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Linking Soil Biology 
to Soil Health

Last update: 1 August 2017

"In the end, we conserve only what we love. 
We will love only what we understand. 

We will understand only what we are taught."
~ Baba Dioum, Senegalese poet

Presenter
Presentation Notes
NEXT SLIDE - Video – Birth of an EarthwormVideo courtesy of Barry Fisher, NRCS-SHD
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Birth of an Earthworm

Presenter
Presentation Notes
Barry fisher, Indiana SHD
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What are Important Soil Functions?

Presenter
Presentation Notes
Time required: ~10 min….write these on a whiteboard or flipchartAsk participants to make a list of soil functions important for agriculture/range/forest production. Given that this module follows the Soil Health Basics presentation, they should come up with something in line with the following functions of healthy soils (**this is a good review/recap of important soil functions):Produce food, feed, fiber, biofuel feedstocks, and medicinal productsCapture, filter, drain well, and store waterMaximizes internal nutrient cyclingResilient to drought, temperature extremes, fire and floodsProtects plants from pathogens and stressDetoxifies pollutantsStores C and modifies release of gases (e.g., CO2, CH4, N20)Stable, resisting the erosive forces of wind and water After the list is created, ask them to put a star next to the functions that are driven by the actions and interactions of soil organisms. All of them should have a star next to them!
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• Produce food, feed, fiber, biofuel feedstocks, and medicinal 
products

• Capture, filter, drain well, and store water
• Cycle and recycle nutrients
• Resilient to drought, temperature extremes, fire & floods
• Protect plants from pathogens and stress
• Detoxify pollutants
• Store C and modify release of gases (e.g., CO2, CH4, N20)
• Stable, resist the erosive forces of wind and water 

What are Important Soil Functions?

Presenter
Presentation Notes
Time required: ~10 minAsk participants to make a list of soil functions important for agriculture/range/forest production. Given that this module follows the Soil Health Basics presentation, they should come up with something in line with the following functions of healthy soils (**this is a good review/recap of important soil functions):Produce food, feed, fiber, biofuel feedstocks, and medicinal productsCapture, filter, drain well, and store waterCycle and recycle nutrientsResilient to drought, temperature extremes, fire & floodsProtect plants from pathogens and stressDetoxify pollutantsStore C and modify release of gases (e.g., CO2, CH4, N20)Stable, resist the erosive forces of wind and water After the list is created, ask them to put a star next to the functions that are driven by the actions and interactions of soil organisms. All of them should have a star next to them!
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• Produce food, feed, fiber, biofuel feedstocks, and medicinal 
products

• Capture, filter, drain well, and store water
• Cycle and recycle nutrients
• Resilient to drought, temperature extremes, fire & floods
• Protect plants from pathogens and stress
• Detoxify pollutants
• Store C and modify release of gases (e.g., CO2, CH4, N20)
• Stable, resist the erosive forces of wind and water 

Which soil functions are strongly influenced 
by the actions of soil organisms?

Presenter
Presentation Notes
Time required: ~10 minAsk participants to make a list of soil functions important for agriculture/range/forest production. Given that this module follows the Soil Health Basics presentation, they should come up with something in line with the following functions of healthy soils (**this is a good review/recap of important soil functions):Produce food, feed, fiber, biofuel feedstocks, and medicinal productsCapture, filter, drain well, and store waterCycle and recycle nutrientsResilient to drought, temperature extremes, fire & floodsProtect plants from pathogens and stressDetoxify pollutantsStore C and modify release of gases (e.g., CO2, CH4, N20)Stable, resist the erosive forces of wind and water After the list is created, ask them to put a star next to the functions that are driven by the actions and interactions of soil organisms. All of them should have a star next to them!
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Produce food, feed, fiber, biofuel feedstocks, and medicinal 
products
Capture, filter, drain well, and store water
Cycle and recycle nutrients
Resilient to drought, temperature extremes, fire & floods
Protect plants from pathogens and stress
Detoxify pollutants
Store C and modify release of gases (e.g., CO2, CH4, N20)
Stable, resist the erosive forces of wind and water 

Which soil functions are strongly influenced 
by the actions of soil organisms?

Presenter
Presentation Notes
After the list is created, ask them to put a check next to the functions that are driven by the actions and interactions of soil organisms. All of them should have a star next to them!
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Soils Host Vast Numbers & Mass of Organisms

1.3 yd3
2.5 acres

Presenter
Presentation Notes
Source: Global soil biodiversity atlas 20 cows per acre.  3 lbs per sq yrd of soil 
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Three Broad Functional Groups

Turbe et al., 2010

Presenter
Presentation Notes
Soil organisms have coevolved for hundreds of millions of years and interact in positive (mutualistic) and negative (e.g. predator versus prey) ways. Conserving biodiversity also translates to conservation of important functions or services that the biological community provides. Keeping in mind that soil, soil biodiversity, and soil functions are complex interactions between inherent soil properties, climate, management, and the life within the soil, a simplistic view is to categorize soil organisms into the following broad functional groups  . These include the soil ecosystem engineers, the biological regulators, and the chemical engineers (aka microbial decomposers). The following slides will explain:what these groups are primarily responsible for, key representatives will be identified and a brief overview of specific functions, where they are found in soils, and their abundance will be provided. The arrows crossing among and between the different groups are an indication that the groups are not exclusive to certain members and multiple members can be influential on other functions but in order to follow some structure and help us understand key groups, we will go through them by identifying the dominant players.
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Chemical Engineers 
Regulate 90% of energy flow (Carbon / Photosynthesis) in soil 

Functional
group

Function Representative 
members

Chemical 
Engineers

• Decompose Organic Matter

• Keeps Nutrients in the Root Zone and Out of Water

• Enhance Soil Structure by making some “glues”

