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Abstract

The growing human population presents a global challenge in providing adequate food, shelter and a healthy lifestyle. Sustairable food
production and environmental stewardship are essential for addressing food security and environmental preservation. Organic farming is
gaining popularity due to its perceived safety, health and ecological benefits. However, there are differing viewpoints on i role in
sustainability. Despite advances in agricultural productivity and the use of GMOs, hunger persists in the poorest countries. This review
aims to answer whether organic farming is the future of sustainable agriculture to address the world's growing food needs. The Green
Revolution has led to increased agricultural output and income, but it has also led to lower-quality food and environmental degradation
due to chemical use. Health concerns, such as hormone imbalances and cancers, have been raised due to these practices. Organic
farming, which avoids artificial inputs and uses biological control methods, has gained momentum in developed nations. It promotes
ecological restoration, plant, animal and soil health and improves biodiversity. Sustainable agriculture should support boththe economy
and the environment.
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Introduction

The exponentially growing human population presents a global
challenge in terms of the future provision of adequate food,
shelter and a healthy lifestyle. The struggle is compounded
when one considers the imperative need to preserve the
environment and the Earth’s natural resources for future
generations. Sustainable food production and environmental
stewardship must be aimed to address food security and
preservation. Addressing this will require a collaborative One
Health effort, focusing on the fitness of people, animals and the
environment since they are inseparably linked and cannot be
considered individually. The quality of available food is a
significant cause for concern for the growing human population.
Therefore, the gravitation towards organic foods worldwide can
be easily understood. The demand is mainly fuelled by
consumers in developed nations, whose unease stems from
indiscriminate and large-scale use of chemical fertilizers,
pesticides, etc., in traditional agricultural practices. Generally,
the public in these countries is noticeably choosing organic
foods since it is perceived as a safer and healthier alternative (1).
There is also an insight that organic farming is a more
sustainable agricultural practice, is better suited for
environmental health and aids in climate guard and overall

animal well-being (2, 3). It is also thought that a large-scale move
towards organic agriculture will aid in reducing worldwide
hunger (4). Surveys have also shown that consumers feel food
security is threatened by excessive use of chemicals and
genetically modified organisms (GMOs). In contrast to the
consumers of developed nations, most consumers in developing
nations are still ignorant about the benefits of organic
agriculture. Nevertheless, there has been a shift towards organic
foods by the well-off consumers in these countries, possibly due
to European influence (5, 6). Incongruous viewpoints exist for
organic agriculture and its role in sustainability, where some
regard it as ineffective while others visualize considerable
benefits (7-11).

Apart from trying to fulfil the growing nutrition needs of
an increasing human population, plant products are also used
as energy sources. The mounting demand for improved crop
yields has led to an augmented use of chemical fertilizers and
better plant varieties, including GMOs. These steps have
improved agricultural productivity and marked the fulfilment
of the green revolution (12, 13). Despite these advances,
hunger persists in most of the poorest countries in Asia and
Africa (14, 15). Food requisitions will only increase in the
coming years based on projections of an escalating world
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population and incomes. To satisfy these demands,
agricultural output needs to improve by a minimum of 60 %
and a possible 100 % by the year 2050 regardless of the scarcity
of crucial natural resources such as land and water (16, 17).
Attention also needs to be paid to avoiding further
environmental degradation while addressing the growing food
security concerns of the world (18). Prevention of further
ecosystem damage should be of paramount importance and
the adoption of methodologies to improve food security
should be cognizant of these factors (19-22). These issues raise
the question of whether organic farming is the future of
sustainable agriculture that will address the ever-increasing
food needs of the world. This review is, therefore, an attempt
to answer this question by analyzing the available literature on
the topic and focusing on understanding the different
modalities of certified organic farming, along with its impact
on the economy, environment and human health.

The legacy of the Green Revolution: achievements and
challenges

Green revolution technologies enabled several countries to rise
from food deficit situations to increased agricultural output,
self-sufficiency, improved food exports and an increase in
agriculture-based income (23). However, to attain these goals,
most of these countries ended up producing lower-quality
food and suffered environmental degradation predominantly
due to pollution stemming from the indiscriminate use of
chemicals necessary for high agricultural productivity.

Many health concerns have also been raised due to the
use of green farming methodologies. These include hormone
imbalances, cancers, respiratory issues, birth defects, etc.
Chemical fertilizers augment nitrate levels in groundwater, as
shown by a study of wells in Kalpitiya where only 56 % of the
wells, as per WHO standards had safe drinking water (24). High
nitrate levels were also seen in some vegetables mostly due to
contamination of soil from shallow nitrate-polluted
groundwater sources. These pollutants ultimately destroy and
damage natural ecosystems. It is, therefore, time to digress
from conventional, chemical-intensive farming methods and
shift to practices aimed at restoring declining soil fertility and
ensuring food security and availability of resources for future
generations (25).

Organic farming systems

The shift towards organic farming practices was first seen in
some European nations, mostly in response to the overuse of
chemical fertilizers in agriculture. It was encouraged by
agriculturists who advocated traditional farming practices
based on biological control methods (26). Even though the
movement was small for a few decades, it slowly gained
momentum in the 1970s, largely due to increasing public
awareness and health concerns about the overuse of
chemicals in conventional agriculture (27). Eventually, some
developed nations started subsidies for organic farming along
with certifying organic produce. The United States and EU
eventually formulated regulations, policies, standards,
labelling, research and sponsoring of organic produce. Organic
farmers were praised for their environmental consciousness
and offered compensation for increased production costs
associated with organic farming (28). Recently, developing
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nations have also joined the organic farming revolution by
adopting policies that support organic farmers.

