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Turtle photo-bombed me.


USDA s e . .
— Objectives
Review basics about organic matter, biodiversity

2. Introduce ideas of functional groups and
hotspots

3. Briefly discuss management and references

Remsberg, SARE
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Presentation Notes
My principles:

We humans like to simplify things in order to understand them. We like to put things into categories, and I will do that today because it’s useful. But, actual soil is often more complicated than the simple categories we’ll discuss today.
And along those lines, there is a lot about soil biology that we don’t know and new discoveries are made every year. So, it’s important for us to achieve the objectives on this slide, but also important to keep an open mind and stay tuned to new discoveries that are just around the corner.

PLEASE HOLD QUESTIONS UNTIL THE END.



Some Basics

* Biodiversity
* Energy flow
* Organic matter

Image from Orgiazzi et al.,
2016
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Almost unbelievable numbers of soil organisms and these vary in size on a typical farm from the smallest bacteria to the largest cow.

Caveats:
Numbers and masses vary a lot by region, soil, time. This apparently based on temperate climates.
Difficult to measure numbers of bacteria because only a very small (1% ?) fraction can be cultured.
Doesn’t include vascular plants, protozoa, or vertebrates

Gee whiz fact #1:
Biodiversity:  may be ~ 1 million SPECIES of bacteria in 1 gram of pristine soil (Nardi).


Biodiversity Definition

Soil biodiversity can be defined as the
variation in soil life, from genes to
communities, and the variation in soil
habitats, from micro-aggregates to
entire landscapes.

Turbe et al., 2010

Soil biodiversity: functions, threats and tools for policy makers (cnrs.fr) Slide 6
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Anne Turbe is with Bio Intelligence Service, Paris, France.

“Soil biodiversity” is a flexible concept that can be looked at from different scales and in terms of taxonomy or function.

MEASURING BIO-DIVERSITY (many papers, many approaches), e.g.:
Species richness (3species cover crop mix > 1 species)
Species eveness (cover crop mix with even numbers of seeds from multiple species > almost entire mix is one species)
Taxonomic (cover crop mix with grass, legume, brassica > cover crop mix of three grasses)



https://hal-bioemco.ccsd.cnrs.fr/bioemco-00560420/document
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— Belowground Competition

Nematode-trapping Fungi Protection from Rhizoctonia solani

Roots with
springtails

Vampyrellids (protist) eating a
fungal root pathogen involved in
take-all disease
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Roots without
springtails

A single
protozoan can
eat billions of
bacteria each
day!

Mite preylng on a nematode

Soybean cyst nematode
parasitized by the fungus
Hirsutella minnesotensis
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High soil bio-diversity = healthy competition, which reduces risk of pathogen outbreaks and improves the resistance and resilience of soil ecosystems to disturbance.

Biodiversity is esp important in tropical soils and especially with respect to macrofauna. For example, the rapid loss of SOM after a tropical forest is clear cut and converted to farming may be largely due to the loss of organisms that regulate populations of microbes and also help build soil structure.

There’s also above-ground competition, which is the basis for many claims about things like compost tea applied to foliage decreasing plant pathogens. In my experience, many of those claims are anecdotal and not based on replicated experiments. That doesn’t mean they are wrong – just be cautious. Elaine Ingham: Compost Tea Brewing Manual.

One way of looking at soil biodiversity is with food webs…





Xx
http://www.extension.umn.edu/agriculture/soybean/soybean-cyst-nematode/chemical-biological-potential.html   
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A simplified soil food web

MESO- AND MACROFAUNA
(e.g. arthropods)

o \ Predators
MICROFAUNA MESO- AND MACROFAUNA
(e.g. nematodes) (e.g. arthropods)
Root feeders
& e Shredders
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MICREI'FA.UMA
(e.g. nematodes)
Root feeders
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ORGANIC MATTER
Dead plant and animal
tissues, organic cornpounds
and metabolites from
organism activities

Global Soil Biodiversity Atlas. 2016. Orgiazzi, Bardgett, Barrios et al. Luxembourg,
European Commission, Publications Office of the European Union: 176p.
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SOIL FOOD WEBS:
One approach to biodiversity.
Illustrate energy and nutrient (e.g. C and N) transfer in soil.
Based on trophic levels:
Producers (soil food webs are fueled by photosynthesis)
Herbivores
Primary predators
Secondary predators
Detritivores
Let’s look at a few details about soil organic matter – it’s critical for healthy soils but can be oxidized quickly in tropical soils.
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Soil Organic Matte

Oahu ag soils: Oregon ag soils:
-SOM 1.5 -3.5% -SOM 2.5 -4.0%
-Depletion risk -Depletion risk

moderately high moderately high
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Oahu soils shown here (mostly Wahiawa silty clay): SOM 1.5 (red) to 3.5% (green). Wahiawa (green) is an oxisol.
Main factors:  high oxidation rate, well aerated.

