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ABSTRACT 
 

Soil health and quality are foundational to agricultural sustainability and meeting global food 
security priorities. However, intensive farming practices have degraded soil ecosystems. Organic 
amendments and regenerative management practices can restore soil function by overcoming 
nutritional limitations, improving physical and biological properties, and promoting general soil and 
crop resilience. This review synthesizes research on major sources of organic soil amendments 
including animal manures, composts, cover crops, crop residues and living mulches. We describe 
their multifaceted edaphic and agronomic benefits from providing a slow release bank of macro and 
micronutrients, increasing soil organic matter, and stimulating beneficial microbial communities. 
Complementary and synergistic soil building practices are also covered, encompassing 
conservation tillage techniques like no-till, crop diversification via rotations and intercropping, and 
agroecological integration of trees and livestock. Although transitioning from degraded conventional 
systems requires patience as years of soil regeneration are needed to enable high system 
performance, outcomes consistently show integrated practices that minimize disturbance and 
maintain living ground cover while leveraging organic inputs can transform the foundation of 
agricultural systems by enhancing soil ecosystem function. Widespread adoption of this soil health 
paradigm can thereby enable sustainable intensification and resilience. 
 

 
Keywords:  Soil quality; organic agriculture; regenerative farming; agroecosystems; agricultural 

sustainability. 

 
1. INTRODUCTION 
 
Soil health and fertility are foundational to 
sustainable agriculture and food production. As 
the world's population continues to grow, placing 
increasing demands on agricultural lands, 
maintaining and enhancing soil quality is critical. 
Industrialized agriculture has relied heavily on 
synthetic fertilizers and pesticides to maximize 
yields, but these practices come at an 
environmental and health cost that is prompting 
many farmers to shift toward organic practices 
aimed at long-term soil vitality. Organic 
amendments and regenerative techniques show 
tremendous promise for building healthy, fertile 
soils while also sequestering carbon, increasing 
nutrient and water efficiency, reducing erosion 
and runoff, and promoting biodiversity above and 
below the soil surface. 
 
Soil quality encompasses chemical, physical and 
biological factors which together contribute to soil 
productivity and plant health [1]. Two key 
indicators of soil quality are organic matter 
content and biological activity and diversity [2]. 
Soil organic matter plays numerous beneficial 
roles, including retaining nutrients and moisture, 
binding particles into stable aggregates, 
facilitating gas exchange, fostering soil biota, and 
contributing plant-available nutrients upon 
decomposition [3]. An abundance and diversity of 
soil organisms, like mycorrhizal fungi and 
nutrient-cycling bacteria, also promote soil health 
through decomposition of organic matter, nutrient 

mobilization and retention, soil aggregation, and 
disease suppression [4]. Management decisions 
related to organic amendments, cover cropping, 
compost and compost tea applications, reduced 
tillage, and plant diversity all influence soil quality 
over both short and long time spans. 
 
Building soil organic matter is a central aim and 
outcome of organic soil health practices. Plant 
residues, animal manures, compost, and other 
carbon-based soil amendments fuel soil 
microbes and fauna while enhancing moisture 
and nutrient retention and binding properties [5]. 
In the face of rising inorganic fertilizer costs and 
environmental impacts, optimizing and sustaining 
soil organic matter offers farmers natural fertility 
derived from organic nutrient cycling instead of 
costly external inputs with substantial embedded 
energy costs [6]. Increasing soil carbon content 
not only enhances productivity but also mitigates 
climate change through carbon sequestration 
and reduced nitrous oxide emissions [7]. 
 
Compost and animal manures have long been 
used as organic amendments, providing a slow-
release source of nutrients along with organic 
matter and microbial populations [8]. More 
concentrated organic amendments like bone, 
blood, and feather meal can strategically supply 
nutrients like nitrogen and phosphorus. Allowing 
lands to rest in cover crops or pasture through 
crop rotations supplies renewable organic matter. 
Minimal tillage helps stabilize soil aggregates 
while reducing carbon losses. Integrating 



 
 
 
 

Singh et al.; Asian J. Soil Sci. Plant Nutri., vol. 10, no. 1, pp. 175-197, 2024; Article no.AJSSPN.112402 
 
 

 
177 

 

livestock with crops supports nutrient                     
cycling. Taken all together, these organic 
techniques aim to feed soils more than plants, 
harnessing natural biological processes to 
sustain fertility. 
 
Soil biological fertility derives from the soil food 
web – the complex community of organisms 
living all or part of their lives in the soil [9]. These 
organisms interact in dynamic ways to cycle 
nutrients and contribute to soil structure and 
plant health through symbiotic relationships with 
roots. Mycorrhizal associations between plant 
roots and soil fungi aid plants in nutrient and 
water uptake in exchange for carbohydrates from 
photosynthesis [10]. Nitrogen fixation carried out 
by rhizobium bacteria associated with legume 
roots makes atmospheric nitrogen biologically 
available to plants. Earthworms, arthropods, and 
other fauna mix and aerate soils while 
fragmenting residues and regulating microbial 
populations. Fungi and bacteria mineralize 
organic matter and release nutrients through 
decomposition. This biodiversity is self-
reinforcing – organic matter feeds soil biota while 
an abundance and diversity of organisms 
maintains the soil system. 
 
Although synthetic fertilizers and pesticides can 
quickly correct apparent deficiencies, over time 
these interventions impair biological components 
that regulate longer-term fertility and plant health 
[11]. Organic techniques aim to nurture soil 
organism biodiversity through reduced tillage, 
organic matter additions, and decreased 
pesticide/fungicide applications [12]. Balancing 
nutrients through organic sources tailored to soil 
tests helps avoid skewing soil biology. Allowing 
soils to rest and recharge through pasture or 
cover crop rotations contributes renewable 
organic matter to fuel the soil food web. By 
managing soils as living systems, organic 
practices leverage complex biological processes 
to sustain productivity. 
 
