collected in October 2023.



Sustainability 2024, 16, 1530 17 of 25

5. Regulation and Certification in North America

In organic farming, growers are using natural and much safer fertilizer products
compared to chemical alternatives. However, it is essential to ensure that these organic
fertilizers meet strict organic standards. The Organic Materials Review Institute (OMRI)
plays a crucial role in this process. The OMRI is an independent non-profit organization that
was started in 1997 and is dedicated to reviewing and certifying products used in organic
production and processing. It evaluates a wide range of inputs, including fertilizers, pest
controls, and livestock health care products, to ensure they comply with organic standards.
When companies apply for OMRI certification, their products undergo rigorous scrutiny
against these standards. The OMRI’s standards are based on the U.S. National Organic
Program (NOP), the Canada Organic Regime (COR) standards, and the Mexican Organic
Products Law (LPO) guidelines. The review and approval process generally takes several
months. If a product meets the criteria, it becomes OMRI-Listed® and is included in the
OMRI Products Lists©, providing assurance to organic farmers and consumers that it
is genuinely organic and safe for both human consumption and the environment. Any
products need to be renewed annually.

A comprehensive directory of approved organic products, known as the OMRI Prod-
ucts List, is readily accessible for download at https://www.omri.org/omri-lists (accessed
on 22 November 2023). The OMRI provides an electronic search tool that simplifies the
process for organic community members to select suitable products. This tool not only
aids in decision making but also allows users to conveniently obtain OMRI certificates for
each approved product, ensuring transparency and adherence to organic standards. Since
organic goods are becoming popular day by day, organic growers want to be confident
with the products they choose. Hence, the OMRI Products List is helpful both for growers
and certifiers. Although it is not mandatory to be listed, being OMRI-Listed can provide
a significant advantage. The importance of OMRI certification for organic growers and
consumers includes authenticity of organic products, compliance with organic standards,
consumer trust, environmental benefits, and health implications [129].

6. Evidence of Crop Performance with Commercially Available Organic Fertilizers in
Vegetable Production

Compared to research reports on the use of manure and compost in greenhouses or
fields, little research has been conducted evaluating other commercially available organic
fertilizers. The impact of organic farming on vegetable yield has shown varied results.
According to a report by Olle and Williams, about 59% of studies observed positive effects
on yield from organic cultivation, while 29% reported a negative impact, and 12% found no
significant influence. Notably, around 65% of the studies indicated that vegetables grown
organically had a better nutritional value than those grown conventionally [130]. This
highlights the mixed but often positive effects of organic cultivation on vegetables’ yield
and nutritional quality. For instance, Maltais-Landry et al. (2023) reported an increase in the
marketable yield of cabbage when using processed fertilizers—including blood meal, bone
meal, feather meal, and meat meal—compared to composted manure and control in a two-
year experiment [62]. Similarly, a recent study that examined the individual and combined
effects of Tithonia diversifolia, banana leaves, and poultry feather (PF) on tomato crops found
that combinations like PF and Tithonia leaves significantly increased tomato yield and
improved soil properties compared to individual applications or control treatments [131].
A recent meta-analysis by Gao et al. (2023), which reviewed 107 research papers, found
that organic fertilizers originating from animals improved the yield of tomato production
by 42.2% [132]. This was followed by plant-origin organic fertilizers (35.8%) and mixed
animal-and-plant organic fertilizers (37.2%) compared to crops with no fertilizer application.
This improvement was attributed to the higher N release rate in animal-origin fertilizers
compared to other organic fertilizers [133,134]. Additionally, the use of commercial fish
emulsion as a plant growth medium and nutrient source has shown promising results in

https://www.omri.org/omri-lists
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enhancing radish growth by promoting nutrient availability and plant growth, especially
in sandy soils [135].

A two-year study compared the influence of plant- and animal-based organic fertilizers
on soil nutrient availability, yield, and phytochemical content of artichokes. It was found
that the concentration of phytochemicals was higher in soil treated with alfalfa meal than in
those treated with animal-based fertilizers [136]. Given the higher cost of alfalfa meal, the
authors concluded that while plant-based fertilizers might be ideal for improving soil and
the quality of artichoke heads, animal-based fertilizers might be a more suitable choice for
organic farmers when yield and cost are primary considerations. Another study conducted
by Ogles et al. (2015) over two years evaluated the effectiveness of an organic fish fertilizer
in a squash/collard rotation [137]. Although the yields did not significantly differ from
those obtained using inorganic sources, economic analyses indicated that the premium
prices and potential profits associated with organic products could make organic farming
a financially viable option. Additionally, a study conducted between 1993 and 1995 in
Taiwan and the Philippines explored the use of legume green manure (GM) as an alternative
to mineral nitrogen fertilizer for tomatoes. The research revealed that GM, particularly
soybean GM, significantly improved tomato yields in certain conditions, comparable to
yields with traditional nitrogen fertilizers. However, the effectiveness of GM varied with
the season and location, with better results in the wet season and on infertile soils. The
study also highlighted that legume GM positively influenced the subsequent crop (maize)
in the crop rotation, indicating a beneficial residual effect on soil fertility [138].