As per the United States Department of Agriculture
(USDA), organic farming is "a system which avoids and largely
excludes the use of artificial inputs". It primarily banks on the
use of biological control methods, manures from animals and
organic farm waste and rotation of crops to maintain soil
fertility and nutrient input (2). These practices favour plant,
animal and soil health and aid in maintaining more robust
ecosystems (29). The subsequently increased agroecosystem
resilience helps in combating the detrimental consequences of
climate change thereby promoting ecological restoration.
Organic methodologies benefit the health of their consumers
by providing plant and animal products that are free from
chemicals such as pesticides, drugs and antibiotics (30-32).
These have a positive impact not only on the end users but
also on slowing the propagation of antibiotic-resistant
bacteria. Organic practices also contribute to improved
biodiversity as farmers depend on pollinators and biocontrol
agents to manage crop production (33).

Sustainable agriculture should support both the
economy and the environment. As a farming practice, it should
provide solutions for the concerns being raised by
conventional farming techniques. In this respect, organic
agricultural processes fulfil most of the demands required for
attaining sustainable food production (27, 34, 35) (Fig. 1).

Global adoption of organic farming

Organic farming is a rapidly growing agricultural category that
contributes to about 1 % of the world's total agricultural area.
In its present form, organic farming originated in the early
1970s even though it is an age-old form of agriculture that was
practised quite commonly in Asian countries like Sri Lanka,
which have been known to produce staples such as rice using
organic farming methods (36). Today, both Governmental and
private standards exist for organic agricultural practices (37).
These are built on the standards formulated by the
International Federation of Organic Agriculture Movements
(IFOAM)  (https://www.ifoam.bio/news/global-organic-area-
grows-more-ever). These standards are quite comparable
worldwide but may have regional differences. They cover all
aspects of organic farming related to crops, livestock,
aquaculture etc. They also state the actions that are favoured
as well as those that are restricted in organic farming (Fig. 2).
Some examples of necessary actions include rotation of crops
with legumes and mixed crop farming to balance and recycle
nutrients and applying only organic fertilizers. The use of
chemicals in any form is strictly prohibited. Similarly, in the
case of livestock, only organic fodder must be used to feed the
animals possibly from the farm where they are being raised
and have access to open spaces.

Accredited certification is required to ensure compliance
with organic standards and farm inspections should be done on
an annual basis (37). It is therefore imperative to keep records of
all farming activities. Certification, in developed countries, is
mostly done for singular farms while it is carried out in groups in
developing nations. This helps reduce the cost for farmers and
certifiers (38, 39).

Even though the global area under certified organic
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* Improves soil fertility, reduces pest and disease pressure, promotes

Crop biodiversity.
Rotation

» Suppresses weeds, improves soil health, prevents erosion, attracts beneficial
insects.

* Provides nutrients for plants, improves soil structure and water retention.

Composting
and Manure

h A Reduces reliance on synthetic pesticides, protects beneficial insects, promotes
Pest biodiversity.

Control

» Reduces competition for resources between crops and weeds, eliminates need
Management fOI' herbiCides.

Techniques

Fig. 1. Cultivating a sustainable future: exploring the practices and benefits of organic farming.
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Fig. 2. Prohibited and required activities in organic farming.

Plant Science Today, ISSN 2348-1900 (online)



MANISHA ET AL

agriculture has grown immensely over the past couple of
decades, from 15 million ha in 2000 to 96 million ha in 2022
(Fig. 3), it still accounts for just 2 % of the total agricultural land
area worldwide. Organic farming lands are expanding
worldwide, with a presence on all continents. Oceania boasts
the largest share of organic farmland, covering an impressive
53.2 million ha, which is over half of the total global land area.
Europe comes in second with 18.5 million ha under organic
management. Latin America follows closely behind with a
significant area of 9.5 million ha dedicated to organic farming
(Fig. 3). The number of organic producers skyrocketed in 2022,
reaching nearly 4.5 million globally, reflecting a significant
increase of 25.6 % compared to 2021. Asia, Africa and Europe
dominated the organic producer landscape, accounting for
almost 93 % of all producers. India emerged as the leader
boasting an impressive 2.5 million producers in 2022, followed
by Uganda and Thailand. While growth was observed in
Oceania, Europe and Asia, the numbers declined in Latin
America, North America and Africa in 2022 (40).

The organic market globally, reached around 135
billion euros in 2022, reflecting growing consumer interest in
organic products and aligned with the increased global area of
its production as per the FiBL survey. The United States
remained the world's leading organic market, with sales
reaching 56.6 billion euros. While some European countries
saw a decline in sales, Germany (15.3 billion euros) remained a
strong market and China (12.4 billion euros) emerged as the
new number 3. Certain countries such as Canada, Japan and
Estonia showed positive growth trends. Canada and the
United States experienced positive growth in retail sales,
indicating continued consumer demand for organic options in
these regions. Most European countries spent a larger portion
of their incomes on organic food and certain European
countries such as Denmark, Austria and Switzerland improved
their organic food share to around 11.2 - 12 % of the total food
market (40). Switzerland held the title for the highest per capita
spending on organic food, averaging 437 euros per person
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while Denmark retained a large 12 % share of organic
products, in its total food market. On the other hand, the
demand for organic food and animal produce remains
contained to a small high-income section of society in the
developing nations due to its significantly higher price (37, 41).

Medicinal and aromatic plants showed the highest
percentage increase in organic area (81.5 %) between 2021 and
2022 while berries and olives exhibited the most significant
decrease in organic area in 2022 compared to 2021. Nut
production has steadily increased in organic area over the past
decade (181.2 %). Overall, the total permanent organic cropland
area has increased slightly (0.8 %) between 2021 and 2022.
However, compared to 2013, there's a significant increase of 96.0
% (Fig. 4) (40). Government subsidies, ability to withstand
higher production risk, access to correct information and
marketplaces with consumers willing to pay the higher price
associated with organic products are some key factors
motivating farmers to shift to organic farming (42-46). Organic
farming also comes with its own constraints such as
prohibiting the use of chemical fertilizers and pesticides and
policy risks which further reduce its wide-scale adoption (44,
47). These issues can be mitigated by providing proper
training, support and subsidies to farmers, particularly in
developing countries, to ensure its wider acceptance (48).

