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SOIL HEALTH

Complex idea - many definitions are 
proposed it is “an evolving concept”

“Soil health focuses on the living, dynamic nature 

of soil that functions by incorporating the 

biological attributes of biodiversity, food web 

structure, ecosystem functioning and the intimate 

relationships of soil microorganisms with plants 

and animals” Kremer, 2016

•“Optimal soil health” requires balance between all functions for 

soil productivity, environmental quality, and plant and animal 

health 

•Management and land-use decisions affects these functions 

•Good management practices must consider all soil health

functions, not focusing on single functions, such as crop 

productivity (Doran, 2002)

Missouri 

(Menfro silt loam)



Depiction of Soil Functional Balance 
Interacting Factors Essential for Optimum Soil & Environmental Health:

Very Complex Assessment Challenge

Lehman et al. 2015. Soil biology for resilient, healthy soil. J. Soil & Water Conservat. 70:12A-18A.



Important biological attributes of ‘healthy soils’ are 
influenced by vigorously growing plants

Soil Health Indicators:

•Soil Microbial Diversity (Biodiversity)

•Soil Carbon Content & Quality -- Plant root contributions
• (SOM ≈ 58% C)

Rhizobacteria on plant root surface 

metabolize plant-derived C and interact with 

plant.  5000X magnification  (Photo: R.J. Kremer)

Crimson clover provides Carbon and 

Nitrogen to soils
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“The primary function of agriculture is collecting solar energy . . .” 
C.M. Woodruff, 1990 [Late Professor Emeritus of Soil Science, University of Missouri]

Photo: Joel Gruver
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Transformation of solar energy to available Carbon thru photosynthesis



Bacteria colonizing root surface = ‘rhizobacteria”
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Example of Structural Diversity:

Soil Microbial Diversity (Soil Biodiversity) - variety of living microorganisms at 

species, inter-species and intra-species levels in soil ecosystem

• “Consortia” required to complete many biological processes

• Ecosystem stability and resistance to stress

Fungi

Bacteria

Algae

Nematode
Bacteriophage (virus)

Earthworms



Bardgett,R.D. & W.H. van der Putten. 2014. Belowground biodiversity and ecosystem functioning. Nature 515:505-511.



Figure 1. Massive amounts of a diverse range of organisms are found in soil. The width of each section in the

triangle indicates the relative population density of various groups. The small microbes (“microflora”) occur in

enormous numbers, and the viruses at even higher numbers, but as body size increases illustrated in the upper

sections of the triangle, numbers decrease. However, actual biomass, or weight of each groups on per acre basis,

increases with body size. (Modified from Stirling et al., 2016. “Soil Health, Soil Biology, Soilborne Diseases and

Sustainable Agriculture”, CSIRO Publishing, Clayton South, Victoria, Australia)

Biomass“Numbers”

High

High

Low

Low

Diversity, Abundance and Distribution of Organisms in Soils

Viruses (“phages”)
Natural “nanoparticles” 

of genetic material



Operational food webs are 

essential for optimum 

environmental functioning 

and “ecosystem services”

The Soil Food Web

Vulnerable to 
management



Functions of a Healthy (Fully Active) Soil Food Web
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25 t/ha ≈ 880 lbs/A @ 12 inch depth



Soluble SOC
Recent

C/N ratio 10 – 20

Soil organic matter supports biological 
activity, chemical & physical processes

Passive SOM

500 – 5000 yrs
C/N ratio 7 – 10

Labile SOC (Active C)

1 – 2 yrs
C/N ratio 15 – 30

Slow SOM

15 – 100 yrs
C/N ratio 10 – 25

• Recently deposited organic material

• Rapid decomposition
• 10 – 20% of SOM

Considered most sensitive OM indicator of soil health 

feeds soil microbes and is result of active soil food web

• Intermediate age organic material

• Slow decomposition
• 10 – 20% of SOM

• Very stable organic material

• Extremely slow 
decomposition

• 60 – 80% of SOM

14

• Root-exuded C, microbial lysed C

• Rapid decomposition

• ≈10% of SOM
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Soil bacterial colonization of 
Particulate Organic Matter (POM) 

(Active C fraction of SOM)

** Microorganisms “live on” active C fraction both 
physically and metabolically within soil**

Implication:  must maintain actively decomposing organic 

material in soils as much as possible

““““organic matter in the soil may be considered our most important national resource”””” - Albrecht, 1938.

Individual bacteria on surface of 

soil organic particles
(Schumann & Rentsch 1998)

Haynes, 2005. Adv. Agron. 85:221-267.