• Competes with Disease Causing Organisms

• Filters and Degrades Pollutants

• Actinobacteria (filamentous bacteria) – Soil Smell

• Feed other members of the food web (Prey)

bacteria, archaea, 
fungi, protozoa

Turbe et al., 2010

Photo: Marlon Winger

Presenter
Presentation Notes
Source: Turbe et al., 2010The three groups include:Chemical engineers which involve soil microbes, regulate 90% of energy flow (photosynthate) in soil and are responsible for decomposition of plant organic matter into nutrients that are available for plants. Soil microbes are also responsible for stimulating plant growth, plant protection and the production of multiple antibiotics used for human and animal health.BacteriaDecompose Organic Matter Keeps Nutrients in the Root Zone and Out of Water Enhance Soil Structure by making some “glues” Competes with Disease Causing Organisms Filters and Degrades Pollutants Actinobacteria (filamentous bacteria) – Soil Smell Feed other members of the food web (Prey)
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Impact of soil health management practices on soil borne pathogens,
nematodes and root diseases of vegetable crops
G.S. Abawi, T.L. Widmer , 2000. Applied Soil Ecology

Conclusions:

“Soil borne diseases are most damaging when 
soil conditions are poor as a result of 
inadequate drainage, poor soil structure, low 
organic matter, low soil fertility, and high soil 
compaction”.

Presenter
Presentation Notes
Use this quote that  leads to the thought that an unhealthy soil is more prone to soil born diseases.The aforementioned cultural practices all have an impact on these physicalcharacteristics as well as increasing the diversity ofthe soil biota.  Implementation of these practices improves the soil health and reduces disease incidencein a sustainable manner



USDA | NRCS | Soil  Biology 14

Biological Regulators
Functional
group

Function Representative members

Biological 
Regulators

Regulate populations
of other soil organisms

Protozoa and small 
invertebrates (e.g., nematodes, 
pot worms, springtails, mites)

Turbe et al., 2010
File name: Arthrobotrys.jpg at 265K. (Also: F-4 at 1600KB shows whole Bug 
Biography)
Photo credit: George L. Barron, University of Guelph, Ontario.

Presenter
Presentation Notes
Source: Turbe et al., 2010Biological regulators include small invertebrates such as protozoa, nematodes, pot worms, springtails, and mites Through grazing, predation or parasitism, these organisms regulate populations other invertebrates and microbes.  Predator vs prey in the soil ecosystem,  male nematode eats 1.6 million bacteria in a day. paper from enghamCenter pic bacteria eating Nematode
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Regulators and nutrient cycling

Presenter
Presentation Notes
What animal do you not want to be in  Africa? A gaselBacteria 5:1 protozoa 30:1 C:N ration
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Ecosystem Engineers
Functional
group

Function Representative members

Ecosystem
Engineers

Build pore networks and 
aggregates 

Redistribute soil particles, 
microbes, & organic matter

Earthworms, and other larger
invertebrates (e.g., 

millipedes, centipedes, 
beetles, caterpillars, 

scorpions)

Turbe et al., 2010

Presenter
Presentation Notes
Source: Turbe et al., 2010Ecosystem engineers are the larger organisms such as earthworms, ants, termites, etc. as well as plant roots that modify or create their own habitat and in doing so create biopores that channel air and water, mix organic materials during burrowing, and help build resistant soil aggregates. By regulating resources and redistributing and regulating access to resources, these organisms create ‘hotspots’ that support high numbers of microorganisms.A large source that fuels the entire soil system, are the impacts of plant roots, which is the first group of ecosystem engineers to discuss.Plant roots can cause physical weathering as they grow and expand inside cracks in the rocks. Roots and decaying vegetation also produce organic compounds such as solvents, acids and alkalines that enhance the actions of percolating rainwater.The two main types of root systems are fibrous and taproot. Fibrous roots are the traditional structures formed by primary and secondary roots branching in all directions in the soil. By contrast, taproots are characterized by a single firm root growing straight down, with minor roots developing either side of it. Other specialized roots do exist; for example, the tuberousroots of sweet potato are modified for the storage of nutrientsand water.The number of known plant species has been estimated to be around 400 000.
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What are the requirements of 
life and what makes soil living? 

Ecosystems that are naked, hungry, thirsty and running a fever! 

Photo: Ray Archuleta

Photo: Marlon Winger

Photo: Marlon Winger

Photo: Marlon Winger
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Soil organisms are optimal under the   
following conditions: 

• Near-neutral pH (6-7.5)
• Warm soil temps (60-90°F)
• Soil water at field capacity
• Good aeration (low bulk density)
• Abundant and diverse food sources
• Diverse soil pore sizes
• Minimal contaminants, salts

http://googoogallerykids.blogspot.com/2011/02/obscure-scan-sunday-three-bears.html

C (food) is most limiting

O
Optimum pH, temp, H2O, O2, etc.

Presenter
Presentation Notes
There are numerous factors that influence biodiversity and activity of soil organisms. Although microbes can exist in the most extreme environments possible, most agricultural soils benefit from the following conditions: Near-neutral pH (6-7.5)Warm soil temps (60-90°F)Soil water at field capacityGood aeration (low bulk density)Abundant and diverse food sourcesDiverse soil pore sizesMinimal contaminants, saltsEquate it to the goldilocks
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Survival Strategies, Sleeping 
Beauty & Prince Charming

• Enter long, resistant 
resting stages 

• Majority of soil life 
are inactive 

• Fungi, earthworms, 
nematodes, & other 
fauna act as ‘Prince 
Charming’