Shifts in farming practices

Modern farming practices can significantly negatively impact
our environment and health due to increased greenhouse
gases, soil, water pollution, etc. Organic agriculture on the
other hand offers a more sustainable alternative since it helps
to reduce carbon emissions, improve soil health, cleanses air
and water and supports natural ecosystems. Importantly,
organic farming avoids using harmful pesticide residues. The
key difference lies in how each method deals with pests, weeds
and nutrients. Conventional farming relies heavily on chemical
solutions - synthetic pesticides, herbicides and fertilizers. On
the other hand, organic farming prioritizes natural methods

Area

Total
54.3%

Organic Farmland (Million Hectares) and Percentage of Global

Oceania
30.0%

Europe
10.4%

Latin America
5.3%

Fig. 3. Organic farmland and percentage of global area (40).
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Fig. 4. Comparison of organic permanent cropland between 2013, 2021 and 2022 (Source: FiBL survey 2024, based on information from the

private sector, certifiers and governments (40).

like biodiversity and composting to achieve healthy and
abundant harvests. Organic farming is more than just saying
no to chemicals. It's about reviving ancient practices like crop
rotation and using composted manure and green manure
crops. Importantly, these methods are adapted for economic
viability in today's world. The core of organic production isn't
simply replacing synthetic inputs with natural ones. It's about
fostering a healthy and balanced ecosystem within the farm
itself. Organic farmers employ a variety of techniques to
achieve this, promoting biodiversity while ensuring long-term
soil fertility (49).

Farming in harmony with nature

Harmonious agricultural practices aim to meet the current
population's food needs without compromising on future
generations' needs (50). Agriculture greatly impacts the
environment and conventional practices can cause
widespread deforestation, pollution and soil degradation (51).
The advantages of organic farming are manifold and include a
reduction in the production and release of greenhouse gases,
better food quality due to enhanced polyphenol production in
organically grown plants, improved environment and reduced
pollution due to the non-use of synthetic fertilizers, soil
enrichment due to addition of nutrient-rich composts and crop
rotation among others. Apart from these advantages, organic
farming also generates rural employment, reduces
procurement costs for chemical fertilizers and preserves
groundwater resources (52-55).

Organic farming focuses on the rotation of crops,
multiple cropping systems, permaculture, integrated farming
systems, agroforestry, biological control, etc., all crucial to
maintaining sustainability (19). In the long term, the
conception of sustainable agricultural mechanisms will help
meet the needs of the increasing population, prevent further
degradation of the environment and reduce the impact of
farming on climate change. In other words, organic farming

can be the way forward to move in harmony with nature and
equalize society, economics and the environment.

Organic farming: A key ingredient for sustainable global agriculture

Agricultural practices must evolve to align with the United
Nations Sustainable Development Goals by 2030 (Table 1).
While debating between incremental improvements in
agriculture versus transformative changes there is always a
focus on different strategies for achieving long-term
sustainability goals in the agriculture sector. Incremental steps
can provide short-term solutions and build momentum, while
transformative changes are crucial for addressing underlying
systemic issues and creating a resilient and sustainable food
system for the future. Achieving the United Nations
Sustainable Development Goals (SDGs) by 2030 will require
combining both approaches with the challenge to find a
balance between the two so that there are maximum benefits
across environmental, social and economic dimensions while
ensuring food security and livelihoods for all (56).

The Research Institute of Organic Agriculture FiBL's
statistics indicate that the Oceania region consists of Australia,
New Zealand and the Pacific Island states. Despite facing
numerous challenges such as natural disasters, Australia is
notably successful in organic farming and sets an example for
other countries. Australia manages most of the organic land in
the Oceania region, totalling 35.7 million ha, primarily used for
extensive grazing. This accounts for a significant portion of the
region's organic land and agricultural lands. It has created a
supportive regulatory environment by developing legislation
specifically for organic agriculture.

Additionally, several other countries in Oceania have
national standards for organic production, although they lack
specific legislation. Supportive policies, resilience in the face of
challenges and the potential for organic agriculture have
contributed a lot to the sustainable development of Australia.
Other countries can enhance their organic farming sectors and
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Table 1. Organic farming and the sustainable development goals (SDGs)

SDG Themes How organic farming contributes Reference

. Improves soil health and fertility, leading to long-
A;Tz tiggfégﬂg‘?g;gf;@gggg‘ term food security. Promotes biodiversity, which

SDG 2: Zero hunger safe nFLtritious and sufficient food increases resilience of crops to pests and diseases.
" throughout the vear Encourages production of diverse and nutritious

g year. crops.
. - Reduces exposure to harmful synthetic pesticides
DG 3.WG<e)l<l)_%2ienalth and E”ngif‘beeaigh)f/o“rfﬁ :Pgup;og;ote and fertilizers, promoting public health. Encourages
g g g consumption of fresher, more nutritious food
(15, 123-126)

SDG 6: Clean water and
sanitation

It aims to provide clean water,
hygiene and sanitation for all

Promoting sustainable, inclusive
economic growth and full
productive employment for all

SDG 8: Decent work and
economic growth

SDG 12: Responsible
consumption and
production

Ensure sustainable consumption
and production patterns

SDG 13: Climate
action

Take urgent action to combat
climate change and its impacts

Promotes the sustainable use of
terrestrial ecosystems. Withstand
desertification and reverse land
degradation. Protect, restore and
sustainably manage forests and
biodiversity

SDG 15: Life on land

Reduces water pollution from agricultural runoff of
chemicals. Promotes water conservation practices

Creates new job opportunities in organic farming
and certification. Supports fair trade practices for

farmers

Reduces the environmental impact of food
production. Promotes local food systems and

reduces food waste

Reduces greenhouse gas emissions associated with
conventional agriculture. Builds soil health, which

helps to sequester carbon

Promotes biodiversity in agricultural ecosystems.
Reduces soil erosion and promotes soil health

achieve similar successes in promoting sustainable agriculture
and food systems by following Australia’s approach.