Fibrous network of roots established by prairie grasses within soil profile (left) sustains diverse 

microbial community thru released C & formation of Active C, relative to limited root growth 

exhibited by maize (right) -- Plants may release 20-40% C from photosynthesis through roots

Claypan soil
“Alfisol” or “Luvisol”
Central Missouri USA

2 feet

1 foot



Paterson. 2003. European J. Soil Sci. 54:741.

Microbiome X (Roots + SOM + Ni) 

Fixed N
Symbiotic 
& Free-
living 
bacteria“Soil 
Proteins”



“Conventional Management”

SOC ≈ 12.5 g/kg soil

SOM = 2.18%

Organic Transition Management

SOC ≈ 19.5 g/kg soil

SOM = 3.41%

Osage County, MO 2016Boone County, MO 2016

Active Carbon - Rhizosphere soils - V10 growth stage

Up to 60% more AC in organically managed soils

*

MC-1

MC-2
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Inorganic fertilizer

activity of microbial 

communities

Organic materials  

N min

“. . . . . . chemical fertilizers may feed the plant, but organic fertilizers feed the soil.”
Amy Stewart. 2004.  The Earth Moved.

Deplete 

SOM(?)

Reduce 

fungi

Release P, S, K

Growth regulators

Mobilize Fe, Cu, Zn

Pathogen suppression

Stress tolerance

Improve soil health



Physical Chemical

Biological

Soil Health is a Comprehensive Assessment Based on Sensitive 
Indicators Representing all Soil Properties

• Bulk density*
• Aggregate stability*
• Pore size distribution

Water-filled pore space*
• Water-holding capacity*
• Water-infiltration rate
• Soil compaction
• Topsoil depth

“Tier 1 Soil Health Indicators”
•Soil Organic Matter (C)*
•Active C
•Soil pH*
•Electrical conductivity (EC)*
•Cation excange capacity
•Available P*
•Exchangeable K*
•Sodium absorption ratio*

• Microbial biomass C*
• Microbial community structure (Biodiversity)
• Microbial activity

Soil enzyme activity (i.e., glucosidase*)
Soil respiration (Decomposition rate)

• Potentially mineralizable N (PMN)*
• Soil disease suppressiveness
• Nematode assessment
• Earthworm assessment
• Glomalin content

*Indicators typically used in soil health index models – datasets compiled for these indicators
Indicators depicted as red font were measured in this study



Soil Health Index for Assessing Crop Management Systems can be Derived 

based on selected Soil Health Indicators
Example from assessment of various ecosystems within Salt River Basin (Mark Twain Lake watershed)

S
o
il 
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e
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d
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*Livestock grazing

Veum et al. 2015 J. Soil Water Conservat. 70:232-246.



SOIL HEALTH ASSESSMENT

After >20 years of the “modern soil health concept” - assessment continues in a 

state of flux - no standard testing, no standard interpretation

Several programs offered and in use:

Cornell Soil Health Assessment

Midwest Labs

Haney Test

Ward Labs

Soil Health Assessment Center (SHAC) - University of Missouri

Proposed Assessment Indexes

Soil Management Assessment Framework (USDA-ARS, Ames, 

IA)

Cornell, North Dakota model after SMAF

Ontario Soil Health Assessment

European models

Soil Health Institute -- Standardization Goals

Soil Health Partnership --



Laboratory-generated indicators are presented to farmers to 

with little interpretation and to generate data for soil health 

assessment models

However, farmers often characterize soil health changes 

differently

Better agreement between perceptions of researchers and 

those of farmers is needed in order to increase adoption of 

soil health improvement practices
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Few Biological Indicators can be Field Measured --

Soil respiration (CO2 efflux) - indicator of biological activity (SQI 2001)

Draeger Tube - color change shows relative amount CO2

(appropriate conversion factor(s) allow 

calculation of soil microbial biomass C)

Microbial biomass => indicates potential ‘turnover’ rate 
relative to amount of N mineralized - tends to 
decline under degradation

Solvita “Soil Life Kit” - gel indicator color 
change (24-hr incubation), qualitative 
indicator of respiration; expensive
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Difference in 

“sensitivity” of 
selected soil health 

indicators:

Example of a 
“biological activity 

indicator” detecting a 
change due to 

management well in 
advance of organic 

matter as an 
indicator
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Dominant organisms in the soil with widely known importance 
are not considered in popular soil health assessment models



Total Fungi (most are saprophytic)

Responsible for decomposition of complex organics 
(only organisms able to degrade lignin); 
ammonification = NH4 content; involved in soil 
aggregation (structure); pathogen /pest suppression

Mycorrhizae 

help plants capture nutrients such as phosphorus, sulfur, 
nitrogen and micronutrients and water from the soil, 
protect plants from root pathogens. 
Fungal/Bacteria Ratio indicates predominant decomposition 
channels in the soil, fungal mediated (higher values) or 
bacterial mediated (lower values).