Cysts of nematodes; Turbe et al. 2010

https://www.youtube.com/watch?v=AnsYh6511Ic

Bacteria move on fungal hyphal highways

Presenter
Presentation Notes
Need reference for earthworms farm microbes slide…concept is from swift but not sure about imageParaphrased from Turbe et al., 2010The majority of life in soil is not in an active state but often remain in a resting stage that allows them to stay alive when conditions are not conducive but rebound quickly when conditions improve. For example, over 90% bacteria in soil are inactive because they have not been able to move towards an organic substrate to use but spring to life quickly upon rewetting of soil to redistribute soluble organic C and nutrients.If we want to encourage a diverse and healthy habitat for microorganisms we must provide food, nutrients, proper aeration, pH, water, etc.‘crytobiosis’ = suspended metabolism to survive extreme temperatures or drynessProtists and nematodes form cystsBacteria form endosporesFungi form sporesBacteria and fungi change cell chemistryMicroarthropods can enter a state of ‘crytobiosis’Would be good to do haney Co2 demo here!
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Biological Spheres of Influence 
of Soil Function

Root zone 
(rhizosphere)

Earthworm 
(drilosphere)

Aggregate 
surfaces

(aggregatusphere)

Pore spaces
(porosphere)

Soil Armor
(detritusphere)

Photo: Dr. Joao Carlos De Moraes Sa
Beare et al. 1995. Plant & Soil 170:5-22 .
Kuzyakov et al. 2015. Soil Biol Biochem 83:184-199

Presenter
Presentation Notes
The parts of the Orchestra or 8th grade band.  See ray Archuleta soil pit discussion  https://www.youtube.com/watch?v=kRs9amYn8t8Nonetheless, up to 100-timeshigher process rates in hotspots clearly show that soils are very reactive systems.A hierarchical view of biodiversity as it influences the diversity in structure and function of ecosystems.COLLECT 6 DIFFERENT MANAGMENTS OF SPHERES IN BUCKETS AND GIVE TO DIFFERENT GROUPS TO IDENTIFY THE ZONES OF BIOLOGY WITHIN THE MANAGEMENT Illustrates the places that microbes live—if any are missing then soil health is degraded.To begin to understand how to evaluate the health of a soil from a biological perspective, we need to change our view on how soil functions.  Instead of looking at profiles and texture we need to look at the biological processes or spheres of influence that are taking placing working in concert together.  The following slides will run through each of these independently.This information is taken for a paper entitled A hierarchical approach to evaluating the significance of soil biodiversity to biogeochemical cycling by M.H. Beare and others, below are some direct quotationsSoils can be viewed as being composed of a number of biologically relevant spheres of influence that define much of their spatial and temporal heterogeneity.They are formed and maintained by biological influences that operate at different spatial and temporal scales. Although not mutually exclusive, each sphere has fairly distinct properties that regulate the interactions among organisms and the biogeochemical processes that they mediate.Probably more than any other biological factor, the composition and structure of plant communities determine, directly or indirectly, the physical, chemical and biological properties of soils. Individual plants can have markedly different zones of influence in soils.Are root channels considered drilosphere? mwIs the root zone considered rhizosphere?
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Soil Armor  (Detritusphere)

• Protects soil
• Moderates soil 

temp, take E out 
of ET 

• Carbon source for 
soil organisms

Photo: J Moore Kucera NRCS

Presenter
Presentation Notes
Zone above mineral soil surface Recognizable plant and animal detritus undergoing decay High concentrations of saprophytic fungi, mites, nematodes and some macrofauna (e.g., beetles, centipedes, etc.)
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Detritusphere: Key Soil Organisms

Mesofauna (Biological 
regulators)
• Springtails (Collembola)
• Mites

Macrofauna (ecosystem 
engineers)
• Earthworms, beetles, 

centipedes, ants, 
isopods

Presenter
Presentation Notes
Springtails and mites are tiny arthropods that eat bacteria and fungi associated with decaying vegetation. The macrofauna help to shred, mix, and fragment residues at the surface. Increases surface area for saprophytic fungi and bacteria to release specialized enzymes that breakdown residues. Disperse microbial spores and influence microbial activity and nutrient cycles.
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Earthworm Channels 
(Drilosphere)

Mixes and moves residues
Large pores

Nutrient rich
Microbial enriched
Air and water flow

Roots grow & take advantage
Beare et al. 1995. Plant & Soil 170:5-22; Kuzyakov et al. 2015. Soil Biol Biochem 83:184-199

Presenter
Presentation Notes
input of labile and recalcitrant organics passed through and processed within the hindgut of earthworms (drilosphere) and other soil organisms (mainly invertebrates) at various depthsRedistributes plant litter “Carbon”  throughout the soil the profile  Soils are enriched with N,P, and  humified organic matterIncrease water infiltration Provide a bio pore for plant rootsHomogenize soil surfaceIncrease bio-diversity in soils
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Drilosphere: Key Soil Organisms
earthworms, millipedes, ect

Relocate OM
Move microbial community
Stable aggregates
Consume seeds
Large pores
Transport microbes

Turbe et al 2010; Orgiazzi, Bardgett,  
Barrios et al. 2016. Global Soil Biodiversity Atlas. 