Cultivating a sustainable future: The synergy between organic
farming and sustainable development

Agriculture is widely acknowledged as crucial for achieving
sustainable development over the long haul. Integrating small
scale farmers in developing nations into the transformation of
agrifood systems is essential for achieving the Sustainable
Development Goals by 2030, as emphasised by FAO (56). Goal 2
of the 2030 sustainability agenda, aimed at ending hunger,
underscores the central role of agriculture. Additionally,
agriculture contributes, to varying degrees, to all other
Sustainable Development Goals. The initial Green Revolution
was prompted by a rising number of undernourished
individuals, leading to the global spread of agricultural
technologies such as pesticides and fertilizers to developing
nations (57). Despite the initial adoption of sustainable farming
practices during this period, their implementation was
inconsistent. While chemical inputs contributed to increased
yields worldwide, concerns about the environmental and
human health impacts of intensive chemical farming spurred
the emergence of modern organic farming. Organic agriculture
gained momentum in the 1970s in response to growing
awareness of the harmful environmental effects of industrial
pesticides and fertilizers.

Numerous organisations and member states have
endorsed the “Zero Hunger Challenge” in alignment with United
Nations Sustainable Development policies (18). This initiative
aims to achieve zero undersized children under the age of two,
100 % year-round adequate food, sustainable food systems, a
100 % increase in income and smallholder productivity and zero
food waste. Promoting sustainable development through
agriculture has predominantly been associated with organic
farming. However, despite its global popularity, sustainable
organic agriculture faces challenges and limitations.

The greening wave: emerging trends in sustainable organic
farming

Organic agriculture, a leading and rapidly expanding
movement in sustainability, is also referred to as regenerative
farming. It lies at the core of many emerging food and
beverage sustainability initiatives. This approach aims to
phase out synthetic fertilizers, enhance agricultural
productivity and yields, promote biodiversity, conserve water
and sequester carbon in the soil. Aligned with organic farming
practices, the merits of organic farming encompass integrated
pest management (IPM) to reduce pesticide usage, crop
rotation, planting nitrogen-fixing cover crops and
implementing mulching to enhance soil health (58).
Additionally, adopting no-till or reduced-tillage methods
reduces soil compaction. Precision farming, guided by soil
analysis, optimizes the application of organic and synthetic
fertilizers, while innovative irrigation systems maximize yields
and minimize water wastage, erosion and salinization (52, 53,
59-61). These practices safeguard soil health and biodiversity
and mitigate the environmental impacts of agriculture.
Organic farming is increasingly valued for its health benefits
and environmental stewardship. Consumer preferences for
organic products, driven by health concerns and ecological
consciousness, have led to greater willingness to pay premium
prices for organic produce, further supporting sustainability
efforts.

The seeds of success
Uncaptured yield potential

An important aspect in evaluating the potential of organic
agriculture to contribute to sustainable development is its
yields, compared to conventional farming. Estimating the yield
influences of organic measures is challenging due to the need
to account for various confounding factors. For example, if
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organic farmers achieve lower yields, it could be attributed to
their farming methods, but it is also plausible that these
farmers are less skilled or work in less favourable
environments. In such cases, organic farming might appear to
have a wider yield gap even if both groups used identical
technology. Conversely, it is conceivable that organic farmers
are consistently more skilled than their peers, leading to an
underestimation of the yield gap when directly comparing
observed organic and conventional yields. Remarkably, there
has been relatively little research attempting to address
selection biases in the observational data when estimating the
yield impacts of organic farming,

However, many studies have endeavoured to evaluate
the yield impacts of organic farming based on the data derived
from trials conducted at experimental sites. Experimental data
are advantageous for minimising bias from confounding
factors, but can pose challenges in generalizability (as
discussed later). The outcomes of these studies exhibit
considerable variability depending on specific conditions. In
some instances, organic yields have been documented to
exceed those of conventional farming, whereas in others, they
were significantly lower. Several review papers have recently
sought to synthesise the available evidence on this topic.
Initially, research indicates that a pioneering study compiled
data from various sources. They concluded that globally,
organic agriculture showed an average crop yield 33 % higher
than conventional methods. Organic yields in the developed
countries were reportedly 9 % lower than traditional yields,
whereas in the developing countries, organic practices
potentially increased yields by 74 % (10). Nonetheless, this
study received significant criticism on multiple fronts (62-64).
Critics pointed out that many studies included in Badgley et
al.'s review did not comply with the basic scientific standards
of experimental design and that other appropriate studies
were overlooked (62, 64). Specifically, regarding developing
countries, research shows that crops receiving substantial
organic nutrients with those receiving minimal or no

conventional fertilizer.

As a result, despite its widespread citation, the findings
of a study are viewed sceptically and may not be considered
reliable or robust in their implications (10). In recent years,
three meta-analyses have provided more robust scientific
comparisons of organic and conventional crop yields (65-67).
These meta-analyses (Fig. 5), reveal that organic agriculture
generally exhibits yield gaps ranging from 19 - 25 % across
various crops. Variations are notable among different types of
crops: fruits and legumes show lesser yield gaps when
compared to cereals, tubers and root crops. Some indication is
there that the yield gap widens with the increase in the
conventional yields (65). Optimal management of the 2
systems does not significantly alter the yield gaps between the
developed and developing countries (66). However, it is crucial
to note that observations from developing countries are
notably underrepresented in all three meta-analyses, requiring
caution when interpreting statements about geographic
variations in yield gaps (2).

Recent initiatives have begun addressing, through
longer-term research efforts, the productivity impacts of
organic farming in developing countries (68). A key problem in
comparing vyield levels between conventional and organic
agriculture is the time frame covered by the original studies.
There is a widespread assumption that yields may initially
decline after transitioning to organic practices, but due to
improved soil conditions, they could recover over time. The
evidence supporting this assumption is, however, limited.
Some studies indicate increasing organic yields over time;
others report no change or even declines during long-term
assessments (65, 69).