7. Perspective and Future

Organic farming, with its emphasis on sustainability and environmental stewardship,
presents both opportunities and challenges in the context of a growing global population
and high-demand crops like corn, soybean, and rice. A key feature of organic farming is
the use of slow-release fertilizers, which, while beneficial for soil health and long-term
sustainability, may pose limitations in meeting the immediate nutrient demands of these
high-yield crops. This inherent nutrient limitation in organic systems raises concerns
about their ability to match the expected growth rate necessary for feeding the increasing
population. Though organic farming may not be providing the much-needed nutrients
at a rate crop demands, the long-term application of organic fertilizer, especially manure,
can improve the system resiliency to abiotic stresses like drought and can significantly
improve the soil organic matter and health and sustain a more stable yield compared to
inorganic fertilizers. However, it is important to note that organic farming encompasses
more than just production methods; it adopts a holistic approach to building self-sustaining
communities. Strategies like reducing food waste through composting and fostering
networks of self-sufficient organic farmers play a vital role. These initiatives contribute
to sustainable future by alleviating some pressure on production demands and creating
localized food systems that rely less on large-scale agricultural practices, thereby mitigating
the environmental impact. Farm-to-table practices further support these goals by reducing
the carbon footprint associated with food transportation and promoting local production.
In essence, while organic farming may face challenges in meeting the immediate production
demands for certain crops, its broader approach to creating a more sustainable and self-
reliant agricultural ecosystem offers a compelling path towards balancing production needs
with environmental and social sustainability (Figure 2), which is a critical aspect in the
creation of a sustainable agricultural system [139].
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determining the timing of nutrient availability, and developing precise nutrient recom-
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mineralization dynamics of organic fertilizers can be evaluated using metagenomics and 
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Figure 2. A multifaceted approach to sustainable agriculture, encompassing environmental, eco-
nomic, and social dimensions. Illustrated is a vibrant community garden, a bustling marketplace, and
an efficient composting area. The garden symbolizes environmental sustainability through organic
farming and biodiversity conservation. The marketplace represents economic sustainability, showcas-
ing the direct sale of locally grown produce, thereby supporting the local economy and reducing food
miles. The composting area highlights waste reduction and nutrient recycling, which are essential for
sustainable resource management. Additionally, this setup fosters social sustainability by enhancing
community engagement, providing employment opportunities, and improving the overall quality of
life for residents. (Note: the image was created with ChatGPT with a specific user-defined prompt to
represent the author’s perspective).

As scientific knowledge and technological advancement progress, organic farming
presents numerous opportunities to meet consumer demands while addressing environ-
mental stewardship. Key challenges that need addressing for the proper establishment of
organic farming include understanding how organic fertilizers behave in the soil system,
determining the timing of nutrient availability, and developing precise nutrient recommen-
dation plans. Modern technologies, such as isotope tracing, can be used to understand
the rate of mineralization and nutrient uptake. The effects of microbial activity on the
mineralization dynamics of organic fertilizers can be evaluated using metagenomics and
metabolomics studies [140]. Controlled environmental field studies are instrumental in
understanding the impact of soil type, crop species, and climate on organic fertilizer dy-
namics. All this information can be utilized to develop simulation models to calculate
the time required for plant-available nutrients from different organic fertilizers under
varying temperatures, moisture, and soil conditions. Leveraging big data analytics and
machine learning, agronomists can develop more accurate nutrient recommendation mod-
els [141]. These models can analyze historical data, current soil and crop conditions, and
predictions about environmental changes to provide farmers with tailored advice on the
optimal application of organic fertilizers. Research into combined organic–inorganic fer-
tilizer formulations represents a significant advancement. These hybrid fertilizers aim to
balance the immediate efficacy of inorganic nutrients with the long-term benefits of organic
matter. By optimizing the ratio and composition of these fertilizers, farmers can reduce
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their dependency on purely organic or inorganic inputs, achieving a more sustainable
and balanced nutrition plan for crops [142,143]. Utilizing technologies like remote sensing
and AI-driven image analysis, farmers can more effectively monitor pest populations.
This real-time monitoring allows for timely interventions, minimizing crop damage. Inte-
grating these data with crop scheduling algorithms ensures that planting and harvesting
are optimized based on pest life cycles, reducing infestations and improving yield [144].
Weed management remains a challenge, and the use of tillage is often questioned and
criticized in organic farming due to reports of high soil erosion. Recent advances in weed
management, including robotic weed control [145], electric weed elimination [146], and
laser-based techniques [147], can be revolutionary for organic farming. These methods
offer precise and eco-friendly alternatives to manual weeding, mechanical weeding, or
chemical herbicides. Precision agriculture technologies enable variable rate fertilization,
tailoring nutrient application to the specific needs of different crop areas. Informed by
soil testing, remote sensing, and crop modeling, this approach ensures that each part of
the field receives the right amount of nutrients at the right time, enhancing efficiency and
reducing waste.

Implementing these innovations require addressing challenges like cost, accessibility,
and farmer training. While technology offers new opportunities for understanding and
optimizing nutrient dynamics, integrating these tools with traditional organic farming
knowledge is essential. This integration ensures that technological advancements are
applied in a way that respects and enhances the natural processes central to organic
farming. Addressing challenges, like ensuring small-scale farmer’s access and maintaining
data privacy, is crucial. Developing best practices and guidelines ensures effective and
sustainable technology use in organic farming.
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