Western Oregon soils (Aloha, Woodburn silt loam):  SOM 2.5% (red) to 4.0% (green). These soils are mostly mollisols.
Main factors: well aerated, low clay.

So, there are many factors (climate, drainage, clay content, antecedent SOM) that influence depletion risk. Also the soil survey % SOM may not be YOUR SOM.

Note that the abbreviation SOM will be used throughout this presentation.
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Types of Organic Matter

1. Active (days-years)
- dead organisms
- root exudates

- dissolved

2. Variable (days-decades)

-particulate

3. Stable: (decades-centuries)

- mineral-associated (e.g. clay)

Slide 10
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SOM of course is what gives topsoil its dark color. Bacteria, fungi, earthworms, etc. use SOM for food because carbon bonds hold solar energy. 

A typical way of describing SOM is by its digestibility, often using the half life concept just like nuclear scientists use with radioactive material.

Dead organisms have not yet been digested / decomposed / mineralized.
Root exudates are molecules (acids, sugars, polysaccharides, enzymes) secreted by roots. 
Dissolved SOM are molecules floating in soil water. 

-  Particulate SOM can be very small (down to 50 microns or about diameter of human hair). Really small particulate SOM is the stuff that’s not easily digested by microbes (e.g., lignin, cellulose). Particulate SOM can be protected inside small aggregates.

-  Mineral-associated SOM is typically less than 50 um or in the range of a red blood cell or bacterium. Chemically, it is often very digestible by microbes, but is protected from digestion by being adsorbed onto clay, silt, and other mineral components of the soil.

-  This dynamic is why clay soils tend to have higher SOM than sand, and why sandy soil tends to lose SOM faster when it’s tilled.

RECENT (LAST 20 YEARS) RESEARCH HAS GREATLY CHANGED THE WAY WE THINK ABOUT STABLE SOM (next slide).

XX

“Humus” has for over 100 years been thought of as a very large, complex, stable organic molecule, but new research is indicating this may not be entirely accurate.

 “According to the new view, humic substances are collections of diverse, relatively low molecular mass components forming dynamic associations stabilized by hydrophobic interactions and hydrogen bonds.”
	- Sutton, R., and Sposito, G. (2005). Molecular structure in soil humic substances:
	the new view. Environ. Sci. Technol. 39, 9009–9015. doi: 10.1021/es050778q 

Lavallee, Jocelyn, Soong, J., and Cotrufo, M. (2019). Conceptualizing soil organic matter into particulate and mineral-associated forms to address global change in the 21st century. Global Change Biology. 26, 261-273. doi: 10.1111/gcb.14859



eeeeeeeeeee

1. Old school:
plant litter lignin =2
stable SOM (humus)

2. New school:
dissolved SOM -
microbial biomass =2
stable SOM stable SOM

(mineral-associated)

Images from Orgiazzi et al., 2016 e n.
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In much of the 20th century, soil scientists thought that recalcitrant (i.e., not very digestible) compounds like lignin were the precursors of stable SOM (e.g., humus).

During the last 20 years or so, much research indicates a different process:

- A lot of plant litter, especially the less digestible compounds like lignin are slowly digested by microbes. Because these are not great food sources, microbes are inefficient at converting them into biomass (i.e., larger microbial populations). Much of the C in these less digestible (aka “recalcitrant”) compounds is converted to CO2 as microbes slowly use these compounds for energy rather than new microbial cell material.

- But dissolved organic compounds, especially root exudates are excellent food for microbes, which can convert much of the C in those exudates into microbial biomass rather than mostly “burning” the C compounds for energy. As microbes die, some of the organic matter in their cells is adsorbed onto minerals (e.g. clay) where it is protected from further decomposition and so represents the stable SOM fraction in soil.



XX

As Referenced in these Papers: 
Anthony, Mark, A., Thomas W. Crowther, Daniel S. Maynard, Johan van den Hoogen, Colin Averill. 2020. Distinct Assembly Processes and Microbial Communities Constrain Soil Organic Carbon Formation. One Earth. Volume 2, Issue 4,Pages 349-360. ISSN 2590-3322, https://doi.org/10.1016/j.oneear.2020.03.006.