In recent decades, scientific understanding of 
relationships between soil health, plant disease 
suppression, and stable crop yields has 
advanced considerably, clarifying mechanisms 
behind observations that organically managed 
soils often produce comparable or higher yields 
[13]. Disease-suppressive soils develop through 
organic matter incorporation, reduced tillage, and 
decreased fungicide applications [14]. These 
conditions foster general suppression from 
competitive microflora as well as specific 
suppression through antibiotics, parasite-host 

interactions and other quorum sensing effects 
[15]. Mycorrhizae also play important roles 
protecting plants against soil-borne diseases 
[16]. Building disease suppression and  
beneficial microbial associations enhances soil 
health while reducing pest pressure on crops 
[17]. 
 
Organic systems further emphasize working with 
natural ecological relationships, using crop 
rotations, timing of plantings, and interplanting of 
compatible species to control pests and diseases 
through biological synergies [18]. Diverse 
rotations, cover crops and interplantings foster 
biodiversity above and below ground, protecting 
against losses to single pest pressures. 
Synergies like the “Three Sisters” planting of 
corn, beans and squash used by North American 
tribes optimize yields while balancing nutrients 
across crops. Maximizing beneficial ecological 
relationships minimizes external inputs, saving 
costs while protecting environmental quality. 
 
Scientific studies consistently find organically 
managed soils to have significantly higher 
biological activity and biomass, notably of 
mycorrhizal fungi, earthworms and other fauna 
[19]. Organically managed soils also exhibit 
improved soil structure and moisture infiltration 
due to higher stable aggregate content and 
biological binding of soil particles [20]. Besides 
stabilizing soils, aggregates protect soil carbon 
and organic nitrogen from microbial decay [21]. 
Combined with reduced tillage, stable 
aggregates decrease risks of erosion and 
nutrient losses while increasing rainfall capture 
and retention. 
 
In addition to fostering soil biota, attributes like 
cation exchange capacity, micronutrient 
availability and pH balance contribute importantly 
to biologically-mediated soil health and fertility 
[22]. Organic practices aim to feed soil biology 
while maintaining ideal physical and chemical 
properties through organic matter additions, 
micronutrient inputs, and pH amendments like 
lime and sulfur [23]. Organic standards prohibit 
highly soluble synthetic fertilizers which can 
disrupt soil balance and leach into waterways, 
leading to eutrophication and dead zones. 
Selective use of concentrated natural inputs like 
fish emulsions and seaweed extracts provide 
bioavailable nutrients without environmental side 
effects. By balancing soil nutrients and biology, 
organically managed soils maintain productivity 
while conserving resources and protecting 
ecosystems. 
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Improving soil health and fertility through organic 
techniques holds tremendous potential to 
sustainably intensify agriculture on existing lands 
while also tapping agriculture’s potential to 
mitigate climate change through carbon 
sequestration [24]. Increased crop yields, 
drought resilience and cost savings from 
enhancing biological soil processes are added 
benefits spurring wider adoption of organic 
practices [25]. Realizing agriculture’s role in 
balancing environmental impacts and food 
production is vital to meeting rising 21st century 
demands sustainably. As scientific consensus 
grows around relationships between soil health, 
natural disease and pest regulation, water and 
nutrient efficiency, and ultimately crop yields, 
organic amendments and regenerative practices 
present proven means for farmers to enhance 
productivity while benefiting society through 
climate change mitigation and reduced pollution. 
 

2. DEFINITION AND CONCEPT OF SOIL 
HEALTH 

 
Soil health refers to the ability of soil to function 
as a living ecosystem that sustains plants, 
animals, and humans. Healthy soils maintain a 
diverse community of soil organisms that help to 
control plant disease, insect and weed pests, 
form beneficial symbiotic associations with plant 
roots, recycle essential plant nutrients, improve 
soil structure with positive repercussions for soil 
water and nutrient holding capacity, and 
ultimately improve crop production [26]. 
 
Soil health is evaluated in terms of the following 
characteristics [27]: 
 
Capacity of soil to accept, hold, and release 
nutrients to plants and soil organisms Presence 
of a diverse community of beneficial soil 
organisms (bacteria and fungi) Good soil 
structure allowing movement of air and water 
Capacity of soil to suppress disease causing 
organisms and pests Resilience to management 

disturbances and environmental stresses The 
concept of soil health emphasizes evaluating and 
managing soils as living systems by providing 
optimum conditions for crop growth, including 
managing organic matter, disturbing the soil as 
little as possible, keeping soils covered, and 
promoting biodiversity through crop rotation and 
cover crops [28]. 
 
Physical Indicators Chemical Indicators 
Biological Indicators Soil structure Soil organic 
matter Microbial biomass carbon and nitrogen 
Infiltration/water holding capacity Soil pH Soil 
microbial community diversity Bulk density Plant 
available nutrients (N, P, K) Potentially 
mineralizable nitrogen Water stability of soil 
aggregates Cation exchange capacity Soil 
respiration Porosity Soil enzyme activities 
Mycorrhizal colonization Texture and depth of 
topsoil 
 

2.1 Significance for Agricultural 
Productivity and Sustainability 

 
Soil health and fertility are key determinants of 
agricultural productivity and sustainability. 
Healthy soils provide essential nutrients for 
optimal plant growth and crop yields, and also 
enable long-term sustainability of farming 
through properties like water holding capacity, 
resistance to erosion, and biological pest 
suppression [29]. Maintaining and enhancing soil 
health is fundamental to meet global food 
security needs and for sustainable intensification 
required to produce more food with reduced 
environmental impacts [30]. 
 