Presenter
Presentation Notes
Springtails and mites are tiny arthropods that eat bacteria and fungi associated with decaying vegetation. The macrofauna help to shred, mix, and fragment residues at the surface. Increases surface area for saprophytic fungi and bacteria to release specialized enzymes that breakdown residues. Disperse microbial spores and influence microbial activity and nutrient cycles.Zone of influence by earthworms and other microarthropods & millipedesFunction: shred and redistribute plant litter from the detritusphere throughout the soil profileEarthworm Functions:Decompose & relocate organic matterStimulate & move microbial communityIncrease available N and PCreate stable aggregatesConsume and redistribute seedsInvasive in northern forestsCreates large pores important for water infiltration and air exchangeTransport of soil microbes and labile and recalcitrant materials Epigeic earthworms are those that live in the superficial soil layers and feed on undecomposed plant litter.Endogeic earthworms forage below the soil surface in horizontal, branching burrows. They ingest large amounts of soil, showing a preference for soil that is rich in organic matter. Endogeics may have a major impact on the decomposition of dead plant roots, but are not important in the incorporation of surface litter.Anecic earthworms build permanent, vertical burrows that extend deep into the soil. This type of worm comes to the surface to feed on manure, leaf litter, and other organic matter. This class of earthworms, such as the night-crawlers, have profound effects on organic matter decomposition and soil structure. Most common are members of the family Lubricidae (220 species)May account for 50% of total soil faunal biomass in grasslands and up to 60% in some forests10-50/ ft2 to 200/ft2 in pastureswith several thousand speciesMost common are members of the family Lubricidae (220 species)***Need to convert to English units!! Density is often in the range of 100 to 500 individuals per square metre and may reach 2 000 in temperate pastures or irrigated orchards. Live biomass commonly ranges between 30 and 100 grammes (g) per square metre, with maximum values of 200 g to 400 g
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Porosphere: Arrangement of Solids & Voids

The lungs and circulatory system of 
the soil:

•Regulates water and air flow
• Impacts N, P Mineralization
•Impacts soil organism bio-mass 
and diversity
•Site of nutrient exchange
•Site of mycorrhizal entanglement 
and sequestration of water and 
nutrients
•Root interface
•Part of the water cycle

Primary an Aquatic Habitat (water films): for 
protozoa, bacteria, Mycorrhizae, and nematodes

M.H. Beare, D.C. Coleman, D.A. Crossley Jr., P.F. Hendrix and E.P. Odum (1995)

Presenter
Presentation Notes
Plant roots, earthworms and other arthropods can rearrange soil particles to create smooth, cylindrically shaped macropores (biopores)Biopores can extend considerable distance in the soil forming channels for preferential flow of water and nutrientsGood air exchange in the soil creates habitat in which aerobic organisms can thrivePoor air exchange leads to anaerobic conditions, organisms that can tolerate this habitat tend to be those that cause disease and produce  byproducts that inhibit root growth, e.g. alcohols
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Aggregate Surfaces 
(Aggregatusphere)

• Creates stability and 
resists erosion

• Protects organic matter 
and microbes

• Supports porosphere
• Created by microbial glues, 

fungal hyphae, dead cells

Photo: J Moore Kucera, NRCS-SHD
Soil Health Training, Pullman, WA, 2017

Presenter
Presentation Notes
Lack of good soil aggregation results in compacted soils that:Restrict root growthProvide poor root zone aereationHave poor drainageSoil compaction has always been thought of as a physical soil problem caused by excessive tillage and heavy equipment squeezing the soil pore space.  Compaction is actually a result of lose of soil organic matter and destruction of soil aggregates.  These need to be replaced in the soil in order to provide a stable soil base in which to produce food & fiberSoil compaction is a biological problem related to decreased production of polysaccharides and glomalin in the soil. Soil compaction is due to a lack of living roots and mycorrhizal fungus in the soil.
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Aggregatusphere : Influence of Soil Aggregates

Closed Habitat of Micropores

They are linked mainly by fungi hyphae, roots fibers,  polysaccharides, Glomalin, rhizo-

deposition, and aromatic humic materials         
Beare, D.C. Coleman, D.A. Crossley Jr., P.F. Hendrix and E.P. Odum (1995)

• Protects organic matter 
from decay

• Storage site for organic 
matter

• Habitat of Oligotrophic 
and Copiotrophic 
bacteria

• Protects and maintains 
the integrity of the 
porosphere

Presenter
Presentation Notes
Lack of good soil aggregation results in compacted soils that:Restrict root growthProvide poor root zone aereationHave poor drainageSoil compaction has always been thought of as a physical soil problem caused by excessive tillage and heavy equipment squeezing the soil pore space.  Compaction is actually a result of lose of soil organic matter and destruction of soil aggregates.  These need to be replaced in the soil in order to provide a stable soil base in which to produce food & fiberSoil compaction is a biological problem related to decreased production of polysaccharides and glomalin in the soil. Soil compaction is due to a lack of living roots and mycorrhizal fungus in the soil.
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Soil Organisms Physically 
Stabilize Soil Aggregates

• Plant roots enmesh soil particles
• Earthworm casts 
• Fungal and bacterial filaments 

physically enmesh soil particles

SEM photo source (accessed on 6/2/2016): Eickhorst, Thilo & Tippkoetter, Rolf. Micropedology – The hidden world of soils. 
University of Bremen, Germany. http://www.microped.uni-bremen.de

Image source: Aaron Roth, NRCS-OR

http://www.microped.uni-bremen.de/
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Soil Organisms Chemically 
Stabilize Soil Aggregates

• Polysaccharides released by 
bacteria bind particles

• Soil proteins, glomalin and 
other biochemicals bind soil 
particles

Bacteria (ovals) with ‘sticky’ 
polysaccharides (red arrows)

SEM photo source: Eickhorst, 
Thilo & Tippkoetter, Rolf. 
Micropedology – The hidden 
world of soils. University of 
Bremen, Germany. 
http://www.microped.uni-
bremen.de

Image source: Aaron Roth, NRCS-OR

Stabilization of 
soil structure by 
actinomycete 
(bacteria) 
filaments

http://www.microped.uni-
bremen.de/SEM_index.htm

Presenter
Presentation Notes
Tillage tends to reduce overall numbers of soil organisms, especially fungi that form hyphae and earthworms, important for soil aggregation and other soil functions. It also tends to favor increased bacterial populations and their predators (Protists and nematodes shift to bacterial-feeders). In contrast, no-till or reduced till favors higher overall populations, especially fungi and earthworms and nematodes shift to fungal-feeders.Forming soil aggregates requires both a biological and physical actions Need conditions that will allow for Arbuscular mycorrhizal fungi colonies to be establishedAMF release glues as hyphae work their way out through the soilHyphae entangle soil particles, realign themCreate alternating wetting/drying cycles helping to bind particles together
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Polysaccharides

Clay

Bacteria

Brady & Weil, The Nature and Properties of Soils, Chapter 4, pg. 140, Figure 4.20. 