Liang, C, Amelung, W, Lehmann, J, Kästner, M. 2019. Quantitative assessment of microbial necromass contribution to soil organic matter. Glob Change Biol. 25: 3578– 3590. https://doi.org/10.1111/gcb.14781

Sokol, N.W., Bradford, M.A. 2019. Microbial formation of stable soil carbon is more efficient from belowground than aboveground input. Nature Geosci 12, 46–53. https://doi.org/10.1038/s41561-018-0258-6

Sokol, NW, Sanderman, J, Bradford, MA. 2019. Pathways of mineral‐associated soil organic matter formation: Integrating the role of plant carbon source, chemistry, and point of entry. Glob Change Biol. ; 25: 12– 24. https://doi.org/10.1111/gcb.14482

Sokol, N.W., Kuebbing, S.E., Karlsen‐Ayala, E. and Bradford, M.A. 2019. Evidence for the primacy of living root inputs, not root or shoot litter, in forming soil organic carbon. New Phytol, 221: 233-246. https://doi.org/10.1111/nph.15361
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Noah Sokol et al. (Yale School of Forestry) - 2019.
Connecticut hardwood forest planted to understory of C4 Microstegium grass in plots. SOC is from the grass. Living roots added more stable SOC (both mineral-associated and particulate) than litter. 

About 30-35% of root exudates converted to stable SOC, 
But only about 3% of litter converted to stable SOC.  
(But there’s a lot more litter per acre than exudates, so difference as seen in this chart isn’t a factor of 10:1 as you might expect).

(Note SOC x 1.72 = SOM (rough average))

Stable SOM very important:  improves a soil’s ability to hold nutrients and water, feed soil organisms slowly over time, and sequester carbon. 

THINK ABOUT THIS AND THE RELATIVE IMPORTANCE OF LITTER VS LIVING ROOTS WRT STABLE SOM.



XX

Sokol, N.W., Kuebbing, S.E., Karlsen‐Ayala, E. and Bradford, M.A. 2019. Evidence for the primacy of living root inputs, not root or shoot litter, in forming soil organic carbon. New Phytol, 221: 233-246. https://doi.org/10.1111/nph.15361


Also see Cotrufo et al. (2013) for a good summary of these dynamics:  doi: 10.1111/gcb.12113 
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A simplified soil food web
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Global Soil Biodiversity Atlas. 2016. Orgiazzi, Bardgett, Barrios et al. Luxembourg,
European Commission, Publications Office of the European Union: 176p. Slide 13
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You’ve seen this slide already. Good at illustrating flow of energy, carbon, and nutrients, 
But overlooks other important processes like as soil structure development. 


So now we’ll introduce another way to view biodiversity:  functional groups
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Functional Groups

An alternative to food
webs that considers
physical, chemical, and
biological processes.

Image from Orgiazzi et al.,
2016
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Soil Organisms Key Ecosystem

3 Functional Groups Functions

Ecosystem
resiliency
Aggregate &
pore creation

Ecosystem /o .
engineers ~ - _

Population
regulation

Nutrient cycling

Plant
productivity

St Turbe et al., 2010; Slide 15
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FUNCTIONAL GROUPS ARE ANOTHER SIMPLE APPROACH TO UNDERSTANDING SOIL BIODIVERSITY:
     1. Ecosystem engineers:  create aggregates and pores
     2. Biological regulators:  regulate populations of other organisms
     3. Biochemical processors:   cycle nutrients (e.g. N, P, S)

     4. Each group has some effect on, and are affected by, each of the ecosystem functions shown.

     5.  CLICK:  All three groups cycle soil carbon

     6.  CLICK:   Soils with high diversity of the 3 functional groups tend to be resilient ecosystems with relatively high plant productivity





USDA s

= Ecosystem Engineers
Functional : :
Function Representative members
group

Build pore Plant roots, earthwormes,
Ecosystem  networks larger invertebrates (e.g.,
Engineers and millipedes, centipedes,

aggregates beetles)

Modified from Turbe et al., 2010; Images from: Orgiazzi, Bardgett, Barrios et al.

il Bi 2016. Global Soil Biodiversity Atlas. Slide 16
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Ecosystem engineers 
Larger organisms such as PLANT ROOTS, earthworms, millipedes, and isopods that modify or create their own habitat
Build biopores that channel air and water
Mix organic materials into the soil
Redistribute soil particles, organic matter, microbes



LODA voocoer, : -
— Biological Regulators

Functional

Function A JENETIERUE M ES

group
Regulate Protozoa, nematodes, and

Biological populations other small invertebrates

Regulators of other soil (e.g., springtails, mites but
organisms also microbes)

Slide 17
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Biological regulators:  small invertebrates such as protozoa, nematodes, springtails, and mites. 
Through grazing, predation or parasitism, these organisms regulate populations other invertebrates and microbes

One estimate: 90% of bacteria consumed in the soil are eaten by protozoa; the other 10 percent are eaten by nematodes (Nardi, 2007).