2.2 Some key Ecosystem Services 
Provided by Healthy Soils are [31] 

 

Provision of nutrients, water retention, and 
anchorage for plants Regulation of water flow 
and storage Filtering and buffering against 
pollutants entering water and air Storage of 
carbon to mitigate greenhouse gas emissions 

 
Table 1. Key indicators of soil health 

 

Physical Indicators Chemical Indicators Biological Indicators 

Soil structure Soil organic matter Microbial biomass carbon and 
nitrogen 

Infiltration/water holding capacity Soil pH Soil microbial community diversity 

Bulk density Plant available nutrients 
(N, P, K) 

Potentially mineralizable nitrogen 

Water stability of soil aggregates Cation exchange capacity Soil respiration 

Porosity Soil enzyme activities Mycorrhizal colonization 

Texture and depth of topsoil 
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Support biodiversity of soil organisms critical to 
nutrient cycling and pest regulation Declining soil 
health and quality is a growing threat, with FAO 
(Food and Agriculture Organization) estimating 
up to 40% of global agricultural soils degraded to 
some extent [32]. Soil health degradation 
negatively impacts agricultural productivity via 
mechanisms like: 
 

(1) Reduced nutrient availability: lower soil 
organic matter reduces reserves of 
nitrogen and other nutrients 

(2) Poor soil structure: compaction and lack of 
aggregation impedes root penetration and 
growth 

(3) Increased erosion: loss of fertile topsoil 
and inability to retain moisture 

(4) Increased pests: lower biological diversity 
weakens natural pest suppression 

 

Diminished soil health therefore threatens long 
term productivity, sustainability, and resilience of 
agriculture in the context of intensification 
needed to meet future food demands [33]. This 
highlights the critical importance of building 
healthy agricultural soils through adoption of 
appropriate soil amendments and management 
practices. 
 

2.3 Organic Amendments for Improving 
Soil Health 

 

Application of organic amendments is a key 
strategy to enhance soil health by overcoming 
nutrient deficiencies, improving physical and 
biological properties like structure and microbial 
activity, and combating issues like compaction 
[34]. Sources of organic amendments commonly 
used in agriculture include: 
 

Animal manures: Manures contain all essential 
plant nutrients, improve soil structure and cation 
exchange capacity, and increase populations of 
beneficial soil microbes. Limitations are bulky to 
transport and apply. 
 

Compost: Aerobically decomposed organic 
matter that releases nutrients slowly. Compost 
enhances nutrient retention, improves soil 
structure, increases microbial biomass and 
diversity. 
 

Cover crops and crop residues: Growing non-
cash crops helps conserve soil and water, 
suppress weeds and pests, captures nutrients 
that may otherwise leach, and contributes 
organic matter upon decomposition. Limitation is 
reduction of land allocated to main crop. 

Biochar: Charcoal produced through pyrolysis 
that persists in soil for hundreds of years. 
Biochar increases nutrient retention, enhances 
soil structure, raises pH, improves water holding 
capacity. Expensive to produce which limits 
adoption. 
 
Vermicompost: Organic matter processed 
through earthworm digestion. Contains plant 
available nutrients and beneficial microbes, 
enhances germination and plant growth. Limited 
by production capacity. 
 
Organic amendments replenish soil organic 
matter which serves as a reservoir of nutrients 
like nitrogen, improves soil structure to enhance 
root growth and prevent erosion, increases 
microbial biomass and diversity in soil food webs 
critical to nutrient cycling, and facilitates greater 
water retention [35]. These mechanisms 
translate into healthier more productive 
agricultural soils. 
 

2.4 Soil Management Practices 
Supporting Soil Health 

 
In addition to organic amendments, adopting 
sustainable soil management practices helps 
protect and enhance agricultural soil health by 
minimizing disturbance and loss of soil                     
while bolstering biological processes                       
[36]. Recommended management practices 
include: 
 
Conservation tillage: Reducing or eliminating 
tillage decreases soil erosion and nutrient loss 
while preserving soil organic matter. No-till 
systems further benefit soil biological activity and 
structure. 
 
Crop rotations: Rotating grains with legumes or 
pasture grass every 3-5 years avoids 
disease/pest buildups, balances nutrient 
demands across seasons, and protects soil from 
erosion. 
 
Cover cropping: Planting legumes, grasses or 
brassicas during fallow periods or intercropped 
prevents soil exposure, fixes nitrogen, and may 
reduce disease/pests. Also helps conserve soil 
moisture and organic matter. 
 
Controlled traffic: Restricting machinery loads 
to permanent lanes minimizes soil compaction 
while undisturbed inter-rows benefit soil biology 
and structure. Avoiding traffic on wet soils is 
particularly important. 
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Integrated pest management (IPM): An 
ecosystem-based strategy using monitoring to 
determine need-based applications of biological, 
physical and chemical pest treatments with 
emphasis on minimal use of chemicals. Helps 
protect biodiversity. 
 
Taken collectively, these practices reinforce 
sustainable soil management to maintain 
productivity while conserving resources. 
Government policies aimed at incentivizing 
farmers to adopt soil-conserving practices 
through financial and technical support can help 
overcome barriers to widespread implementation 
[37]. 
 

3. ORGANIC AMENDMENTS FOR 
IMPROVING SOIL HEALTH 

 

3.1 Animal Manures - Types, Benefits and 
Challenges 

 

Animal manures refer to feces and urine 
excreted by livestock that can be applied as 
organic soil amendments. Common types of 
manures used in agriculture include [38]: 
 

Table 2. Major types of animal manures used 
as soil amendments 

 

Manure Type Key Plant Nutrients 

Cattle Nitrogen, Phosphorus 
Poultry Nitrogen, Phosphorus 
Swine Nitrogen, Phosphorus 
Sheep Nitrogen, Phosphorus 
Horse Nitrogen, Phosphorus 
Rabbit Nitrogen, Phosphorus 

 

Benefits of animal manures as organic 
amendments: 
 

• Source of major plant nutrients like 
nitrogen, phosphorus and potassium [39] 

• Improves soil structure, aeration and 
moisture retention [40] 

• Supplies organic matter for water holding 
capacity 

• Provides range of micronutrients (Cu, Zn, 
Mn etc.) 

• Introduces beneficial microorganisms that 
enhance nutrient cycling and disease 
suppression [41] 

• Environmentally friendly fertilizer source 
that reduces reliance on chemicals 

 
However some key challenges with using animal 
manures as amendments are [42]: 

• Bulky and costly to transport and apply 
over large areas 

• Nutrient ratios may not match crop 
demands 

• Odors associated with application and 
storage 

• Potential water contamination with excess 
application 

• Food safety issues with raw manures - 
require treatment before growing food 
crops 

• Weed seeds and pathogens may be 
introduced 

 

Despite challenges, animal manures remain 
widely used organic amendments to enhance soil 
health and productivity by overcoming nutrient 
limitations and improving physical, chemical and 
biological soil properties. 
 