Presenter
Presentation Notes
Many times we start with compacted soil conditions.  How do you correct compaction in a Soil?  Soil Aggregation starts with exudation of Polysaccharides (liquid Carbon) from Plants –As you look at figure above taken from Brady & Weil, Nature and Properties of Soils, You see Polysaccharides (root exudates) interacting with Clay particles and Bacteria – they are surrounded by Polysaccharides (white/light color) – note how orientation of clay particles (Clay Domains).  This is how you create space in a compacted, clay soil – Flocculation of Clays and the Role of Adsorbed Cations.Aggregation begins with the flocculation of clay particles into microscopic clumps or floccules. If two clay platelets come close enough to each other, cations compressed in a layer between them will attract the negative charges on both platelets, thus serving as bridges to hold the platelets together.  Leads to a formation of small stacks of parallel clay platelets, termed a clay domain.  Polysaccharides/Humus Extracts/Humic Acids – form phosphohumic substances. Soil compaction is a biological problem related to decreased production of polysaccharides and glomalin in the soil. Remember, these are symbiotic relationships - Bacteria inhabit about 30% of the pores in a clayey soil but only 13% of the pores in a sandy soil.  Soil Microorganisms need spaces/pores that are between .5 and 10 microns in size.  Anything less than .5 microns is too small even for a bacteria to enter or squeeze into and anything larger than 10 microns is typically too big and dry.  Goldie Locks Principle – you have an ideal range/habitat - 
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Importance of Stable 
Aggregate:

Field/Microbe Scale

• Ultimate ‘home’ of soil microbes 
(spaces in between)

• Increases pore space and sizes of 
space (decrease density and 
compaction)

• Large pores important for 
infiltration, drainage, aeration

• Small pores important for water 
storage and protection of organic 
matter and microbesSEM: Dr. Lisa Fultz, LSU
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Soil around the Root 
(Rhizosphere)

• Root exudates & 
chemical signals 
stimulates microbes 
& predators

• Symbiosis
• Protection
• Nutrients
• Resilience

Photo: J Moore Kucera, NRCS-SHD
Photo: Marlon Winger

Pea -rhizosphere

Presenter
Presentation Notes
highest density is in the A horizon but can occur throughout profileAnchor	keeps plant in soil	prevents soil erosion	holds stem uprightAbsorption	water 	dissolved mineralsStorage	starch	other nutrientsHabitat	provides nutrients to microbes	Helps with aggregation
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Bacteria 
• Most numerous
• 2-5% of SOM but 

responsible for 90% of 
energy flow (Carbon)

• 1 g can contain 10 
million with 100s to 
1000s of different 
species

• 0.5-3 tons per acre 
(Killham 1994)

Rhizosphere: 
Key Organisms

Fungi
• Saprophytic
• Mycorrhizal
• Pathogenic 
• Up to 5 tons per acre

Turbe et al 2010; Coleman & Crossley 1996; Nannipieri & Badalucco 2003; Global Soil Biodiversity Atlas. 2016. Orgiazzi, Bardgett,  
Barrios et al. 

Presenter
Presentation Notes
Different plants attract and support a different microbial community. Additional factors influencing biodiversity composition include composition of plant components, nutrient content in tissues, tissue senescence and temperature, moisture, and inherent soil properties.highest density is in the A horizon but can occur throughout profileAnchor	keeps plant in soil	prevents soil erosion	holds stem uprightAbsorption	water 	dissolved mineralsStorage	starch	other nutrientsHabitat	provides nutrients to microbes	Helps with aggregation
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Rhizosphere: Key Organisms
Nematodes and Protozoa
• Feed on a wide diversity of organisms
• Key in N and P cycling
• Some are pathogenic
• Also common in porosphere

Turbe et al 2010; Coleman & Crossley 1996; Nannipieri & Badalucco 2003; 
Global Soil Biodiversity Atlas. 2016. Orgiazzi, Bardgett,  Barrios et al. 

Presenter
Presentation Notes
1 g can contain 10 or more nematodes!One acre may contain 200 pounds of nematodes!1 g can contain 10,000+ protists!One acre may the equivalent in weight of 2 sheep of protists!
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NEMATODESBacteria Feeding Nematode

•Bacteria are high in protein that in 
turn is high in nitrogen.

• When nematodes like this eat 
bacteria they digest the protein and 
convert it to nitrogen which is 
excreted as a body waste product 
back into the soil in a form that 
becomes available to plants. 

…but similar to the rate for male Pelodera chitwoodi of 3.9 x 105

bacteria per day averaged over an 8-d life span 
(Mercer and Cairns 1974).