USDA uned s
— Biochemical Processors

Functional : Representative

Function
group members

Regulate 90% of energy
Chemical flow in soil; Build soil
Processors organic matter &
aggregates

Soil microbes
(bacteria, fungi,
protozoa)
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Biochemical processors are largely soil microbes, which regulate 90% of energy flow in soil and are responsible for most of the decomposition of plant organic matter into nutrients that are available for plants. Soil microbes also stimulate plant growth and compete with plant pathogens.

Gee whiz factoids:  
Actinomycetes (a type of bacteria that once was classified as a fungus) produce the antibiotics actinomycin and streptomycin.
NIH-funded work resulted in the discovery of a new class of antibiotics, called “malacidins.” This resulted from the analysis of bacterial DNA from over 2,000 soil samples, including many sent by citizen scientists across the US. Malacidins show potential to kill methicillin-resistant Staphylococcus aureus that threatens the lives of thousands of people each year. 
Armillaria ostoyae, aka honey fungus: largest known organism covers more than 3 square miles in Oregon’s Malheur National Forest and is between 1900 and 9600 years old (Nardi, 2007).



USDA

— Optimal Activity:
When Conditions are ‘Just Right’

> 90% bacteria in soil are
inactive
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Near neutral pH
Moderate temps
Moist conditions
Aerated
Abundant food (C)
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OPTIMAL BIOLOGICAL ACTIVITY IN AG SOILS :
Near-neutral pH (6-7.5); 
Warm, moist soil
Good aeration 
Diverse soil pore sizes
Abundant and diverse food sources (especially in tropical soils)
Minimal contaminants, salts
I.e. the “Goldilocks phenomenon”
Most of these factors are affected by management

MICROBIOTA RESTING STAGES:
Cryptobiosis = suspended metabolism to survive extreme temperatures or dryness
Bacteria can’t move, so they become inactive after depleting organic substrates.
Over 90% of soil bacteria are often inactive
Fungi and even many small arthropods can enter a state of cryptobiosis
Tardigrades (click) can undergo 5 types of cryptobiosis, reducing its metabolism to less than 0.01% of normal and its water content to 1% of normal. Tardigrades have even survived the vacuum of outer space.
But, organisms spring to life quickly when conditions improve


XX

Tardigrade photo from Soil Biodiversity Atlas, Oriazzi et al., 2016:  https://op.europa.eu/en/publication-detail/-/publication/c54ece8e-1e4d-11e6-ba9a-01aa75ed71a1  
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New Zealand sandy loam soil in a vegetable rotation. 
SOC mineralized in 85 d at different temperatures and moisture contents.
10% moisture is ~ permanent wilting point,   26% moisture is not quite saturated (these are percentages by weight).
10C = 50F,              20C = 68F

Very roughly, when you double temp ( C ) or double moisture (% by weight), you double activity. 
This effect is due to:
Solubility of SOM and movement via soil water
Enzyme activity
Microbial growth rates
But too hot (e.g., certainly above 100 F) or too wet (above 90% moisture) and mineralization slows down.

Because tropical soils don’t get very cold, moisture is more the determining factor for biological activity. 
And different microbes respond somewhat differently to temperature and moisture.

Biodiversity benefit:    not all organisms have the same life cycle or optimal conditions, so increased biodiversity results in beneficial soil functions occuring over time


Don’t read during presentation:
The microbial species involved in N mineralization of manure applied to soils are assumed to be predominately mesophiles (i.e. organisms with an optimal growth temperature of 20-45C) (Gilmour et al., 1977; Atlas and Bartha, 1993).  A short-hand notation, Q10, is often used for the change in reaction rates per each 10C rise in temperature.  Some experimental data suggest that N mineralization Q10 values may vary significantly depending on the type of organic matter being decomposed, the temperature range over which experiments are run and the soil type (MacDonald et al., 1995; Vigil and Kissel, 1995).  
Compared to temperature, less is known about the effects of moisture on N mineralization rate constants.  Some data suggest that at 30-60% of a soil’s water holding capacity, N mineralization rate is linearly related to soil moisture content (Gilmour et al., 1977).  As soil moisture increases beyond 90% of the fillable pore space, the decreased diffusion of O2 can limit mineralization.  