Bridging the harvest gap

Besides sunlight and optimal temperatures, plants necessitate
a diverse array of nutrients for robust growth, like, phosphorus,
nitrogen, potassium and various micronutrients. Soil texture,
composition, water availability and challenges related to pests

Seufert et al. (2012), de Ponti et al. (2012) and Ponisio et al.
(2015)
B Seufertetal (2012) [ de Ponti et al. (2012) Ponisio et al. (2015)
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Fig. 5. Mean organic crop yields in comparison to conventional yields (results from global meta-analyses).

Plant Science Today, ISSN 2348-1900 (online)



MANISHA ET AL

and diseases are also pivotal factors. These factors can vary
between organic and conventional farming, leading to
differences in yield. Organic farming standards, for instance,
ban synthetic fertilizers. While organic fertilizers can
theoretically provide all necessary nutrients, managing these
nutrients in organic systems can be more complex (70).
Organic farming often struggles with the availability of
nitrogen and phosphorus (71, 72). Nitrogen from organic
sources is released gradually, which can fall short of meeting
the crop’s needs during critical growth phases (67). Likewise,
phosphorus in organic setups may be insufficient to replace
what is lost during harvest (72). Overall, achieving the optimal
nutrient balance for plant growth is more challenging in
organic systems because of the limited ability to modify the
nutrient content of organic inputs (2).

Nutrient limitations are key in explaining the yield
differences seen in organic farming. This helps clarify why yield
gaps are smaller for fruits and legumes. Legumes can fix
atmospheric nitrogen, reducing their dependence on external
nitrogen inputs. Similarly, fruit trees, with their longer seasons
of growth and elaborate root systems, are better able to take
up nutrients in alignment with their growth needs (67).
Regarding usage and availability of water, organic farming
often holds an advantage due to the improved water-holding
capacity and increased water infiltration rates observed in soils
managed with organic practices. This contributes to the
perception that organic systems are more robust and exhibit
greater yield stability, especially during drought (72, 73).
However, organic systems can be more vulnerable to pest
outbreaks, leading to yield losses and increased variability (2).
The prohibition of GMOs and synthetic pesticides in organic
agriculture limits farmers' options for managing insect pests,
weeds and plant diseases. Therefore, in regions with high
incidence of pests, biological control methods struggle against
persistent pests and diseases and the yield gaps in organic
farming tend to be larger.

Real-world relevance of estimated yield gaps

Most comparisons of crop yields between organic and
conventional agriculture are drawn from experimental trials
conducted at research sites. These trials often show higher
yields than seen in actual farming as farmers may not always
implement the suggested management practices exactly. The
comparisons would be fair if the yield discrepancies between
research stations and real-world farms were similar for both
organic and conventional systems. However, evidence
indicates that the yield gap between research trials and
farmers' fields is greater in organic farming than in
conventional farming (74). This is primarily due to the
increased complexity and knowledge requirements of organic
farming, where yields are more dependent on timely
interventions (67, 75). Thus, although the reported differences
between organic and conventional farming yields may be
accurate under experimental conditions, they likely
undervalue the actual yield gaps seen in real-world farming
scenarios.

A study aimed to validate findings from experimental
stations by comparing data from multiple commercial farms
across the United States (76). Their study revealed that organic
farms generally achieved cereal yields about 20 % lower than
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conventional farms, consistent with existing meta-analyses.
However, they noted yield differences of over 50 % for certain
vegetables, which exceeded previous meta-analytical
estimates. In practical European contexts, a study reported
even larger yield gaps, with organic cereal yields sometimes
dropping by 50 % compared to conventional methods (77).
Nevertheless, it is essential to approach these findings
cautiously due to the limited availability of comprehensive and
impartial evidence on organic yield impacts in actual fields (74,
78). Moreover, considering the higher expertise required for the
success of organic farming, there is a possibility that yield gaps
could widen with organic practices becoming more
widespread among farmers.

Another exciting aspect is the way the yield disparities
between organic and routine agriculture might evolve over the
long term, especially considering technological progress.
Current research does not definitively answer this question (2).
It is recognized that yield gaps tend to widen as conventional
yields increase. Looking forward, these gaps could widen
further due to slower advancements in plant genetics. Organic
standards prohibit the usage of genome editing techniques
and GMOs, which are known for their ability to boost crop
yields and resilience significantly (13). Conversely, organic
farming has historically received less research attention and
increasing research efforts could potentially help reduce these
knowledge gaps over time (72).

Organic food: A source of dietary advantages?

Consumers frequently believe that organic foods offer
superior nutritional value and health benefits than
conventional foods (37). This perception may be influenced by
the assumption that organic products have lower harmful
contaminants or higher amounts of beneficial nutrients.
Numerous studies have investigated whether significant
variations exist in the chemical composition between organic
and conventional foods. Multiple systematic reviews have
found that lower levels of residues of synthetic pesticides are
generally found in organic foods (79-81). The effect of this
difference on human health depends on the types and
quantities of pesticides used in conventional farming. The risk
of exceeding maximum allowable limits is typically low in
developed countries with stringent pesticide regulations (82,
83). Additionally, organic foods often contain lower
concentrations of nitrate and cadmium than their
conventional counterparts (80, 81). Studies typically do not
reveal significant differences in microbial-bacterial or fungal
contamination, however, some indicate microbial load in
certain organic fruits (84).

Systematic reviews have indicated that slightly higher
levels of nutritionally beneficial components, phenolics are
often found in organic plant products (81, 83, 85). Findings
regarding carotenoids and vitamin C varied across studies (81,
83). Organic milk and chicken are reported to have elevated
omega-3 fatty acid levels (80, 81, 83). Conversely, organic foods
generally exhibit slightly lower concentrations of proteins and
amino acids (81). Nevertheless, the clinical relevance of these
variances in nutritionally beneficial components between
organic and non-organic foods remains uncertain (79, 81, 83,
86). Variances in the organic and non-organic foods
compositions is expected due to the influence of farming
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practices on plant chemistry (85). Organic plants typically
exhibit lower levels of cadmium and nitrate, which is attributed
to the absence of synthetic fertilizers in organic farming (81).
The use of nitrogen fertilizers in conventional farming by
focusing on proteins and carbohydrates enhances vegetative
growth and limits generative growth, which involves the
production of secondary metabolites (80). In animal products,
enhanced levels of omega-3 fatty acids are often linked to
outside grazing and greater biodiversity in the organic farms’
pastures.