3.2 Composts - Feedstocks, Quality and 
Benefits 

 

Compost refers to decomposed organic matter 
produced by controlled, predominantly aerobic 
processing. Composting stabilizes nutrients and 
reduces volume of organic materials like 
manures, crop residues, food scraps etc to 
produce a soil conditioner and slow-release 
fertilizer [43]. Common compost feedstock 
sources include: 
 

Table 3. Major feedstock sources used for 
compost production 

 

Feedstock 
Category 

Specific Materials 

Crop residues Straw, stalks, leaves, 
pomace 

Animal manures Cattle, poultry, horse, 
swine 

Food scraps Fruits, vegetables, grains 

Yard trimmings Grass clippings, leaves 

Forestry materials Sawdust, wood chips 

Biosolids Treated sewage sludge 
 

Quality considerations for composts include 
[44]: 
 

• Maturity index based on temperature and 
CO2 evolution 

• Nutrient content - N, P, K and 
micronutrients 

• Carbon to nitrogen ratio 

• Contaminants - heavy metals, plastic, 
glass 

• Stability and degree of decomposition 
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Benefits of high quality composts as soil 
amendments: 
 

• Slow nutrient release improves synchrony 
with crop needs [45] 

• Enhances moisture retention and soil 
structure 

• Increases soil organic matter and microbial 
populations/activity 

• Improves cation exchange and nutrient 
holding capacities 

• Can suppress soil-borne diseases that limit 
crop growth 

• Environmentally sustainable fertilizer 
alternative 

 
With increasing global volumes of organic wastes 
and biomass byproducts, recycling these 
materials through quality-controlled composting 
provides opportunities to produce organic 
amendments that enhance soil health while 
supporting circular economy principles. 
 

3.3 Cover Crops and Green Manures - 
Types and Benefits 

 
Cover crops and green manures refer to crops 
grown primarily to improve and protect soil health 
rather than for harvest. Cover crops are                
grown between production cycles of main           
crops while green manures are grown 
concurrently and plowed into soil. Major types 
include [46]: 
 

Table 4. Common cover crop and green 
manure species 

 

Cover Crop Type Example Species 

Legumes Clovers, vetches, peas 
Grasses Rye, oats, wheat 
Brassicas Radish, turnips, mustards 

 
Key benefits to soil health: 
 

• Fix atmospheric nitrogen (legumes) 
otherwise limiting in soils [47] 

• Scavenge and recycle nutrients that could 
leach from soil 

• Reduce erosion by protecting soil surface 
from wind/rain impacts 

• Increase soil organic matter and improve 
structure upon decomposition 

• Suppress weeds, insects and disease 
causing pathogens [48] 

• Increase biodiversity promoting beneficial 
organisms 

However, challenges with cover crops/green 
manures are [49]: 
 

• Additional inputs (seed, labor) add costs 
not recouped by harvest 

• Moisture use could limit water available to 
subsequent cash crops 

• Nutrient immobilization possible if C:N ratio 
very wide 

• Choosing optimal species adapted to 
environment/system 

 
Despite challenges, integrating cover crops and 
green manures into cropping sequences is a 
proven strategy to bolster soil health and 
productivity while reducing reliance on synthetic 
fertilizers and pesticides [50]. 
 

3.4 Mulches and Crop Residues - 
Contributions to Soil Health 

 
Mulches refer to materials applied over soil 
surfaces to conserve moisture, suppress weeds 
and moderate soil temperatures. Organic 
mulches decompose over time to provide 
nutrients and improve soil structure. Crop 
residues are plant parts left after harvest or 
pruning. Using mulches and retaining crop 
residues protects and enhances soil health 
through [51]: 
 
However potential challenges with using mulches 
and retaining crop residues are [52]: 
 

• High carbon residues can immobilize 
nitrogen limiting crop availability in short 
term 

• Physical barriers could harbor slugs, 
rodents and other crop pests 

• Additional expense if purchasing and 
transporting mulch materials 

• Could interfere with planting and harvest 
operations if crop residues excessive 

 

4. INTEGRATED ORGANIC PRACTICES 
FOR BUILDING SOIL HEALTH 

 

4.1 Crop Rotations 
 
Crop rotations are essential organic practices for 
improving soil health and fertility. Rotating crops 
from different plant families interrupts pest and 
disease cycles, increases soil biodiversity, and 
balances nutrient demands (1,2). Thoughtfully 
designed rotations also enhance soil structure, 
microbial communities, and water retention over 



 
 
 
 

Singh et al.; Asian J. Soil Sci. Plant Nutri., vol. 10, no. 1, pp. 175-197, 2024; Article no.AJSSPN.112402 
 
 

 
182 

 

time (3, 4). Key considerations when planning 
crop rotations include the number and sequence 
of crops, choice of cover crops and green 
manures, and inclusion of perennial phases (5-
7). 
 

Implementing diverse crop rotations with [4-8] 
different crops grown over 4+ years is ideal [8,9]. 
Rotating between grass, legume, and brassica 
families ensures a wide range of root structures 
and depths that maintain soil porosity [10-12]. 
Including deeprooted crops also promotes 
subsurfacenutrient cycling and water retention 
[13-15]. Strategically alternating shallow-rooted 
vegetables with deeply cultivated row crops 
further enhances soil aeration and organic matter 
incorporation [16-18]. 
 

Incorporating cover crops during rotation cycles 
provides additional soil quality and fertility 
benefits [19-21]. As green manures, they 
increase soil organic matter, fix atmospheric 
nitrogen, scavenge nutrients, and suppress 
weeds [22-24]. Commonly used cover crops 
include cereals, legumes, brassicas, and 
grass/legume mixes [25-27]. Allowing cover 
crops to flower before termination further 
enhances pollinator habitats and biodiversity [28-
30]. 
 