Temperature and Moisture Effects on Microbial Biomass and Soil Organic Matter Mineralization
Denis Curtin,Michael H. Beare,Guillermo Hernandez-Ramirez
First published: 04 October 2012, Soil Sci Soc Amer J
 https://doi.org/10.2136/sssaj2012.0011



Hot Spots

Sites in the soil with
high biological activity.

Image from Orgiazzi et
al., 2016
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BIOLOGICAL HOTSPOTS:
Areas where microbial population size and activity are focused. 
Root zone (“rhizosphere”)
Litter layer
Earthworm and root channels
Pores
Aggregate surfaces
This is a useful way to think about the diversity of habitats for soil organisms and a highly functioning soil will support all of these hot spots.
But, if you think about it, what’s left in soil that’s NOT a hot spot? Answer: the inside of mineral particles.

Soil health principles guide management to optimize hot spots

The following slides will look at each of these hotspots. 
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1.  LITTER LAYER = Zone above mineral soil surface 
Recognizable plant and animal detritus undergoing decay 
Photo ID from top down: earthworm, ant, centipede, sow bug (isopod), beetle, mites
The macrofauna help to shred and mix residues, which helps fungi and bacteria to further decompose the material.
Tropical forests usually include shallow roots in the litter layer.



XX
High concentrations of fungi, mites, nematodes and some macrofauna (e.g., beetles, centipedes, etc.)
Springtails and mites are tiny arthropods that eat bacteria and fungi associated with decaying vegetation. 
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15 week time lapse

Microbes only rse soil fau

https://vimeo.com/222168889

Made by: Wim van Egmond Slide 24
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https://vimeo.com/222168889 

The system on left has no animals (only microbes).
The system on right has microbes plus soil fauna such as earthworms, potworms, collembola, mites and isopods

Time lapse is over a 15-week period. 

THIS PROCESS IS CALLED “BIOTURBATION”:
Mixing of residues into soil by biotic activity. 
Stimulates decomposition
Creates habitats for other organisms
Increases gas- and water flow through the soil. 

“It might take a village to raise a child, but it takes all three functional groups to cycle carbon.



XX
This video is part of the Soil Life in Action project. The movie can be used for education. For other use please contact us.”


https://vimeo.com/222168889
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Earthworm and Root Channels

Large pores

“Highways” for moving organic
matter, air, water

Nutrient and microbe rich

- PrLavelle
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Facilitate root growth

Beare et al. 1995. Plant & Soil 170:5-22; Kuzyakov

NRCS | SHD | Soil Biology | v2.2 et al. 2015. Soil Biol Biochem 83:184-199 e
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2.  EARTHWORM AND ROOT CHANNELS
Large pores
Rich in N, P, organic matter, and thus
Rich in microbes
   Increased air and water movement
   Provide easy routes for plant roots   
   Worms mix and move litter into the profile

Gee whiz earthworm facts:
Charles Darwin found that earthworms can learn which tree species produce leaves that are more easily pulled underground from the tip of the leaf vs the petiole.

Earthworms prefer soils that are not very acidic and actually secrete CaCO3 in their guts, making the soil even less acidic. 
In Rothamsted Experimental Station in Britain, workers drew lines with chalk (CaCO3) for tennis courts. These lines created narrow bands of soil with more neutral pH than surrounding soil, which attracted earthworms and also predatory moles for years after the chalk had washed away.
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. pore space > 50%
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3.  Pore structure
A healthy soil tends to have about half of its volume occupied by pores. 
Since soil minerals average around 2.65 g/cm3, a healthy soil with 50% pore space has a bulk density of about 1.33 g/cm3 or maybe even less.
Compacted soils have <50% pore space and thus higher bulk densities.
Large pores are created by the ecosystem engineers (e.g., roots and earthworms).
Bacteria and fungi create smaller pores by helping form aggregates.

Pore function
Pores are the ‘lungs and circulatory system of the soil’ and provide for the flow of air and water.
Roots, fungi, and soil fauna move through pores. Bacteria can hitch rides on larger organisms. Mix of different sized pores important
Bacteria can be protected from protozoa, nematodes, earthworms inside very small pores
POM and microbes can be protected from regulators inside very very small micropores (next slide)




B — Bacteria
® | A-Actinomycetes
My — Mycorrhizae
' H - Saprophitic fungus
N — Nematode
CP - Ciliate protozoa
FP — Flagellate protozoa
" M - Mite
Sa - Sand
Si — Silt
C - Clay
OM - Organic matter
W - Water
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PORE SIZES:
Large pores provide air and water flow, root passage, and habitat for larger fauna.
Medium sized pores and edges of larger pores store water available for plants and soil biota.
Small pores provide protection for bacteria and organic matter.
When practices destroy pores:
air and water flow are disrupted
organisms are killed and bacteria are unprotected from predation, resulting in a feeding frenzy and rapid but temporary flush of nutrients
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Aggregate Surfaces