The chemistry of the plants is influenced by the
production system and factors such as soil type, weather
conditions, ripening stage at harvest, postharvest conditions
and genotype (variety) also have an impact on it (80, 85).
Cadmium levels, for example, vary significantly depending on
soil type, potentially resulting in elevated levels in organic
products (81). Moreover, management practices differ widely
(80, 83). For example, organic cattle may not always graze on
biodiverse pastures and conventional cattle are not necessarily
confined and fed silage. Thus, there can be greater variation in
food composition within organic and conventional systems
than between the two (85). Numerous studies have explored
the potential health effects of organic diets. Some studies have
revealed that in infants, a lower risk of eczema and allergies is
associated with consuming organic foods (87, 88). Additionally,
a cohort study conducted in France showed a reduced
incidence of obesity due to regular organic food consumption
(89). A systematic review, however, concluded that there are
no significant differences in health outcomes related to organic
food consumption (79).

Establishing causality with observational data is
difficult because organic consumers often make distinct,
typically healthier, lifestyle and food choices potentially
introducing selection bias in impact assessments (80, 89). Due
to these complexities and the limited evidence available,
definitive conclusions about the effect of organic food
consumption on health cannot be universally established (79,
81, 86).

Growing green:
environment

how organic farming impacts the

Agricultural production is known as a significant contributor to
many environmental problems like water pollution, soil
degradation, biodiversity loss and climate change (18). There is
an accepted belief that organic agriculture produces less
adverse impact on environmental when compared to
conventional agriculture. This belief is a key rationale for
governmental subsidies allocated to support the organic
sector. Here, we look at the evidence of effects of organic
farming on various environmental factors.

Optimizing land use

Roughly two-fifths of the ice-free land, globally, is currently
under agricultural production (18). Ongoing changes in land
usage, such as deforestation, are linked to many
environmental challenges, including biodiversity loss and the
release of soil carbon into the atmosphere. Therefore,
achieving a balance between food production and
environmental conservation will depend on more efficient land
use and utilization of natural resources. The assessment of

environmental impacts in both organic and conventional
production systems crucially relies on understanding their
respective land-use requirements. Thus, impacts on the
environment are evaluated per unit of land and per unit of
output. The output measure reflects the lower land-use
efficiency observed in organic systems. As global food demand
rises, evaluating impacts per unit of output becomes
increasingly relevant on a global scale. However, this approach
may not fully capture the environmental impacts of
widespread adoption of organic agriculture.

Currently, a small portion of global agricultural land is
certified organic. Expanding organic agriculture would likely
necessitate transitioning natural habitats into agricultural use.
This shift in land-use would carry environmental costs that are
often overlooked when evaluating the impacts based solely on
output per unit (78). Thus, while measuring evaluating impacts
per unit of output provides a useful metric, it may overlook
broader ecological implications associated with large-scale
expansion of organic farming.

Sustainable practices for energy and emissions

Food production contributes to approximately 25 % of human-
caused greenhouse gas (GHG) emissions (90). These emissions,
which include nitrous oxide (N,O), carbon dioxide (CO,) and
methane (CH.), arise from several sources such as fossil fuel
combustion (used for mineral fertilizer production and
agronomic machinery), animal digestion and soil chemical
processes (73). Assessments of energy consumption and GHG
emissions in agriculture generally encompass the production
process of a product until it leaves the farm (91, 92).

Research indicates that organic farming generally
requires less energy/unit of land and per unit of output than
conventional farming (Fig. 6). This difference is mainly because
organic systems do not use synthetic fertilizers and pesticides.
Fuel consumption for agricultural activities is generally
comparable in both systems. However, organic farming,
particularly for crops like vegetables, may require more fuel
due to the frequent use of mechanical or thermal methods for
weed control (91, 93, 94). In certain situations, this can increase
total energy consumption in organic systems (95). Regarding
greenhouse gas (GHG) emissions, most of the studies suggest
that organic farming generally has a lower impact when stated
per unit of land, though not necessarily when assessed per unit
of output (Fig. 6). Organic systems typically use less nitrogen,
which reduces the potential for nitrous oxide (N,O) emissions.
However, achieving a balance between nutrient availability
and plant requirement is often more complex in organic
systems. Excess nitrogen from organic fertilizers can cause
substantial N,O emissions and insufficient nitrogen supply can
lead to reduced yields (94, 96, 97).

In crop production, organic systems have been found to
exhibit significantly higher soil carbon stocks and
sequestration rates compared to conventional ones (98, 99).
Conversely, in livestock production, less intensive organic
animal husbandry practices generate more manure per unit of
meat, resulting in increased methane (CHs4) and nitrous oxide
(N20) emissions (100). Overall, the evidence does not strongly
support the common belief that organic agriculture is
inherently more climate-friendly than conventional farming
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(101). The comparison of GHG emissions per unit land versus
per unit output underscores the complexities involved in
assessing the environmental impacts of different farming
systems.

Minimizing nutrient loss: strategies for cleaner water

Nutrient leaching poses a significant environmental challenge,
particularly in intensively farmed regions, as it contributes to
water body eutrophication and marine ecosystem degradation

(102). Under organic management, nitrate (NOs") leaching has
been observed to be lower per unit of land and not per unit of
output (Fig. 6). Interestingly, organic systems tend to have
higher eutrophication potential per unit of output, measured
in phosphate (POs) equivalents, as well as more significant
acidification potential, measured in sulphur dioxide (SO,)
equivalents, compared to conventional systems (97).

The absence of synthetic fertilizers in organic farming
typically causes decreased leaching potential (70, 99).
However, the challenge of matching nutrient supply with plant
requirements in organic systems can lead to increased loss of
nutrients (73, 102, 103). Regarding pesticides, prohibiting
chemical pesticides in organic farming reduces the adverse
effects of pollution in water systems (11). Nevertheless, certain
non-chemical pesticides in organic agriculture, such as copper-
based solutions in horticultural production, can also adversely
affect aquatic life (70).