Presenter
Presentation Notes
Top left is the bacterial-feeding nematode, Elaphonema.Bottom right is a fungal-feeding nematode.Photo credits: (for both) Elaine R. Ingham, Oregon State University, CorvallisFile names:BFTODEFFTODE
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Nematodes – Services they provide

A fungal-feeding nematode

• Control disease 
• Cycle nutrients
• Disperse bacteria & fungi

A bacteria-feeding nematode

Lasso fungus

Presenter
Presentation Notes
Nematodes are non-segmented worms typically 1/500 of an inch (50 µm) in diameter and 1/20 of an inch (1 mm) in length. Those few species responsible for plant diseases have received a lot of attention, but far less is known about the majority of the nematode community that plays beneficial roles in soil.An incredible variety of nematodes function at several trophic levels of the soil food web. Some feed on the plants and algae (first trophic level); others are grazers that feed on bacteria and fungi (second trophic level); and some feed on other nematodes (higher trophic levels).Free-living nematodes can be divided into four broad groups based on their diet. Bacterial-feeders consume bacteria. Fungal-feeders feed by puncturing the cell wall of fungi and sucking out the internal contents. Predatory nematodes eat all types of nematodes and protozoa. Root-feeders are plant parasites, and thus are not free-living in the soil.Nutrient cycling. Like protozoa, nematodes are important in mineralizing, or releasing, nutrients in plant-available forms. When nematodes eat bacteria or fungi, ammonium (NH4+) is released because bacteria and fungi contain much more nitrogen than the nematodes require.Grazing. At low nematode densities, feeding by nematodes stimulates the growth rate of prey populations. That is, bacterial-feeders stimulate bacterial growth, plant-feeders stimulate plant growth, and so on. At higher densities, nematodes will reduce the population of their prey. This may decrease plant productivity, may negatively impact mycorrhizal fungi, and can reduce decomposition and immobilization rates by bacteria and fungi. Predatory nematodes may regulate populations of bacterial-and fungal-feeding nematodes, thus preventing over-grazing by those groups. Nematode grazing may control the balance between bacteria and fungi, and the species composition of the microbial community.Dispersal of microbes. Nematodes help distribute bacteria and fungi through the soil and along roots by carrying live and dormant microbes on their surfaces and in their digestive systems.Food source. Nematodes are food for higher level predators, including predatory nematodes, soil microarthropods, and soil insects. They are also parasitized by bacteria and fungi.Disease suppression and development. Some nematodes cause disease. Others consume disease-causing organisms, such as root-feeding nematodes, or prevent their access to roots. These may be potential biocontrol agents.Because of their size, nematodes tend to be more common in coarser-textured soils. Nematodes move in water films in large (>1/500 inch or 50 µm) pore spaces. Nematodes may be useful indicators of soil quality because of their tremendous diversity and their participation in many functions at different levels of the soil food web. Several researchers have proposed approaches to assessing the status of soil quality by counting the number of nematodes in different families or trophic groups.  In addition to their diversity, nematodes may be useful indicators because their populations are relatively stable in response to changes in moisture and temperature (in contrast to bacteria), yet nematode populations respond to land management changes in predictable ways. Because they are quite small and live in water films, changes in nematode populations reflect changes in soil microenvironments. 
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Key Functions of Soil Organisms 

Function Description

Decomposition Recycle wastes, create organic matter, 

Modifies soil structure Increase amount and rate of air and water exchange; increase 
infiltration, drainage, and storage capacity; resist erosion

Nutrient cycling Decomposition, retains, cycles, and releases nutrients

Soil detoxification Degrade agrichemicals, pollutants, toxins

Symbiotic/ assoc. N-fixation (converts atmospheric N2 organic forms), mycorrhizae 
(increase root adsorptive surface for H2O, nutrients

Biological population 
regulation

Suppress and/or feed on soil-borne plant pathogens and plant-
parasitic nematodes

Weed suppression Eat and/or decompose weed seeds

Plant protection Enhance plant growth by protecting plants from pathogens. 
Example, can form biofilms around roots and sends chemical signals 
that influence plant response to pathogens

Presenter
Presentation Notes
**Provided for student handout (same as notes in previous slide)Deleted the word asymbiotic
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Microbes make ‘free’ nitrogen fertilizer!

Presenter
Presentation Notes
Photos by marlon wingerRhizobium on peas, wrapped around a radish rootInoculumRed nodules mean the rhizobium is fixing N
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Continuous Flow of C Drives System
Atmospheric  CO2

Plant C

Dead 
microbes

Microbial 
Biomass C

SOM–C 

Respiration CO2

“Active” organic matter C

Image courtesy of Dr. Chenhui Li

Presenter
Presentation Notes
The flow of active organic matter (organic C) is driving force of the microbial biomass and their activitiesBut basically what this slide is trying to convey is the importance of soil microbes in creating soil organic matter.Also:The continuous flow of carbon is the most important component driving soil ecosystem functionsThis flow begins with photosynthesis (you know the rest of the story…)Microbial biomass can account for 1-5% of SOMTranslates into 50lb of organic N per 1% SOM (assumes this 1%SOM in an acre furrow slice contains 1000 lb of N)Other nutrients could be highlighted here but I usually specifically give a value for NStabilized SOM (aka humus) is not actually made up of fluvic, humin, and humic acids….these products are just artifacts of the extraction process itself. They have not been identified in natural soils with all the new fancy technology that now exists. Scientists now believe (and have direct evidence for) that stabilized SOM is made up primarily of dead microbial cells (called necromass). See Ray Weil’s presentation at the SARE meeting for more details.As plant and animal residues are decomposed by soil organisms, usually at least half is lost as CO2. The other half is incorporated into microbial cells or flow through the system as water soluble C (also taken up by microbes but some of this C can be lost). I don’t always talk about the second sentence here but just FYI.It is the active C pool that fuels the microbes keeping the system going (usually the part that our management influences and can have the biggest impact on) but also we are interested in conserving the stabilized fraction (extremely important for things like C sequestration, CEC, and water holding capacity for example). It kinda depends on the audience how much I go into detail but flow of C and that dead microbial cells are what really makes up humus are the minimum key messages.
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Microbes help release P from organics and minerals

• P fertilizer use efficiency 5-40%
• P sources mainly from ancient rocks 

and deposits
• P binds to Al, Fe at low pH
• P binds to Ca, Mg at high pH
• P most available pH 6-7

• P-solubilizing bacteria and 
specialized fungi release 
enzymes and acids that release 
stored org-P and mineral-P