* Protect organic matter
and microbes

* Create pores

 Create stability and
resists erosion

* Created by microbial e Fafs

small pore

glues, fungal hyphae,
dead cells
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4.  AGGREGATE SURFACES
Aggregates are formed from mineral particles (sand, silt, clay) and organic matter
AGAIN:  Organic matter that is adsorbed onto aggregate surfaces is stable
Stable aggregates resist wind and water erosion
Unstable aggregates are caused by excessive tillage, heavy equipment, and unhealthy soil biology, low fungal populations, inadequate bacterial glues, and poor root growth.
Aggregates are created by physical and chemical soil organism functions   NEXT SLIDE
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== Soil Organisms Physically
Stabilize Aggregates

* Plant roots
* Earthworm casts
* Fungal and bacterial filaments

Roth, NRCS
L 3

Stabilization of soil
structure by actinomycete
(bacterial) filaments

* 0 - ia
4 \

Netlike fungal mycelia
stabilize micro-aggregates

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 Slide 29
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Gee whiz soil bacteria fact:
Actinomycetes (a type of bacteria that resemble fungi) and various blue-green algae produce geosmin, an organic chemical that contributes to petrichor, the wonderful earthy smell of soil after it rains. Geosmin is also responsible for the earthy smell of beets and the “muddy” smell of some fish like carp. Humans (and fruit flies) can detect the odor of geosmin at very low concentrations (e.g., 400 ppt). “Geosmin” is a combination of the Greek words for “earth” and “smell.” Petrichor is a combination of the Greek words for “rock” and the fluid that flows in the veins of the gods in Greek mythology.

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

-

!ﬁ-,—[.)_ég:i:::sr:f; Soil Organisms Chemlcally

Agriculture

Stabilize Aggregates

* Polysaccharides
* Proteins

Bacteria (ovals)

polysaccharides

SEM photo source: Eickhorst, Thilo & Tippkoetter, Rolf.
Micropedology — The hidden world of seils. University of

Glycoproteins on soil aggregates "
Bremen, Germany. http://www.microped.tni-bremen:.de

Nichols, USDA-ARS
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CHEMICAL BIOTIC AGGREGATE STABILIZATION:
Bacterial polysaccharides are sticky carbohydrates.
Glomalin is a glycoprotein produced by hyphae of arbuscular mycorrhizae. Sara Wright, a USDA-ARS scientist, discovered glomalin in 1996. It took a long time to discover because it sticks so tightly to soil particles that it’s difficult to isolate. Its exact chemical formula is still unknown. Glomalin may be how hyphae seal themselves to transport water and nutrients and also how they gain the rigidity needed to span large pore spaces. Glomalin takes 7-42 years to biodegrade. It’s possible that the glue effect is due to humic substances that are associated with glomalin and are extracted with the hot citrate process used to extract glomalin. (Note: arbuscular mycorrhizae are the symbiotic fungi that penetrate the roots of their host plants).

AGAIN, SOM adsorbed onto soil particles (“mineral associated SOM) is very stable and represents significant global C sequestration.
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Rhizosphere

* Root exudates
stimulate microbes
& predators

. Symbiosis

Protection

Chemical signaling

Nutrients

Resilience
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5.  IMPORTANCE OF ROOTS:
Rhizosphere = root surface and the surrounding area.
Already discussed:
Exudates and sloughed off dead root cells feed microbes (and thus their predators)
Roots reduce erosion and create biopores
Diverse, continuous living roots provide food and habitat for diverse soil biota
In addition:
Deep roots cycle nutrients (e.g. nitrate) that would otherwise escape the soil ecosystem


-

USDA sressu
.
Rhlzosphere Key Organisms
Bacteria Fungi
* Most numerous = Saprophytic
—> 2-5% of SOM but — Pathogenic
responsible for 90% of = Parasitic
energy flow —> Mycorrhizae
e 1 g can contain 10 * Up to 5 tons per acre
million bacteria and
one million species. Protozoa & Nematodes
* 0.5-3 tons per acre *Consume microbes and

(Killham 1994) recycle nutrients

Turbe et al 2010; Coleman & Crossley 1996; Nannipieri & Badalucco 2003; Global Soil Biodiversity Atlas.