Soil health: the cornerstone of sustainable agriculture

Millions of hectares of land that were once fertile have become
unsuitable for agriculture due to soil degradation, many times
exacerbated by poor management practices (102). Organic
farming practices, like adding organic matter (animal or plant

10

manure) and implementing extended, more varied crop
rotations including cover and catch crops, are crucial in
mitigating soil erosion and preventing fertility loss (70, 99).
Long-term field trials' findings and meta-analyses consistently
demonstrate that organically maintained fields have higher
levels of organic matter and support more diverse and active
soil microbial communities (Fig. 6), the key indicators of soil
health.

Nature's web of life

The widening and standardization of agricultural scenarios
have markedly caused the decrease in biodiversity (102, 104). A
widespread consensus is that organic farming promotes
greater biodiversity attributed to less pesticide use, extensive
crop rotations and semi-natural landscape elements like
hedges (69, 70, 77, 105-107). Meta-analyses indicate that
organic farms consistently exhibit higher species richness and
greater species evenness than conventional farms (refer to Fig.
6). Significant differences are particularly evident when
compared with highly intensive conventional systems (99,
104). However, the biodiversity advantages associated with
organic farming diminish as its intensity increases (108).
Ongoing discussion exists regarding whether these benefits
also decline with farm scale (99, 104, 106).

As previously discussed, expanding large-scale organic
agriculture would probably result in reduced yields and further
depletion of natural habitats. There is a consensus that while
organic farming can enhance biodiversity, these gains are
unlikely to compensate for the biodiversity losses resulting
from additional changes in land use (106, 108-110). The debate
between "land sharing" and "land sparing" is multifaceted and
demands tailored solutions for specific locations, making

.

Energy use 10-70%

Per unit of land |
lower

Not applicable

Land use 20-110% higher
labc] GHG emissions 0-10% lower

Per unit of output Energy use 15-21% lower [a,b]

Land use for organic diets 40%
higher [d]

SUSTAINABILITY METRICS

Greenhouse gas (GHG)
emissions

Nitrous oxide emissions
14-31% lower [a,c]

GHG emissions 39%
lower

Nitrous oxide emissions 8%

higher EU

GHG emissions of organic diet
equal to conventional diet [d]

Nutrient
leaching/eutrophication
potential

Soil quality Biodiversity

Nitrate leaching 30-31%
lower [a,c]

Species richness 30-34%
higher [h,i]

Organism abundance
50% higher [h]

Species evenness higher

Soil organic matter 6-7%

e higher [a,c,g]
Ammonia emissions

18% lower

Phosphorus losses 1%
lower [a]

Larger and more active
soil microbial
communities

Nitrate leaching 5% lower
globally and 49% higher in the

Biodiversity loss through
indirect land-use change not
evaluated in available studies

Ammonia emissions 11%

T Not applicable

Acidification potential (sulfur
dioxide equivalents) 13%
higher [b]

Fig. 6. The environmental footprint of food: organic vs. conventional 2104 ®98, €111, 9101, ¢141,f100, 70, "105, 108, ¥142. Adapted from earlier

report (21).
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broad global recommendations unsuitable (107, 111).
Organic farming's environmental footprint: a closer look

In general, the environmental benefits of organic agriculture
are not as straightforward as commonly assumed. While
organic systems often show better environmental
performance per unit of land compared to conventional
systems, this advantage diminishes when measured per unit of
output (Fig. 6). Consequently, organic farming is more
appropriate for mitigating local environmental problems such
as soil degradation, than addressing global challenges like
alterations in land usage and climate change (110). Some
findings on environmental impacts remain inconclusive. Limited
data from developing countries may restrict the global
representativeness of existing results (95-98). Additionally, many
studies comparing organic and conventional farming do not
sufficiently control for confounding factors, which means
observed differences may not necessarily indicate causal effects
of organic standards. Also, it is important to recognize that
significant variability in environmental effects is there within
both conventional and organic systems (92, 96, 99, 100, 102,
105). Organic standards promote environmentally friendly
farming techniques, such as effective nutrient management,
extended crop rotations and integration of seminatural
landscape elements. However, it should be noted that these
practices are also adopted by many conventional farmers (77,
94).

Science meets sustainability: technologies for optimized
organic farming

Organic farming is increasingly recognized as crucial for
steering towards a sustainable future, mitigating the harmful
impacts of crop burning and global warming. Traditional
agricultural methods heavily rely on chemical fertilizers and
pesticides to address agricultural demands. However, the rise
of modern organic farming arose in response to the
environmental damage caused by these chemicals, offering
manifold ecological advantages. Integrating organic fertilizers
with cutting-edge technologies is pivotal in overcoming the
constraints associated with organic farming.

Sludge: waste-to-resource solution

Sludge is a semi-solid blend generated from wastewater

Table 2. Transforming waste: valuable applications of sludge
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treatments, industrial water, or on-site sanitation measures. It
includes beneficial organic matter and key nutrients, like
phosphorus and nitrogen, making it well-suited for soil
amendment or organic fertilizer application. Table 2 details
studies investigating sludge utilisation from wastewater
treatment plants as an organic fertilizer.

The dynamic duo: biochar and organic fertilizer for thriving soil

Biochar originates from carbon-rich biomass sources, such as
animal, food, industrial wastes, wood chips, sludge and
agricultural and forestry residues, each exhibiting varied
chemical and physical attributes. Biochar production involves
several technologies, such as pyrolysis (slow, fast and
intermediate), torrefaction, gasification, hydrothermal and
flash carbonization. Among these, pyrolysis is the most widely
used method for converting biomass into biochar (112).

Applying organic fertilizer and biochar amendments in
agriculture is intended to enhance soil properties and increase
crop yields. Research highlight the crucial role plant roots play
in overall plant functions, noting that the addition of organic
fertilizers and biochar affects root morphology and physiology,
although the precise responses are not yet fully understood
(113).

