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Living Soils

« Soil is organic (i.e. living)

« Billions of organisms

representing millions of
species of arange of
sizes and shapes

more organisms than the [l
total number of people

that have ever lived on
earth.

Microbial engineering is the process by which
microorganisms manipulate their environment
to insure their own survival. The manipulations
of billions of organisms interact resulting in
changes which may be seen on a macroscopic
scale. In some cases, although some organisms
may be microscopic, their reach may be
macroscopic. In fact, the largest organisms in
the world are microscopic fungi. For example,
a honey mushroom (Armillaria ostoyae)
identified by Dr. Catherine Parks has
microscopic fungal hyphae or threadlike strands
over 2,200 acres (880 hectares) of the Malheur
National Forest, in eastern Oregon. The fungal
organism measures 3.5 miles (5.6 kilometres)
across but extends only about three feet (one
metre) down into the soil and is estimated to be
more than 2,400 years old.

On average, cultivated soil in the Corn Belt has
lost from 20 to 50% of its organic matter. The
loss of organic matter has lead to the formation
of compacted/heavier soils. A furrow slice now
weighs from 100 to 300 tons more per acre (10-
30% increase) than it once did. This requires
equipment with more power to plow the field.
Compaction also negatively impacts infiltration
— a field may have standing water on the
surface, but the soil 12 inches below the surface
will be dry. This surface crusting is usually
only one-eighth inch to 1 inch thick but it can
slow water movement by a third or a a fifth.
Studies show that only one-fifth inch of water
will pass through the plow layer per hour this is
16 times slower than the 3.2 inches per hour
which passes through soil with good tilth. Soil
with good tilth may also hold about 17% more
water which is available for plant growth. -
Your Soil Crumbly or Cloddy? USDA-Soil
Conservation Service (Natural Resources
Conservation Service) Leaflet No. 328. U.S.
Government Printing Office. 1952.
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Slide 3 The Soil Food Web The organisms in the soil are organized into a

: complex foodweb which begins with food
coming from the plant as organic matter (i.e.
decomposed leaves, stems, roots, etc.) and
exudates which come from plant roots.
Organisms that feed off of this plant material
produce waste materials or act as food sources
for the next trophic level (i.e. position in the
food chain). This continues up through the food
chain until macroscopic organisms are reached.
However, rather than it being structured like a
chain in one direction, it is actually more like a
web or intersecting cycles of energy and
nutrients where the bodies and waste products
of one organism becomes the food source for
another organism, making each organism in the
food web both predator and prey.

Slide 4 Basic Photosynthesis Photosynthesis is a biochemical process where
6o ot 06 . oo, carbon dioxide (CO,) and water (H,0) are taken

. up by the plant and converted to sugars
(CgH1,0¢) and oxygen (O,) using energy from
the sun. This process occurs in the green parts
of the plant.

Slide 5 Soil organic matter or soil carbon is what gives

soil its rich color. Soil organic matter is made

up of decomposing or rotting bodies and waste
% products from macroscopic and microscopic

B e o e oceaien organisms.

» As,soil ofganic matter increasés from 1% to 3%,
the available water holding capacity of the soil
doubles (Hudsom; 1994).

> Organic maftéris the goddess of our soils and
therefore we have to worship her. - Nond Pereira,
30 years af continuouswo tillage, Brazil

> | conceive that land belongsao a vast family.of
which many ate'dead, few are livifig, and'
.~ sBuntless'numbers are unborn ....—Nigerian
Chieftain




Slide 6

Slide 7

Slide 8

Microbial Engineering to Enhance Your Bottom Line
Kris Nichols, Soil Microbiologist, USDA-ARS, NGPRL

It’s all about the food!
- Where does it come from?
- How much does it cost?

- How consistent is the source?
- What type of food is it?

FOOD = CARBON = ENERGY

Carbon is the food source for almost all soil
organisms. It is found in every cell and every
molecule in all plants and soil organisms. It
also provides the energy for plants and soil
organisms to live — move, obtain food, grow,
and reproduce. This carbon comes from
photosynthesis.

All organisms are working for their own
survival. They need to obtain the most food at
the least cost. In other words, all organisms are
constantly manipulating their physical structures
and/or their growing environment to reduce
their carbon costs and increase their benefits.
This is similar to the way a tree or plant works,
where photosynthesis which requires sunlight
for energy is maximized by increasing the plant
surface area exposed to sunlight. In other
words, leaves are on branches which extend out
from the trunk to increase exposure.

Belowground plant roots and soil organisms
mimic many of the processes which occur
aboveground to improve the efficiency of food
uptake. For example, just like putting leaves on
branches to optimize access to sunlight, roots
branch away from the tap root to obtain
nutrients and water from the soil.
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To maximize efficiency, the plant will add more
branches. However, the branches can only pick
up the nutrients they can touch.