NRCS | SHD | Soil Biology | v2.2 2016. Orgiazzi, Bardgett, Barrios et al. Slide 32
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CLICK   bacteria responsible for about 90% of soil energy flow (SOM decomposition)

Gee whiz fungi facts:
CLICK:  Saprophytic fungi obtain energy and nutrients from dead organic matter and are a critical part of carbon and nutrient cycles.
CLICK:   Pathogenic fungi are responsible for numerous important diseases. E.g., Phytophthora infestans is a pathogenic fungi responsible for late blight of potatoes, the cause of the Irish potato famine that resulted in over a million deaths and the exodus of perhaps 2 million people from Ireland between 1845-55. The famine was partly caused by mono-cropping of potatoes.
CLICK:  Parasitic fungi:  
Metarhizium fungi are a parasite that kill the eggs, larva, and adults of over 200 insect species.  
Some soil fungi (e.g. Blastomyces) can infect humans who inhale spores.
Note that several soil bacteria also cause human disease, including tetanus, meningitis, and gastroenteritis.

Protozoa and nematodes are important in nutrient cycling…. (next slide)


https://en.wikipedia.org/wiki/Metarhizium_anisopliae 
Dr. Mary Barbercheck, Cornell University, 2018 
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Marianne Clarholm, Uppsala Sweden, sterilized pots of soil and then inoculated them with bacteria. Some of the treatments:

Bacteria only.
Bacteria + glucose.
Bacteria + glucose + protozoa.
Bacteria + glucose + protozoa + wheat. (maybe wheat didn’t have a chance to grow very large in these small pots of 35g soil).

Bacteria need a carbon source, protozoa predation on bacteria releases mineral N and that growing roots stimulate the growth of bacteria and protozoa.

THUS, plants manipulate soil microbes AND plants are an important factor in soil health practices. I.e. it takes an ecosystem.

Units are mg N per microcosm (35 g soil).

Clarholm, Interactions of bacteria, protozoa and plants leading to mineralization of soil nitrogen 1984 Soil Biol. Biochem. Vol. 17, No. 2 pp. 181-187 
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Extension of Corn Root Surface Area through

Mycorrhizal Fungi |V|yCO rrh |Zae
Mykds (fungus)- riza (root)

* 5-20% of photosynthetic C
‘feeds’ fungi
* |ncrease root surface 10x

* Nutrient uptake, especially
P and Zn

e Suppress pests and
diseases

* Fungal networks build soil
aggregates

A" Root

Root hair “~'{:, \,’
Mycorhyzal fungi__;__ﬁ ':_‘ H ~
} - &

» ’ ~ moisture
’ " retenticn .
-~ _ Slide 34
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MYCORRHIZAE (M)
Greek word meaning fungus root 
Symbiosis:  plants provide 5-20% of their C to feed mycorrhizae, which then scavenge nutrients (especially immobile nutrients like P) for plants.
Brassicas are an example family that are non-mycorrhizal.
However, most crops are mycorrhizal, including onions, corn, wheat, potatoes, alfalfa, most vegetables, apples, grapes, many trees.
Usually two types of M are considered:  arbuscular and ecto, but there are also ericaceous and orchid M.  Truffles are ecto.
Arbuscular, aka endoM, penetrate through the cell walls of root cells with structures called “arbuscles.” AM are most common.
EctoM grow into the roots and form a net-like structure between cells. EM mostly in coniferous forests.

Gee Whiz Fact:
M transfer compounds from one plant to another, including carbon, minerals, water, stress chemicals, allelochemicals, even between plants of different species. Book recommendation:  Finding the Mother Tree, by Suzanne Simard. 



XX

http://extension.psu.edu/plants/crops/cropping-systems/documents/mycorrhizal-fungi-and-field-crops.pdf 
(see david Sylvia’s web page for C fluxes https://sites.psu.edu/dmsylviaweb/mycorrhiza-overview/ )
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N FIXATION
Symbiosis:  plant provides C, nutrients, water;  rhizobium bacteria, living in nodules on the roots, convert N2 to NH3 in a process called “fixation.” 
Plants require NH4 or NO3 as N sources (although insectivorous plants can get N from their prey).
N critical element in amino and nucleic acids. Not a coincidence: plants that require high N to produce high protein seeds and leaves (beans, soybeans, alfalfa) have symbiotic N fixation.
Microbial N fixation is twice the N fixed by industrial sources via Haber-Bosch.