PLFA Fungal Components



Management Effects on Soil Microbial 

Community

Representative Microbial PLFA Groups 

from Sites Within a Small Area in 

Northeast Missouri Region

Mycorrhizal Fungi

Gram negative Bacteria
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Alfalfa    Crabgrass    Fescue    

Fungi    to    Bacteria    Ra o    

Fungal PLFA ratio relative to Bacterial PLFA 

Reflects stability of the management system
Perennial or diverse vegetative system generally more 

stable than annual cropping system



Why Microbial Diversity is Critical for Biodegradation 

of Herbicides in the Environment

Role of microbial consortia in biodegradation of 

Atrazine

Proposed atrazine degradation pathway for an eight-member 
microbial consortium each of which contribute specific 

enzymes to complete biodegradation to mineralization.

Source: Smith et al. 2005. FEMS Microbiol. Ecol. 53:265-273.

(influence of soil viruses [phages])



Therefore, How is Soil Managed for Soil Biology?
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Alternatives to tillage (with no detrimental effects on soil microbiome)

• Rolling/crimping cover crops fb no-till planting

• “Organic herbicide” i.e., acetic acid formulations (non-selective) **See below

• Propane flaming

• Close-mowing between rows

Organic 

Organic 

Weedy 

Roundup
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Diversity of Vigorously Growing Plants

Summer cover crop mix - Boone County, MO - 2013



Crops covering / protecting the soil surface between periods of “primary crop production”



Cereal rye (Secale cereale + 
Oats (Avena sativa) - December 
2017 - Missouri USA

Winter cover crop
No winter cover crop - Bare fallow
March 2015 - Missouri USA

62% U.S. soybean land in “conservation 
tillage”
40% U.S. soybean land in “no-till”
10% U.S. soybean land in cover crops



Alley of perennial cover crop of native prairie grasses and forbs in organic orchard on 

Sharpsburg sil in Clay County, MO - Soil organic C increased by 50% since orchard converted 

to native vegetative cover in 2002 (Kremer & Hezel, 2012)

Using soil microbial analyses to assess soil/crop management 



Soil Microbial Community Structure, 2013 Orchard Field Study

Kremer ,Hezel, & Veum. 2015. Proc. Organic Agriculture Research Symposium 

(available at eOrganic.info)

Some examples of Microbial Community Assessment



Intercropping (“Solar Corridor”) - integrate cover crop in wide rows that allow corn to 

capture more solar radiation; allow cover crop to improve/maintain soil microbial diversity

Corn inter-planted with oats (L), 2012; with cowpea (R), 2014



Intercropping for increasing soil microbial diversity and activity

Solar corridor planting 

arrangement set up for 

comparison with 

monoculture or “solid-

planted” corn

Photo: R.J. Kremer.



Soil microbial diversity

Total soil microbial PLFA  Total soil microbial biomass

* * *
**

*

Some hybrids show trend for increasing microbial biomass under solar corridor vs monoculture.

Factors: increased root C exudation?; increased active C?



Mycorrhizae soil health indicator 
Implications: Cover Crop System vs No Cover Crop

Faculty of Biology Genetics, University of 
Munich

Lehman et al., 2012

Increased AMF propagules specific for numerous crop host plants due to cover cropping
Thus cover crop management would score higher than no cover crops

Cover crop Mixes increase mycorrhizal species diversity for subsequent cash crop



Rye rolled fb no-till corn -

2013 (Boone County, Missouri)

Include alternative non-transgenic crops in 

crop rotation - increase mycorrhizal abundance

Grain sorghum 2013 (Osage County, Missouri)



Multiple beneficial functions 

of high quality compost:

Nutrient source

SOM Buildup

Source of biological activity

Kremer & Hezel. 2013. Soil quality 

improvement under

an ecologically based farming

system in northwest Missouri. Renewable 

Agriculture and Food Systems 28:245– 254.
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Un-milled biochar produced on-farm.

Prairie Birthday Farm, Clay County, MO

Biochar:  charcoal from heating organic substances at high 

temperature in absence of oxygen (‘pyrolysis’) that is added 

to soil to enhance fertility and sequester carbon; retains 

structural characteristics of source material thereby 

enhancing sorption, protection of soil organisms
Bruges, J. 2009. The Biochar Debate. Chelsea Green Publishing

Biochar added to soil



Occurrence of entomopathogenic fungi 

was significantly greater in the soil of 

organic agroecosystems than 

conventional agroecosystems

Clifton, E.H., S.T. Jaronski, E.W. Hodgson, A.J. 