A previous study suggest that compost made from
anaerobically digested rice straw and urea coated with rice
husk biochar substantially improve soil nutrient content (114).
Moreover, combinations of biochar with fertilizers, whether
chemical or organic, demonstrate enhanced performance
compared to using fertilizers alone, improving crop yield and
enhancing plant nutrition. The use of biochar-coated chemical
fertilizers also contributes to mitigating water pollution from
inorganic fertilizers (114-116).

Biofertilizer: natural soil enhancer

Biofertilizers are formulations comprising of one or many types
of microorganisms that enhance the availability of essential
nutrients through biological procedures. These processes
include soil and compost biodegradation, phosphate
solubilization, nitrogen fixation and the release of cellulose or
plant growth-promoting constituents into the environment.
Typically, biofertilizers consist of living microbial bioinoculants,
such as bacteria (e.g., free-living, nitrogen-fixing bacteria like

The many uses of sludge Benefits and applications Reference
Enhances fertilizer effectiveness Boosts plant growth and reduces overall fertilizer needs 127
Fertilizer substitute Comparable crop yields to conventional fertilizers 128,129
Improves nutrient uptake in crops Micronutrients and nitrogen supplementation for plants 130,131
Improves soil productivity and crop yields Enhances soil health and increases agricultural output 132
Nutrient recycling solution Reduces waste and recovers valuable nutrients for agriculture 133
: s Sustainable source of nutrients and reduces reliance on non-
Organic fertilizer renewable resources 134
Potential replacement for manure Alternative nutrient source for organic farming 135
Safe and effective fertilizer No adverse impacts on plant growth or soil health 136
Source of phosphorus Reduces reliance on commercial fertilizers 137
Sustainable nutrient source Replaces commercial fertilizers and improves soil health 138
Sustainable phosphorus source Reduces the need for mining and offers similar plant uptake 139, 140

efficiency as commercial fertilizers
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Fig. 7. Supercharging soil: The benefits of combining organic manure and biochar.

Azotobacter and Rhodospirillum), algae and fungi, either used
individually or together, to naturally improve nutrient
availability for plants.

Combining decomposed organic substances with plant
growth-promoting microbes promotes eco-friendly practices
and reduces reliance on synthetic fertilizers for crop
production (Fig. 7). In an earlier study, it was reported that the
usage of bio-organic fertilizer not only increased soil organic
carbon by 6 - 13 % but also enhanced the population of plant
growth-promoting bacteria compared to using chemical
fertilizers alone (117). Furthermore, bio-organic fertilizer serves
as a sustainable technology, reducing the need for Chemical N
by 30 % and eliminating the requirement for TSP (triple
superphosphate) in rice cultivation. Biofertilizers play a pivotal
role in agriculture by lowering the cost of synthetic fertilizers
and minimizing their negative impact on soil health (117). A key
element of the sustainable organic farming is mycorrhizae, a
symbiotic association between fungi and plants (118).

Vermicomposting harnesses earthworms to transform
biodegradable waste into organic fertilizer without requiring
pile turning, emitting odours and facilitates rapid compost
production. The cultivation of earthworms occurs in a mixture
of soil, animal wastes, decomposed leaf litter or agricultural
residues. This mixture transforms into vermicompost, suitable
for enhancing soil fertility for various plant types. Various
approaches involving earthworms demonstrate versatile uses,
particularly in aiding composting alongside microbes (119).
Their study highlights effective control and reduction of
microbes, pathogenic genes and greenhouse gas emissions.
Additionally, soil nutrient levels are conserved and enriched.
Despite these advantages, composting and vermicomposting
technologies still encounter challenges in certain scenarios,
prompting the need for continued investigation and discussion
among upcoming researchers.

Organo-mineral nutrient supplements

Organo-mineral fertilizers are composed of both organic and

mineral elements, formulated in different ratios of nitrogen (N),
phosphorus (P) and potassium (K) to suit the specific
requirements of crops. The final product can be in granular,
pelletized, or powdered form. These fertilizers contribute to
soil fertility by enhancing its physical and chemical properties,
improving nutrient availability and water retention and aiding
in phosphate solubilization. Moreover, organo-mineral
fertilizers promote plant agro-physiological characteristics
such as higher biomass and production, improved nutrient
uptake and enhanced physiological metabolism in plants (120,
121).

Web-based solutions

Digital tools and technology provide organic farmers with
avenues to monitor and optimise crop and livestock health,
improve efficiency in resource utilization, reduce environmental
footprint and boost farm profitability. These technologies can be
applied across various aspects of organic farming, like soil
preparation, fertilization, irrigation, postharvest handling,
storage and transportation of agricultural products. While digital
advancements in agriculture are predominantly utilized by large
-scale farmers and contribute significantly to sustainable
practices, they also hold potential to alleviate poverty and food
insecurity among smallholder farmers worldwide. Yet, digital
services designed for small-scale organic farmers frequently lack
long-term sustainability. Enhancements in these technologies
are essential for fostering economic and environmental
sustainability in organic farming (122).

Key findings

Meeting the United Nations Sustainable Development Goals
(SDGs) by 2030 requires transforming agricultural practices, a
topic of passionate debate. Research and discussions
emphasise the need for sustainable agriculture practices and
food systems that ensure adequate and wholesome food for
all, minimize adverse environmental impacts and enable
farmers to achieve profitability. There is consensus that
agriculture and food systems need rapid adaptation to meet
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multiple SDGs within ecological limits. Yet, there is intense
debate over the optimal approach, centred on two main
strategies: one advocating incremental improvement in
conventional agriculture to enhance efficiency and reduce
negative externalities and the other promoting radical
restructuring towards agroecologically based organic farming
systems. Integrating organic farming with improved
techniques such as sludge and biochar applications,
biofertilizers, organo-minerals and digital technology is crucial
for overcoming the constraints of organic farming. This
innovative and sustainable approach not only boosts
agricultural productivity but also improves the quality of life for
many farmers in an environmentally conscious manner.
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