Strategically alternating annual vegetable and 
row crops with perennial forage also improves 
soil structure and biological health over longer 
durations [31-33]. The extensive, permanents 
root systems of grasses, trees and hay prevent 
erosion while increasing organic matter 
incorporations [34-36]. Animals can also graze 
these perennial phases as part of integrated 
crop-livestock systems [37-39]. 
 

4.2 Conservation Tillage 
 

Conservation tillage practices, including no-till, 
strip-till, ridge-till and mulch-till, are vital for 
reducing soil disturbances in organic systems 
[40-42]. These methods maintain protective 
surface residue layers that reduce erosion, 
enhance water retention, increase biodiversity 
and sequester carbon [43-45]. Strategies like 
shallow strip-tilling rather than full inversion 
plowing further protect soil aggregates in traffic 
zones while still controlling weeds and 
incorporating amendments [46-48]. Table 2 
outlines key differences between intensive and 
various conservation tillage methods. 
 

Maintaining permanent beds with untilled furrows 
under high-residue mulch systems optimizes soil 

protection while managing weeds [49-51]. This 
allows vigorous root development within 
undisturbed beds, while surface residues 
suppress germinating weeds between rows [52-
54]. Integrating surface mulching with subsurface 
living mulches offers similar benefits, with the 
living covers providing additional organic inputs, 
nutrients and microbial interactions [55-57]. 
 

4.3 Integrated Nutrient Management 
 

Integrated organic nutrient sources applied at 
strategic times are essential for meeting crop 
demands while enhancing soil fertility [58-60]. 
Organic amendments like manures, composts, 
cover crops and crop residues slowly release an 
array of macro and micronutrients as they 
decompose (61-63). Targeted combinations and 
complementary timing of these organic inputs 
builds soil nutrition over seasons [64-66]. For 
example, prior cover cropping with nitrogen-fixing 
legumes provides abundant nitrogen for 
subsequent vegetable crops [67-69]. 
 

The timing, rate and source recommendations in 
Table 3 illustrate integrated organic nutrient 
management across a 4-year rotation to support 
both crops and overall soil fertility. aining 
permanent beds with untilled furrows under high-
residue mulch systems optimizes soil protection 
while managing weeds [49-51]. This allows 
vigorous root development within undisturbed 
beds, while surface residues suppress 
germinating weeds between rows [52-54]. 
Integrating surface mulching with subsurface 
living mulches offers similar benefits, with the 
living covers providing additional organic inputs, 
nutrients and microbial interactions [55-57]. 
 

4.4 Integrated Nutrient Management 
 

Integrated organic nutrient sources applied at 
strategic times are essential for meeting crop 
demands while enhancing soil fertility [58-60]. 
Organic amendments like manures, composts, 
cover crops and crop residues slowly release an 
array of macro and micronutrients as they 
decompose [61-63]. Targeted combinations and 
complementary timing of these organic inputs 
builds soil nutrition over seasons [64-66]. For 
example, prior cover cropping with nitrogen-fixing 
legumes provides abundant nitrogen for 
subsequent vegetable crops [67-69]. 
 

The timing, rate and source recommendations in 
Table 8 illustrate integrated organic nutrient 
management across a 4-year rotation to support 
both crops and overall soil fertility. 
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Table 5. Mechanisms by which Mulches and Crop Residues Improve Soil Health 
 

Benefits Details 

Erosion control Mulch absorbs raindrop impact and reduces dislodging of soil particles by 
wind and water 

Moisture conservation Reduces evaporation from soil surface resulting in greater water 
availability for crops 

Weed suppression Physical barrier blocks light preventing germination and growth of weeds 

Temperature 
moderation 

Insulating effect prevents extreme high and low soil temperatures 

Organic matter 
contribution 

Breakdown over time increases reserves of stable organic matter in soil 

Nutrient recycling Mineralization during decay releases plant essential nutrients like 
nitrogen and phosphorus 

 
Table 6. Example integrated 4-year crop rotations 

 

Year 1 Year 2 Year 3 Year 4 

Tomatoes Winter Rye Cover Crop Broccoli Potatoes 

Potatoes Hairy Vetch Cover Crop Carrots Dry Beans 

Dry Beans Oats and Peas Cover Crop Cabbage Sweet Corn 

Sweet Corn Buckwheat Cover Crop Spinach Squash 

 
Table 7. Comparison of Intensive and Conservation Tillage Practices 

 

Tillage 
Practice 

Residue 
Cover 

Topsoil 
Disruption 

Weed Control Equipment Needs 

Intensive 
Tillage 

<30% Full Inversion Low Plows, disks, cultivators 

No-Till >90% None Herbicides Specialized planters & 
drills 

Strip-Till >60% Narrow strips Cultivation & 
mulches 

Zone builders + 
planters 

Ridge-Till >60% On ridges Cultivation Bed shapers + planters 

Mulch-Till >60% Shallow <4 in Cultivation & 
mulches 

Chisel plows + planters 

 
Table 8. Example integrated organic nutrient recommendations for 4-year rotation 

 

Year Crop Amendment Timing Application 
Rate 

Key Nutrients 
Provided 

1 Tomatoes Compost Pre-plant 5 tons/acre N, P, K, micronutrients  
Potatoes Legume cover 

crop 
Pre-plant 40-60 lbs 

N/acre† 
Nitrogen 

2 Dry Beans Feather meal Side-dress 90 lbs N/acre Nitrogen  
Sweet 
Corn 

Liquid fish fertilizer Sidedress 4 gal/acre N, P, Ca 

3 Cabbage Poultry litter Pre-plant 3 tons/acre N, P, K  
Spinach Pelletized guano Topdress 150 lbs/acre P, Ca, micronutrients 

4 Squash Compost tea* Foliar spray Every 2 
weeks 

Micronutrients, 
biostimulants 

†Nitrogen contribution from legume cover crop 
*Compost extracts sprayed to enhance soil biology and plant immunity 
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This highlights the importance of balancing plant 
demands, long term soil building, and nutrient 
release timing when designing integrated organic 
fertility programs [70-72]. Monitoring crop growth 
and soil conditions informs adaptive nutrient 
adjustments over time [73-75]. 
 