Source: Global Soil Biodiversity Atlas: Simplified phosphorus (P) cycle in the soil. (DG, JRC)

Presenter
Presentation Notes
Reference for fertilizer use efficiency for annual crops is from Agron Journal 91:357-363Friese and Allen (1991)found that each branch extended about 5 mm, with up to eightbranching orders. They reported a branching absorbing networkfor each infection point. Absorbing networks thus have a distinctfan-shaped architecture starting with a single large hypha,branching into two smaller hyphae, branching into four smallerhyphae, and so forth, to an eight-order branching unit, with 128tips, each about 2 μm in diameter (Friese and Allen, 1991; Allenet al., 2003). The absorbing unit extends about 6 cm into thesoil from a root. Bago et al. (1998) described another architecturalform in that an absorbing network could form from arterialhyphae, dramatically extending the potential network wellbeyond that reported by Friese and Allen (1991). Together, thesemycelia provide a network of well over 100 cm of hypha perinfection unit, extending several centimeters into the soil fromthe root surface. Commonly, we fi nd approximately one infectionunit per millimeter of root length, a value Fitter (1991)reported as optimal for uptake of P from soil.
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Glomalin along a root hair

Glomalin is naturally brown.  A 
laboratory  procedure reveals 
glomalin on hypae and soil aggregates 
as the bright green material shown 
here.

Dr. Kris Nichols – Microbiologist - USDA  ARS 

Mycorrhizal Fungi Hyphae

• Plants use 5-20% of C from photosynthesis 
to ‘feed’ fungi

• Fungi increase adsorptive root surface area 
at least 10x 

• Fungi increase nutrient uptake especially P 
and Zn

• Fungi suppress pests and diseases
• Fungal networks build soil aggregates

• 1 infection site per mm of root 
length

• 128 fungal tips (Friese & Allen 1991)

Presenter
Presentation Notes
A microscopic view of an arbuscular mycorrhizal fungus growing on a corn root. Page 472 14th edition nature and property of soils.   The round bodies are spores, and the threadlike filaments are hyphae.The substance coating them is glomalin, revealed by a green dye tagged to an antibody against glomalin. Emphasize of the hyphae in comparison to root hairs.  Hyphae can grow several centimeters (1 to 2 inches) beyond roots (Fig. 1) and access more soil to acquire nutrients more efficiently. This is similar to a tree, where the branches (i.e. hyphae) grow out of the trunk (i.e. root). A tree forms branches to reach more of the sun’s rays. Without enough sunlight, the tree would die. Belowground the plant forms a beneficial relationship with AMF or produces many fine roots to get the nutrients that it needs. Hyphae are not covered with bark like tree branches. Instead AMF produce glomalin to coat hyphae to keep water and nutrients from getting lost on the way to and from the plant. A microscopic view of an arbuscular mycorrhizal fungus growing on a corn root. Page 472 14th edition nature and property of soils.   The round bodies are spores, and the threadlike filaments are hyphae.The substance coating them is glomalin, revealed by a green dye tagged to an antibody against glomalin. Emphasize of the hyphae in comparison to root hairs.  Hyphae can grow several centimeters (1 to 2 inches) beyond roots (Fig. 1) and access more soil to acquire nutrients more efficiently. This is similar to a tree, where the branches (i.e. hyphae) grow out of the trunk (i.e. root). A tree forms branches to reach more of the sun’s rays. Without enough sunlight, the tree would die. Belowground the plant forms a beneficial relationship with AMF or produces many fine roots to get the nutrients that it needs. Hyphae are not covered with bark like tree branches. Instead AMF produce glomalin to coat hyphae to keep water and nutrients from getting lost on the way to and from the plant.  
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Mycorrhizae Fungi
Attached to root hair



2nd Absorbing networks thus have a distinct fan-shaped architecture starting with a 
single large hypha, branching into two smaller hyphae, branching into four smaller 
hyphae, and so forth, to an eight-order branching unit, with 128 tips, each about 2 
μm in diameter (Friese and Allen, 1991; Allen et al., 2003). The absorbing unit extends about 6 cm 
into the soil from a root.

Fungal hyphal length in soil up to 1 km/cm3 soil
AM fungal hyphae can exceed 108 m/m3 (e.g., Miller et al., 1995). 

In AM systems, two types of mycelial networks
1st is the “runner” or “arterial” hyphae that extend from an infection 
point into the soil matrix looking for nutrient resources or new root 
tips available for infection. These hyphae tend to be large (often 10 
μm in diameter or larger), with relatively infrequent branching.

Mycorrhizal Fungi: Highways for 
Water and Nutrients in Arid Soils
Michael F. Allen* Vadose Sone Journal 6:291-297

Image: Joshua Winger

Presenter
Presentation Notes
This process is relatively straightforward, but structurallycomplex. Under conditions with dry surface soils but deepwater, plants such as oak take up the deeper water. This water isthen distributed throughout the root profi le, sustaining mycorrhizalfungi through the dry season.www.vadosezonejournal.org · Vol. 6, No. 2, May 2007 293Fungal hyphal length in soil can constitute up to 1 km/cm3of soil and AM fungal hyphae can exceed 108 m/m3 (e.g., Milleret al., 1995). In AM systems, there are two types of mycelial networksthat are of interest. The first is the “runner” or “arterial”hyphae that extend from an infection point into the soil matrixlooking for nutrient resources or new root tips available forinfection. These hyphae tend to be large (often 10 μm in diameteror larger), with relatively infrequent branchingAbsorbing networks thus have a distinct fan-shaped architecture starting with a single large hypha, branching into two smaller hyphae, branching into four smaller hyphae, and so forth, to an eight-order branching unit, with 128 tips, each about 2 μm in diameter (Friese and Allen, 1991; Allen et al., 2003). The absorbing unit extends about 6 cm into the soil from a root.
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(Dr. Michael Amaranthus, University of California, Irvine)