Gassmann. 2015.  Abundance of Soil-Borne 

Entomopathogenic Fungi in Organic and 

Conventional Fields in the Midwestern USA with 

an Emphasis on the Effect of Herbicides and 

Fungicides on Fungal Persistence. PLoS ONE 

10(7): e0133613. 

Survey of Organic and Conventional 

Farms in Iowa, 2011 & 2012

Iowa State Univ. & Leopold Center

Assess presence of natural biological 

agents that suppress crop pests

Application of organic amendments 

positively correlated with 

entomopathogenic fungi  abundance

Metarhizium sp. infecting insect pest larvae



Sufficient diverse functional activity requires sufficient nutrients

Nutrients are essential to physiological and biochemical functions, many 

common to both plants and microorganisms

Nutrient elements Biochemical/Physiological functions

C, O, H, N, S Major constituents of organic substances 

(carbohydrates, proteins, lipids, enzymes)

P, Ca, B Linkage of major polymers in cell walls and 

membranes (phospholipids, nucleotides; cellulose); 

energy transfer

K,  Mg, Cellular ion, pH balance; enzyme activation; 

photosynthetic activity

Mn, Fe, Cu, Zn, Mo, Ni Activate/mediate numerous important enzymatic 

reactions in various metabolic pathways

Note: Deficiency or immobilization of an essential nutrient may affect 

one or more metabolic pathways, yet have consequences on overall 

functioning of plant or microorganism
Adapted from Datnoff et al. 2007. Mineral nutrition and plant disease. APS Press.
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Kura clover cover crop in 

pecan orchard – Chariton Co., 

Missouri. Soils low/deficient in 

Cu, Mo, Zn, Ni – AG product 

+/- Moly applied July 23 & Aug 

6; forage samples Aug 25;

Little differences in crude 

protein among treatments

AG = Prebiotic Biological

MO = “Moly” or a molybdenum foliar product
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Biostimulant

Biostimulants (seed, soil, and/or foliar applications) can help  

overcome effects of residual pesticides

Silt loam soil in which corn was planted contained residual glyphosate



Soil Microbial Diversity Under Different Management - 2014

Crop:  Soybean

Soil: Mexico silt loam (Epiaqualf = “claypan soil”)

Source: Kremer, R.J. 2017. Proceedings of 3rd International Congress on Biostimulants

Management Considerations  - Limit pesticide impacts; Improve soil health
Use Biological Approaches - Commercial Biostimulant - Field application 

Soybean yield increase due to biostimulant:  1-5 bu/A

Insufficient stress to show impact of growth regulator to increase yield

Growth regulator improved soil health attributes in all treated plots

Soil 

microbial 

groups



+ Biological product - Biological product

Soil Amendment with Composts, 

Biologicals

Influence of a Biological product 

introduced in irrigation water on early 

celery seedling development.

+   22%  chlorophyll

+   14%  shoot biomass

+   30%  root biomass

+ 300%  fluorescent pseudomonad bacteria

+ 260%  auxin-producing bacteria

Field production:

+ 73 boxes/A @ $50/box ≈ $3500/A increase

R.J. Kremer 2015 Unpubl. Research



High Tunnel - Leafy vegetables - Biofungicide study - Missouri 2017 -
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High Tunnel - Leafy vegetables - Biofungicide study - Missouri 2017 -
“Root Shield” - a.i., Trichoderma harzianum - biocontrol of root diseases

“Contans” - a.i., Coniothyrium fungus - biocontrol of Sclerotinia diseases (i.e., white mold)

Maintains/improve soil biology:



Many bacterial products based on “fluorescent pseudomonads” in plant 

rhizospheres - most of which are beneficial to plant growth

Photo: R.J. Kremer

Isolated on selective culture medium from roots of Roundup Ready soybean receiving 

Vitazyme treatment, Knox County, Missouri, 2017.



