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Charles Darwin

Studied earthworms 

for 40 years, and 

published

The Formation of 

Vegetable Mould 

Through the Action 

of Worms, With 

Observations of 

Their Habits in 

1881, just before he 

died.

A few important pioneers before us:



Salman Waksman, 

a pioneer soil 

biologist, first to use 

the term “antibiotic”, 

and discovered 

Streptomycin in 1943

He won the Pulitzer 

Prize for Medicine in 

1952



Soil Health Today:
Merging Discovery Science with Farmer Needs

and Protection of Natural Resources

• An era of discovery:

– Amazing biodiversity and 

abundance beneath our feet

– Prescription crops and innovative 

management to build healthy soils  

• Farmer motivation and innovation:  

– Healthy soils = resilience and 

increased profits

• Soil health and the environment:

– Erosion and water quality;

– Food security and climate change 

challenges



There are more living organisms

in a handful of soil

than there are humans on the entire planet!



The Soil is a habitat 

for more than 1/3 of all life on the planet
The numbers are amazing, the biodiversity fascinating,

the potential for discovery unsurpassed by any other habitat on Earth

Adapted from: J. Moore-Kucera, American Farmland Trust



The Soil Food Web:
Many organisms involved in decomposition, 

formation of organic matter, recycling of nutrients



Soil Decomposition

With soil organismsWithout soil organisms

Adapted from: J. Moore-Kucera, American Farmland Trust



Rhizosphere: 

The most dynamic interface on Earth

•a narrow zone of soil, 

within millimeters, that 

surrounds plant roots

•hotspot of plant-soil 

interactions involving 

microbiota

Source: J. Kao-Kniffin, Cornell



-Roots exude substances that:

- inhibit weeds, insects, disease

- attract beneficial microbes

- dissolve plant nutrients in soil

-Create pathways for water, 

oxygen, roots to follow

-Sequester organic matter 

(carbon) deep in soil profile

Breakthroughs in Root Biology: 
Much More Than Water and Nutrient Uptake



N “fixing” bacteria

• Capture N2 gas from air 

spaces in soil and convert 

it to plant-available NH3

• In exchange, bacteria 

utilize sugars produced by 

plant photosynthesis

Mycorrhizal fungi

• Greatly extend plant root 

access to poorly available 

nutrients (especially 

phosphorous) and water.

• In exchange, fungi utilize 

sugars produced by plant 

photosynthesis

• These fungi can transport 

nutrients between plants in 

complex networks

Two important below-ground symbioses

important to agriculture and all life on the planet



Nitrogen-fixing Rhizobium bacteria

about to invade a plant root hair

New discoveries of chemical “cross-talk” 

between bacteria and legume plant

Bacteria turn on plant 

genes to construct root 

nodules

Plants cut off sugar 

supply to non-productive 

nodules



Source: Bianca Moebius-Clune, USDA-NRCS



More than 90% of all vascular plant species have 

symbiotic associations with mycorrhizal fungi.  
•Particularly important for phosphorus nutrition 

•Can form underground networks of nutrient exchange between 

plant species



The very thin hyphae of mycorrhizal fungi

can penetrate into small crevices for nutrients 

that plant roots cannot reach.

Source: Adapted from: J. Moore-Kucera, American Farmland Trust



Sudangrass (Sudex): roots exude allelochemicals that 

suppress weeds and pathogenic nematodes; roots break 

through compacted soils; roots pump organic matter (carbon) 

deep into the soil

Cover Crops Research

and “plant legacy” effects



P. penetrans pathogenic

nematodes within a root hair



Mouth part of (beneficial) bacterial feeder

Root-feeding P. penetrans

Nematode diversity:

a few parasitic to plants, 

but most are beneficial 



Most nematodes 

are beneficial

There are many 

species, with mouth 

parts evolved to 

optimize their 

trophic level in the 

below-ground food 

web



Fall/winter cover crops and rotation crops 

to penetrate through compacted soils

Tillage Radish
Source: Ray Weil, Univ of MD

Below-ground rhizotron photos
(Soybean roots following path of Canola roots)



Promoting “natural enemies” 

of soilborne pathogens

Common Trichoderma soil 

fungus attacking Pythium 

(pathogenic) fungus

Fungal hyphae trapping 

pathogenic nematode



Many complex predator-prey

relationships in soils

Source: J. Moore-Kucera, American Farmland Trust



Healthy soils maintain a diverse 

community of soil organisms that:
• Suppress plant disease, 

insect and weed pests;

• Form beneficial symbiotic 
associations with plant 
roots;

• Retain and recycle 
essential plant nutrients;

• Improve soil aggregation for 
better water infiltration, 
retention, and drainage;

• Increase grower profits and 
protect the environment



Organic Matter (OM) is key to healthy 

microbial communities and soil health

• OM  is “food” for the many beneficial 
organisms in the soil food web. 

• Fungal hyphae and sticky substances released 
by soil biota are essential for aggregate stability

• Well aggregated soils buffer plants from short-
term drought, flooding, compaction  

• OM is a source of plant nutrients and also 
sequesters carbon in the soil 

• Highly stable humus fraction increases cation 
exchange capacity and nutrient retention



(Simulated) Historic Loss of US 
Soil Carbon

Conventional
Tillage

Reduced
Tillage

53% of 1907

61% of 1907

From Lal et al., 1998



Excessive tillage (plowing) and organic matter loss

Tillage oxygenates soil, stimulating microbial decomposition

of OM, releasing stored carbon as CO2

Compaction

Increased tillage

Declining OM

(less “food” for soil))

Unhealthy microbial 

communities
Reduced soil 

aggregation

Poor drainage

The downward 

spiral of poor soil 

health

CO2



• Reduce tillage

• Maximize vegetative cover: 

• Fall-winter cover crops, 

including legumes

• semi-perennial and/or 

perennial cropping systems

• Direct additions of organic 

matter and carbon:

• compost and mulches

• manure

• biochar

Practices that increase organic matter, carbon, 

and improve soil health:



Three Approaches for Building Healthy Soils

• Reduce soil disturbance

– reduce plowing and tillage (“no-till”, “strip-till”)

– integrate annual row crops with perennial or semi-perennial 

crops (e.g., alfalfa, pasture grasses, fast-growing biofuel 

crops like willow) 

• Fall-winter cover crops and innovative crop rotations to 

maximize:

– annual carbon capture by photosynthesis; nitrogen fixation

– biodiversity above- and below-ground

– protection of soil surface 

• Direct addition of organic matter or other soil-building 

amendments to soil (e.g, manure, compost, biochar)



• “The continued capacity of a soil to function as a 

vital, living ecosystem that sustains plants, animals, 

and humans.” 
(https://www.nrcs.usda.gov/wps/portal/nrcs/main/soils/health/)

SOIL HEALTH:



Soil Health and “win-win” solutions:

Building soil organic matter (reducing tillage; winter cover 

crops; using manure, composts, biochar; more perennial crops):
➢ Climate Change Adaptation: increases resilience to drought, 

flooding, erosion 

➢ Climate Change Mitigation: stores carbon in the soil that otherwise 

would be in the air as CO2

• Promoting diverse, beneficial microbial communities

• Low-cost resilience to drought and flooding

• Reducing the “carbon footprint” of agriculture
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