Gee whiz factoids:
Rhizobia use a heme protein to fix N. Heme proteins are red: blood and the inside of legume root nodules are red or pink.
Heme proteins contain iron and are part of what makes cooked meat taste and smell good.
Pat Brown, who founded the Impossible Foods company that makes plant-based meat substitutes, remembered his high school bio teacher taught that rhizobia have heme proteins. Brown’s company genetically engineered the heme from soybean rhizobia into a strain of yeast to produce heme used in Impossible Burgers.
 

XX

American Society for Microbiology:  The Microbial Reasons Why the Impossible Burger Tastes So Good (asm.org)

Lewis, Wayne; Lowenfels, Jeff. Teaming with Microbes: The Organic Gardener's Guide to the Soil Food Web, Revised Edition (Kindle Locations 629-642). Timber Press. Kindle Edition. 
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Photo source: Barry Fisher,
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Root cartoon and organism images: Orgiazzi , Bardgett, Barrios et al. 2016. Global Soil Biodiversity Atlas.;
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REMEMBER HOTSPOTS
Litter layer
Root and worm channels
Pore spaces
Aggregate surfaces
Rhizosphere (most important)

When thinking about ways to improve soil health, assess the condition of each hotspot type.


Managing Biology

NRCS | SHD | Soil Biology | v2.2

Image from Orgiazzi et
al., 2016
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Increasing Soil Biodiversity

* Maximize presence and duration of hot spots
* Minimize disturbance

* Diverse plant species, varieties, stages: crop
rotation, cover crops species/timing/termination

* Nutrient management
* Biologicals (promise but can be snake oil)

* Monitor functional groups
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MANAGEMENT FOR SOIL MICROBES:
Different plant species, varieties, and plant growth stages select for different microbial populations.
Fertilization:  higher plant productivity generally increases soil microbe activity. Exceptions:  over-fertilization disrupts soil biota, and N fertilizer on legumes decreases rhizobial activity.
Biological amendments may have promise, but consistency, quality, and cost are issues.
Also, remember this famous quote by the Dutch microbiologist Baas Becking from a 1934 publication:  “Everything is everywhere, but the environment selects.” In other words, it’s generally not useful to add microbial mixes to soil – they are all probably there already but just need the proper conditions to thrive. This quote is often incorrectly credited to another Dutch microbiologist Martinus Beijerinck.
Tillage tends to reduce microbial diversity and favor bacteria over fungi.
No-till and cover crop systems don’t reduce bacteria levels, but do increase fungi, nematode, and larger protozoa activity and overall soil biodiversity.

BUT, IN SIMPLE TERMS, SOIL ORGANISMS NEED TWO THINGS:

Society for Applied Microbiology:  ‘Everything is everywhere, but, the environment selects’; what did Baas Becking and Beijerinck really say? - De Wit - 2006 - Environmental Microbiology - Wiley Online Library

Smith .C.R. et al. 2016, Microbial community responses to soil tillage and crop rotation in a corn/soybean agroecosystem
Ecol Evol. 2016 Nov; 6(22): 8075–8084. 
Published online 2016 Oct 14. doi: 10.1002/ece3.2553



What do Soil
Organisms Need?

* Food
. Provide diverse SOM inputs

e Habitat

. Minimize disturbance of habitat
(aggregates and litter)

. Protect against major swings in
temperature, water, & chemistry
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NRCS has built these processes into four principles of soil health….  (next slide)
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Soil Health Principles

Protect Soil
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NRCS SOIL HEALTH PRINCIPLES:
Feed soil biology with diverse, continuous inputs (C sources, energy)
          1.  Maximizing continuous living roots
          2.  Maximizing bio-diversity

Protect habitat (aggregates and organic matter)
          3.  Minimize disturbance
          4.  Maximize soil cover



For More Info

-
GLOBAL

SOIL BIODIVERSITY
ATLAS

Orgiazzi et al., 2016
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FREE ONLINE

https://op.europa.eu/en/publication-detail/-/publication/c54ece8e-1e4d-11e6-ba9a-01aa75ed71a1

Alberto Orgiazzi, European Commission Joint Research Service, Italy
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European Commission DG ENV

Soil biodiversity: functions, threats and
tools for policy makers

[Contract 07.0307/2008/517444/ETU/B1]

Final report

February 2010

Turbé et al., 2010
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FREE ONLINE

https://hal-bioemco.ccsd.cnrs.fr/bioemco-00560420/document

Anne Turbe, Bio Intelligence Service, Paris, France
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Life in the Soil

A Guide for Naturalists and Gardeners

JAMES B. NARDI

2007
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ORDER ONLINE ~$25

Life in the Soil: A Guide for Naturalists and Gardeners, Nardi (uchicago.edu)

James Nardi, University of Illinois   
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