4.5 Polycultures and Agroforestry 
 
Increasing within-field crop diversity through 
polycultures interplants multiple companion 
species together [76-78]. Complementary plant 
selections enhance mutual growth, pest 
resilience, nutrient exchanges and productivity 
per land area [79-81]. For example, the Three 
Sisters tradition interseeds corn, beans and 
squash to allow symbiotic nitrogen-fixing, vining 
and ground cover interactions [82]. Mixing 
lettuce, brassicas, alliums and herbs judiciously 
occupies varied niches, attracts beneficial 
insects, and confuses pests [83-85]. 
 
Silvopasture and alley cropping integrate deeper 
perennial pasture, hay and tree root systems with 
annual crop cultivation [86-88]. The extensive 
perennial plant rooting builds soil fertility, 
stabilizes erosion, and improves moisture and 
nutrient retention [89-91]. Grazing livestock also 
contribute manures over many years (92). 
Strategic tree orientations and pruning regimes 
optimize annual crop light interception, air 
circulation and productivity [93-95]. Forest 
farming also intentionally cultivates high-value 
shade-loving woodland medicinals like ginseng, 
ramps and mushrooms [96]. 
 
Integrating multistory agroforestry with livestock 
via silvopasture further diversifies organic 
operations over long durations [97-99]. The full 
range of root depths, nutrient demands and 
harvesting intervals cultivate soil structure and 
biological health [100-102]. Careful design and 
management accommodates equipment access 
while buffering crops (103). Mixing fruit and nut 
trees, pole barns, alley-cropped rows, subcanopy 
crops, pasture, hay and mushrooms cultivated by 
grazing livestock and bees holistically improves 
the entire agroecosystem [104-106]. 
 

5. EVALUATING IMPACTS OF ORGANIC 
PRACTICES ON SOIL HEALTH 

 

5.1 Trends in Key Indicators Over Time 
 
Long-term monitoring provides the best 
assessments of how integrated organic systems 
impact soil quality over seasons [107]. Measuring 

key physical, chemical and biological indicators 
at repeated intervals reveals improvement 
trajectories [108,109]. Useful quantitative tests 
include soil organic matter, aggregate stability, 
nutrient levels, water infiltration rates and 
microbial biomass [110-112]. Visually evaluating 
soil structure and rooting depths also                   
gives indications of biological functionality [113-
115]. 
 
For example, appropriate organic practices 
increased surface soil organic carbon levels from 
1.1% to 1.8% over 12 years in an intensively 
cultivated vegetable system [116]. Similarly, 
organically managed orchard soil DOC, nitrogen 
and basal respiration improved steadily over 7 
years [117]. Assessments across multiple 
production zones with varying amendment 
histories further inform recommendations for 
problem areas [118,119]. 
 

5.2 Comparisons to Conventional 
Management 

 
Strategic testing can directly compare indicators 
between conventional and organic management 
[120]. While variation exists across crops, 
climates and soil types, meta-analyses 
consistently show enhanced biological, physical 
and fertility parameters in organic systems [121-
123]. Specific improvements include increased 
organic matter, moisture retention, soil life and 
nutrient levels [124-126]. A 12-year vegetable 
study found organically treated soils had 40% 
higher organic carbon, 97% greater earthworm 
populations and improved soil enzyme activities 
compared to conventionally fertilized and 
fumigated soils [127]. Related potato research 
showed 20-40% higher soil organic matter, 
greater carbon and nitrogen and improved tuber 
quality in organic versus conventional production 
[128]. Though yields can be lower, organic inputs 
and reduced disturbances improve soil properties 
over time [129]. 
 

5.3 Relationships with Crop Performance 
 
Relating soil improvements to crop productivity, 
quality and resilience provides practical grower 
incentives for adopting organic practices [130]. 
Correlative studies show positive associations 
between soil biological properties and crop 
growth parameters [131,132]. Other work 
indicates balanced organic fertility and biological 
activation improves crop nutrient uptake, 
phytochemical levels and post-harvest storability 
[133-135]. 
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Significant positive relationships were found 
between microbial activity and potato crop 
development, yield components and tuber starch 
levels [136]. The soil building practices 
enhancing these soil properties included diverse 
rotations, extensive cover cropping and 
integrated manure-based fertility amendments 
[137]. Monitoring both soil and crop responses to 
specific organic transitions helps demonstrate 
functional connections [138-140]. 
 

6. CHALLENGES AND LIMITATIONS OF 
ORGANIC SOIL BUILDING PRACTICES 

 
Implementing diversified organic systems 
requires increased management complexity 
compared to specialized conventional production 
[141,142]. Transitioning also involves several 
years of reduced yields while soil properties 
improve before productivity rebounds and 
stabilizes [143]. However, many integrated 
organic techniques described build fertility and 
offer environmental and social benefits over the 
long term [144,145]. Obtaining sufficient 
approved organic amendments poses practical 
hurdles depending on local infrastructure and 
regulations [146,147]. Strategic planning 
addresses nutrient and equipment logistics [148]. 
costs associated with extensive cover cropping, 
specialized organic inputs and increased labor 
for tillage/cultivation can also deter adoption 
unless markets offer premiums [149-151]. 
 
Several proven integrated soil building practices 
may be prohibited on certified organic 
operations, including synthetic mineral 
amendments, extensive polytunnel production 
and bio-fertilization inoculants [152,153]. Finally, 
reduced pest control options increases risks of 
substantial crop losses which discourages 
conversions in some contexts [154,155]. Despite 
such challenges, organic and sustainable 
agricultural systems continue expanding globally 
due to the multiple advantages conferred [156-
158]. 

 
7. CASE STUDIES  
 

1. Application of composted dairy manure at 
10 tons/acre significantly increased soil 
organic matter, moisture retention, and 
bean yields compared to untreated control 
plots [159]. 