Presenter
Presentation Notes
Scientists at the University of California, Irvine, recently discovered another source of NITROGEN uptake unique to mycorrhizal symbiosis.  Using cutting-edge technology, nanometre-sized bits of semi-conducting material called quantum dots were attached to organic compounds such as nitrogen-laden amino acids.  For more than 100 years conventional scientific wisdom held that root absorption of nitrogen was restricted to inorganic forms of nitrogen such as N03, N02 and NH4. But to their surprise, the scientists saw the illuminated dots attached to amino acids enter the mycorrhizal hyphae and observed them as entire molecules moved into the root cell vacuoles and then continued systemically to the chloroplasts (in which nitrogen is used for photosynthesis).In non-mycorrhizal rhizospheres, amino acids, which are the primary components of proteins, must undergo extensive and time-consuming decomposition processes by bacteria and other soil organisms before nitrogen is released in inorganic (NH4), plant-usable forms. Bacteria (Nitrosomonas/Nitrobacter) convert NH4 into NO3.   In many cases, much of the nitrogen is consumed by the organisms, further delaying its plant availability.This research demonstrates that mycorrhizal fungi allow their plant hosts to bypass this process, implementing quick and effective access to organic nitrogen sources. What this means to the farmer is that by utilizing mycorrhizal fungi, naturally-occurring and introduced sources of organic nitrogen (such as found in fish-based fertilizers, green manures and compost) can provide a readily available source of nitrogen to promote crop growth and enhance yields. In addition to phosphorus and nitrogen, the mass of hyphal filaments in the soil surrounding mycorrhizae-colonized roots is also capable of mobilizing an array of other important plant nutrients, including calcium, iron, magnesium and critical micro-nutrients such as manganese, zinc and copper. Just as a lack of vitamins can impair human or animal health, crop yields and forage production are sometimes limited by insufficient supplies of these minor- and micro-nutrients, even when N-P-K is abundant.Mycorrhizae’s ubiquitous presence throughout the surrounding soil can access these relatively scarce resources and, in many cases, can release them from insoluble compounds via the production of specialized enzymes. The management of micro-nutrients is becoming increasingly recognized as an important component of modern cropping science. Mycorrhizal fungi can serve as useful tool to ensure that both natural and introduced sources of these nutrients are transferred efficiently from the soil to the plant.
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Examples of Biological Regulators

Fungi: regulating nematode populations

Fungi: parasitizing a soybean cyst 
nematode

Mites: regulating springtail (L) and 
nematode (R) populations

Protozoa prey on bacteria 
(can consume 106 to 109 bacteria day-1)! 

http://www.extension.umn.edu/agriculture/soybean/soybean-cyst-nematode/chemical-biological-potential.html

Presenter
Presentation Notes
Examples of Population control through predation, grazing, and parasitism
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Soil Food Web Benefits: Plant Protection 
Examples

Protection
Roots protected 

from 
Rhizoctonia
solania by 

springtails (left) 
and without 

(right)

Antibiotic 
Production

Fungi 
Bacteria

Chemical 
signals

Bacteria 
released 

abscisic acid 
(close plants 

stomata)

http://www.the-scientist.com/?articles.view/articleNo/
34209/title/The-Soil-Microbiome/

http://www.extension.umn.edu/agriculture/soybean/soy
bean-cyst-nematode/chemical-biological-potential.html

http://www.udel.edu/udaily/2009/oct/
bais101708.html

Protection
Biofilm of 

beneficial bacteria 
protecting against 

P. syringae

Predation
Soybean cyst 

nematode 
parasitized 
by a fungus
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Aphids attack 
leaf

Plants under attack 
send chemical 

signal in air
Blight & other 
pathogens cause 
plant tissue death

Aphid-hunting 
wasps receive 

signal 

Drought 
induces plant 

stress Fungal mycelial 
networks transmit 

warning to 
neighbors

Belowground signals 
bacteria to the 

rescue
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How do We Support 
Biodiversity to Support 

Healthy Soils?

Presenter
Presentation Notes
Not surprisingly, many biologically friendly practices are similar or same as those recommended by NRCS
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Soil Health Principles To Support 
High Functioning Soils

• Protect
habitat 
(aggregates 
and organic 
matter)

• Feed
diverse, 
continuous 
inputs (C 
sources, 
energy)

Maximize 
living roots

Minimize 
disturbance

Maximize 
cover

Maximize 
diversity
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Soil Health Principles To Support 
High Functioning Soils
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Minimize 
Disturbance

Maximize
Soil Armor

Maximize 
Biodiversity

Provide 
Continuous 
Living Roots

Livestock

Protect
habitat 
(aggregates 
and organic 
matter)

Feed
diverse, 
continuous 
inputs (C 
sources, 
energy)

Presenter
Presentation Notes
Cover crops will play a critical role to address the Core 4 Principals of improving Soil Health. (Ecosystem Function) Fifth Principle is integration of Livestock (or Manure Application) – enhances biogeochemical cycling = Maximizing DiversityMinimize Disturbance/Maximize Soil CoverProtect Microbial HabitatMaintain SOM and AggregatesIncrease water storage/accessReduce erosion & runoff riskBuffer temperatureReduce evaporationProvide Continuous Living Roots / Maximize Diversity (Livestock/manure application relates to Maximizing Diversity)Provide diverse C sources and biochemicalsStimulate microbial diversity and abundance, servicesBreak disease cyclesIncrease SOM, Aggregation, and nutrient cyclingEnhance Plant growthIncrease Predator & Pollinator populationsManure Cautions:Nutrient ExcessCompactionWater and Air quality
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YouTube: Selected microbes of the 
soil food web
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