Management tactics to overcome adverse effects –

Example of potential benefit of applying a biological amendment  --

Biostimulants or Probiotics containing antagonistic bacteria (Plant Growth-

Promoting Bacteria)

Biostimulants or Prebiotics to stimulate production of

Salicylate, a precursor of plant-defense compounds, applied as foliar treatment 

suppressed colonization of soybean roots by Fusarium in field study, 2007

+ Glyphosate Check Prebiotic + Salicylate
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Management to limit impacts of pesticides on soil biology / soil health

• Increase plant diversity  Increase soil microbiome diversity, mycorrhizae

• Crop rotations

• Off-season vegetation (cover crops)

• Inter-cropping

• Organic amendments   Feed the soil microbiome

• Manures

• Compost

• Mulches

• Maintain crop residues on soil surface  maintains soil biological activity

• Biochar or Humates  Deactivate pesticide residues remaining in soil

• Apply selected Biological Products  Stimulate plant growth, soil microbiome

• Potential rapid biodegradation of pesticides in soil

• Or protection of plant against residual pesticides



Potential impact of pesticides on 

mycorrhizal spore germination and root 

colonization

Faculty of Biology Genetics, University of Munich

Mycorrhizal mycelia and spores on 

plant root.
Avarett, N. 2016. Recarbonizing the Earth’s 

Soils. Environmental Health Perspectives 

24(2):A30-A35.

Mechanism of growth inhibition? --

• immobilization (chelation) of key 

nutrient (suppressing respiration)?

• Antibiotic-like properties (i.e., 

glyphosate)?

• Genotoxic effects?



Harvesting (removal) of Maize stover residue - Iowa USA - 2015
Poor soil health management practice - should maintain surface coverage



Cattle foraging on maize stover - Washington County, Iowa, USA  October 2016 Photo: R.J. Kremer

Livestock grazing on grain stubble/stover

• Process vegetative residues into readily decomposable 

substance

• Distribution of organic matter over landscape

• Grazing stimulates root growth and subsequent release of 

C into rhizosphere soil - increase soil biological activity

• Integrate perennial or annual forages/pasture

Integrate Livestock into Crop Production Systems



MANAGEMENT KEYS FOR GOOD SOIL HEALTH

• REDUCE SOIL DISTURBANCE *

• INCREASE PLANT DIVERSITY (Rotation, Perennial Crops)

• CONTINUOUS LIVING ROOTS IN SOIL (As possible)
• KEEP SOIL SURFACE COVERED AT ALL TIMES

• BUILD SOIL ORGANIC MATTER

• Crop Residue Management
• Manure, Compost, Mulch, Biological products

• Cover Crops

• Integrate Livestock (grazing, manure, residue processing)

• Integrated and Diversified Management

Summary
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Key to soil health – Carbon Management
Inter-related practicesOrganic amendments

Both process & a source of SOC
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Source: Duiker et al., 2018. Soil health in field and forage crop 
production. USDA-NRCS and Penn State Univ. Bulletin.

Or another depiction of
Management for soil 
health – with a bias 
toward no-tillage as key 
practice



Integrating Management Practices* to Increase 
Productivity and Soil Health 

Hatfield, J.L., Sauer, T.J., Cruse, R.M., 2017. Soil: the forgotten piece of the water, food, energy nexus. Adv. Agron. 143, 1-

46. 

*Old, time-proven and newer practices



 Soil health assessment of can reveal areas of soil improvement for study and lead 

to adaptation of those practices to improve soil elsewhere.

 Assessment will call attention to areas that require immediate action for topsoil 

preservation, productivity improvement in face of soil degradation

 Monitoring soil health may emerge as an important environmental impact issue; 

improving the soil web of life and assuring that soil is effective for food production. 

Possibly contributing to higher, nutrient-dense foods.

 Soil health assessment of diverse agroecosystems including organic, sustainable, 

and those with grazing livestock will provide needed information to assist 

government agencies in funding regions in need of soil improvement.

Based on: Haberern, J.  1992. A soil health index. J Soil & Water Conservation. 47:6 

Photos: R.J.Kremer



Farmer field of ‘Pioneer’ corn on Jemerson silt loam, 
Osage County, Missouri USA 2010

Thank you!
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The soil microbial community within ecologically managed 

systems are more effective in mediating biological processes to 

achieve soil health and impact food production relative to non-

organically managed sites 

- improved soil health contributes to higher quality foods 
compared with conventional counterparts. 

Revival of soil microbial communities disrupted by stress or other 

circumstances can be accomplished using cultural practices or carefully 

selected biologically-based amendments
Photo: Linda Hezel

Impact of biologicals on soil health could

eventually be described using a soil health

assessment plan, in a manner to quantify

effects of a single management practice in

contrast to non-managed reference
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2014 ‘Red Ripper’ 2015 ‘California Black Eye’

Photos: R.J. Kremer.

Varietal differences for intercropped species may be a management consideration 
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The soil microbial community within ecologically managed 

systems are more effective in mediating biological processes to 

achieve soil health and impact food production relative to non-

organically managed sites - improved soil health contributes to 

higher quality foods compared with conventional counterparts. 

Revival of soil microbial communities disrupted by stress or other 

circumstances can be accomplished using cultural practices or carefully 

selected biologically-based amendments