2. Poultry litter applied at 5 tons/acre 
improved soil structure as measured by 
glomalin concentrations, and increased 

microbial respiration rates by 29% relative 
to conventional fertilizer plots [160]. 

3. Vermicompost extracts applied as a foliar 
spray reduced severity of early blight in 
tomato by 32-58% and increased 
marketable yields by 19% under field 
conditions [161]. 

4. Soil macroaggregate stability increased by 
14-38% in no-till plots with winter rye cover 
crops compared to conventional tillage 
without cover crops [162]. 

5. Available soil potassium levels were 31% 
higher in compost amended plots versus 
inorganic fertilizer plots after 4 seasons of 
a broccoli-squash rotation [163]. 

6. Fungal dominance increased from 38 to 
58% in soil bacterial and fungal 
phospholipid fatty acid biomarkers after 3 
years of repeated poultry litter application 
[164]. 

7. Soil erosion averaged 2.4 tons/ha/year in 
no-till watersheds using cover crops 
compared to 8.1 tons/ha/year in 
watersheds with intensive tillage but no 
cover crops [165]. 

8. Anaerobic digestate from food waste and 
manure feedstocks increased soil 
phosphatase enzyme activity by 29% and 
nematode diversity by 14% relative to 
uncomposted manure amendment [166]. 

9. Average soil nitrate concentrations were 
43% lower under kale planted into crimson 
clover green manure relative to fallow soil 
prior to kale planting [167]. 

10. Microbial biomass carbon increased 
linearly with increasing rates of alfalfa meal 
up to 10 tons/acre applied to low organic 
matter soils [168]. 

11. Soil electrical conductivity was reduced 
from 0.94 dS/m to 0.71 dS/m over two 
years following incorporation of biochar at 
10 tons/acre to saline-sodic soils [169]. 

12. Pepper yields in low phosphorus soils 
increased by 21-29% with bone char 
applied at 500-2000 kg P/ha compared to 
super phosphate fertilizer [170]. 

13. Soil moisture retention at -1 and -5 bar 
matric potentials increased by 14% and 
7%, respectively, after three years of 
mulching with composted gin trash 
(sugarcane residues) [171]. 

14. Lettuce and radish yields under 
regenerative no-till management were 
similar (within 95% confidence) to 
conventional tillage in year 1, and 13-15% 
higher in year 3 after transition [172]. 
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15. Soil organic carbon and potentially 
mineralizable nitrogen increased steadily 
over 20 years in integrated livestock-crop 
rotations using cover crops and manure 
amendments [173]. 

16. Anaerobic digestion reduced odor 
emissions and weed seed viability in 
separated dairy solids, resulting in 
composts demonstrating 29-44% lower 
weed emergence than raw manure [174]. 

17. Early season nematode pressure as 
indicated by root galling index was 51-67% 
lower in tomato planted after fresh-market 
cucumber green manure compared to 
black plastic fallow [175]. 

18. Shared solar infrastructure coupled with 
compost production and renewable natural 
gas systems in rural communities 
supported energy, soil health, and farm 
revenue goals [176]. 

19. Land application of anaerobic digestate 
increased Mehlich-3 soil test P values from 
21 to 35 g P kg-1 soil after 3 annual 
applications at commercial dairy farm 
silage corn sites [177]. 

20. Foliar application of vermicompost tea 
suppressed downy mildew 
(Pseudoperonospora cubensis) on 
greenhouse cucumbers by 29-53% under 
controlled disease inoculation trials [178]. 

21. Regardless of region, integrating cover 
crops and conservation tillage practices 
increased microbial biomass carbon and 
soil enzymes over 10 years relative to 
conventional tillage without covers [179]. 

22. Soil organic carbon levels increased by 
0.12 percentage points annually over the 
first 10 years after adoption of compost 
and stringent cover cropping regimens 
[180]. 

23. Tomato greenhouse gas emissions per kg 
marketable yield were reduced by 63% 
under low tillage and hairy vetch living 
mulch compared to conventional tillage, 
bare soil management [181]. 

24. After 7 years, organically managed bell 
pepper yields with cover crops and organic 
nutrient sources were statistically similar to 
integrated pest management yields using 
synthetic fertilizers [182]. 

25. Anaerobic digestate degraded rapidly 
compared to raw manure, with microbial 
biomass displaying greater catabolic 
versatility and 39% higher soil respiration 
rates [183]. 

26. In on-farm trials across the Corn Belt (US), 
rye cover crops decreased nitrate leaching 

an average of 70% compared to no cover 
controls when sampled at 60 cm depth 
[184]. 

27. Fungal pathogen suppressive activity 
increased by 29% over two seasons after 
establishing multispecies cover crop mixes 
compared to single grass or legume covers 
[185]. 

28. In strip trials, anaerobic digestate 
suppressed annual bluegrass (Poa annua) 
by 51- 64% compared to untreated control 
strips after two seasons of bi-weekly foliar 
application [186]. 

29. Seed germination relative to untreated 
control increased by 67% and 29% when 
grown in soil amended with vermicompost 
and food-manure composts respectively 
[187]. 

30. Anaerobic digestion treatment reduced 
antibiotic resistance gene abundance in 
swine manure by up to 83% depending on 
influent feedstock antibiotic concentrations 
[188,189]. 

 

8. CAUSE AND EFFECT 
 

1. Application of composted dairy manure 
(cause) increased soil organic matter, 
moisture retention, and bean yields 
(effects) compared to untreated control 
plots [159]. 

2. Poultry litter application (cause) improved 
soil structure as measured by glomalin 
concentrations, and increased microbial 
respiration rates (effects) relative to 
conventional fertilizer plots [160]. 

3. Vermicompost extracts applied as a foliar 
spray (cause) reduced severity of early 
blight in tomato and increased marketable 
yields (effects) under field conditions [161]. 

4. Winter rye cover crops (cause) increased 
soil macroaggregate stability (effect) in no-
till plots compared to conventional tillage 
without cover crops [162]. 

5. Compost amendments (cause) increased 
available soil potassium levels (effect) 
versus inorganic fertilizer plots after 4 
seasons of a broccoli-squash rotation 
[163]. 

6. Repeated poultry litter application (cause) 
increased fungal dominance (effect) in             
soil microbial biomarkers after 3 years 
[164]. 

7. Use of cover crops (cause) decreased soil 
erosion (effect) in no-till watersheds 
compared to watersheds with intensive 
tillage but no cover crops [165]. 
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8. Anaerobic digestate amendment (cause) 
increased soil phosphatase enzyme 
activity and nematode diversity                
(effects) relative to uncomposted manure 
[166]. 

9. Crimson clover green manure (cause) 
lowered soil nitrate concentrations (effect) 
under kale planted into the clover residue 
[167]. 

10. Increasing rates of alfalfa meal (cause) 
increased soil microbial biomass carbon 
(effect) applied to low organic matter soils 
[168]. 

11. Biochar incorporation (cause) reduced soil 
electrical conductivity (effect) in saline-
sodic soils over two years [169]. 

12. Bone char application (cause) increased 
pepper yields (effect) in low phosphorus 
soils compared to super phosphate 
fertilizer [170]. 

13. Composted gin trash mulching (cause) 
increased soil moisture retention (effect) 
after three years [171]. 

14. Regenerative no-till management (cause) 
increased lettuce and radish yields (effect) 
in year 3 after transition from conventional 
tillage [172]. 

15. Cover crops and manure amendments 
(cause) increased soil organic carbon and 
potentially mineralizable nitrogen (effects) 
over 20 years [173]. 

16. Anaerobic digestion of dairy solids (cause) 
reduced weed emergence (effect) in 
composts compared to raw manure [174]. 

17. Cucumber green manure (cause) lowered 
early season nematode pressure (effect) 
compared to black plastic fallow before 
tomato planting [175]. 

18. Compost production using shared solar 
infrastructure (cause) supported energy, 
soil health, and farm revenue goals 
(effects) in rural communities [176]. 

19. Anaerobic digestate application (cause) 
increased Mehlich-3 soil test phosphorus 
levels (effect) at commercial dairy farm 
silage corn sites [177]. 

20. Vermicompost tea application (cause) 
suppressed downy mildew on greenhouse 
cucumbers (effect) under inoculated trials 
[178]. 

21. Cover crops and conservation tillage 
(cause) increased microbial biomass 
carbon and soil enzymes (effects) over 10 
years relative to conventional practices 
[179]. 

22. Compost and cover crops (cause) 
increased soil organic carbon levels 

(effect) over the first 10 years after 
adoption [180]. 

23. Low tillage and hairy vetch living mulch 
(cause) reduced tomato greenhouse gas 
emissions per yield (effect) compared to 
conventional tillage and bare soil 
management [181]. 

24. Cover crops and organic nutrient sources 
(cause) produced similar bell pepper yields 
(effect) to integrated pest management 
with synthetic fertilizers after 7 years [182]. 

25. Anaerobic digestion of manures (cause) 
increased microbial biomass catabolic 
versatility and soil respiration rates 
(effects) compared to raw manure [183]. 

26. Rye cover crops (cause) decreased nitrate 
leaching (effect) in on-farm Corn Belt trials 
compared to no cover controls [184]. 

27. Multispecies cover crop mixes (cause) 
increased fungal pathogen suppressive 
activity (effect) compared to single species 
cover crops over two seasons [185]. 

28. Anaerobic digestate application (cause) 
suppressed annual bluegrass emergence 
(effect) in strip trials compared to untreated 
controls [186]. 

29. Soil amendment with vermicompost and 
composts (cause) increased seed 
germination (effect) relative to untreated 
soil [187]. 

30. Anaerobic digestion (cause) reduced 
antibiotic resistance gene abundance 
(effect) in treated swine manures 
compared to untreated manures [188]. 
 

9. DIRECTIONS FOR FUTURE 
RESEARCH 

 

• Additional long-term studies across diverse 
agroecosystems are needed to further 
validate the impacts of integrated soil 
health practices like cover cropping, 
conservation tillage, and organic 
amendments on yields, profitability, and 
environmental outcomes. 

• More research should explore optimization 
of amendment source, rate, timing and 
placement for improving crop nutrient 
availability while avoiding potential issues 
like nutrient leaching or runoff. 

• Further analysis of tradeoffs associated 
with extensive cover cropping is warranted, 
including water use efficiency, competitive 
effects with cash crops, and management 
of allelopathic residues. 

• Economic analyses determining break-
even timeframes and returns on 
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investment from transitioning to integrated 
soil building practices would assist farmer 
adoption decisions and policy 
development. 

• Emerging amendments like biochar, 
digestate and compost extracts should be 
researched for largescale production 
capability, effectiveness and mechanisms 
of action across soil types and cropping 
systems. 

• Future field research could evaluate which 
integrated soil health systems and 
practices are best suited to intensified 
production needs for meeting local and 
global food security priorities. 

 

10. CONCLUSION  
 
Organic amendments like animal manures, 
composts, and cover crop residues contribute 
multiple soil health benefits include improved 
fertility, structure, biology and environmental 
outcomes that underpin agricultural 
sustainability. Complementary combinations of 
reduced tillage, cover cropping, rotations and 
organic amendments reinforce integrated soil 
building practices for long-term productivity and 
soil function. Transitioning from degraded 
conventional systems will require patience and 
commitment as integrated practices take years to 
rebuild soil organic matter, biological diversity 
and related properties that enable high 
performance across metrics. A systems-based 
perspective is imperative, as improving soil 
health and agricultural sustainability requires not 
only crop management changes but also 
economic incentives, technical assistance, 
supportive infrastructure, and public policies that 
facilitate adoption of regenerative practices. 
Outcomes consistently show integrated practices 
that minimize disturbance and maintain living 
plant/root systems year-round while leveraging 
organic inputs can rebuild the foundation of 
agricultural systems by enhancing soil 
ecosystem function. Widespread adoption of this 
soil health paradigm is key to sustainable 
intensification and resilience. 
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