For the same cost as making branches, the plant
could join together with mycorrhizal fungi, a
beneficial type of fungi. The fungal body is
made up of fine threads which could extend
further into the soil and pick up nutrients.

The mycorrhizal fungi bring nutrients back to
the plant and trade them for sugars made by the
plant through photosynthesis. To get the most
sugars from the plant, the fungi have to deliver
nutrients at a low cost, meaning that they need
as many nutrients as possible to be available.
The nutrients the plants need are made available
by the decomposition of organic matter and soil
minerals by soil organisms, such as bacteria and
other fungi. These organisms need energy to do
this and get it from the plant through the fungal
hyphae.
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Organic matter (i.e. carbon) and soil
organisms form soil aggregates

Why are aggregates important?

+ Improve Soil Structure

v Porosity
- Root penetration
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Not Well Aggregated Soil

To improve the efficiency of the process even
further, plant roots, root exudates, fungal
hyphae, and the growth of bacteria and fungi
around them form pellets in the soil or soil
aggregates. These aggregates come in different
shapes and sizes and act as stable microbial
towns which provide protection against
predators, floods, and toxic chemicals and easy
access to food sources, such as particulate
organic matter (POM) or other microbes. When
the microbes in these towns consume their food,
some of the excess nitrogen, phosphorus, and
other nutrients are released in a plant-available
form. The arbuscular mycorrhizal (AM) fungi
transport these plant-available nutrients back to
the roots where the arbuscules are located.
Nutrients flow out of the arbuscules and are
used as currency to pay for food (i.e. carbon)
from the plant which the AM fungi use to make
more hyphae or feed soil bacteria and fungi
which provide plant-available nutrients.

Porosity, or the amount of pore space/openings,
in the soil is greater in a well aggregated soil
than in a not well aggregated soil. This space
provides room for root growth.
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Slide 14 Sl (Eess e o el When a root encounters an area of compaction
. , _ where the soil is not well aggregated, the root
exerts energy to try to penetrate that layer. If it
cannot penetrate the layer, then it will grow
sideways around the zone of compaction. This
process takes more energy and more carbon
than would be required to grow straight down.

In poorly aggregated soil, or
cor

Slide 15 Why are aggregates important? Porosity also provides space for oxygen and
carbon dioxide gas exchange to occur in the

. Porosiy soil. Plant roots and almost all soil organisms

» G in the first 4 inches (10 cm) of soil are aerobic,

. wate nfiradon meaning they take in oxygen and give off
 Meerhordng cpsely carbon dioxide through respiration. In addition
to allow gases to enter and leave the soil, the
greater pore space in a well aggregated soil
allows water to quickly flow into the soil (i.e.
infiltrate) rather than pool on the surface.
Finally, the space between the aggregates may
be filled with water which stays next to plant
roots for when the plants need it. While carrying
out research at University of Sydney during
2004, Glenn Morris found that for every 1%
increase in SOC levels, an additional 14.4 liters
of water could be stored per square meter of soil
in the top 30 cm of a soil profile with a bulk
density of 1.2g/cm3.

= Improve Soil Structure

Slide 16 Aggregate Stabilization Model Soil aggregates are formed by the collection of
soil particles on the roots and fungal hyphal net

and the gluing action of polysaccharides
produced by roots, bacteria, and fungi. These
aggregates are have openings on their surface
and inside of them which are indicated by the
gray space in this diagram.
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When it rains, water rushes in through the
openings so quickly that the gases which are in
this open space do not have time to escape or to
dissolve in the water. As the space for these
gases shrinks, pressure begins to build. This is
indicated by the gray diamonds.

Aggregate Stabilization Model

Aggregate Stabilization Model When the pressure gets to be too much, the
gases blow outward with an explosive force
which destroys the aggregate.

If some of the openings on the surface of the
aggregate can be closed by molecules, such as
glomalin, then the water enters the open space
within the aggregate more slowly.

Aggregate Stabilization Model
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Aggregate Stabilization Model

Rainfall Simulator

The water enters the aggregate at a slow enough
rate that the gases have time to dissolve or
escape and pressure does not build exploding
the aggregate.

A rainfall simulator may be used to simulate the
affects of rain on the soil surface.

These soils were placed under a rainfall
simulator with all the samples watered the same
amount. When there are growing plants (first
sample) or high amounts of residues (third
sample) on the soil surface, more of the water
will flow into the soil and remain in the soil in
the pore spaces between aggregates. When
there is less residue and the soil aggregates are
not very stable, more water will run-off carrying
soil particles from within exploded aggregates
with it (see the second and fourth sample).
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Slide 23 .
Water Infiltration
[ = =
= ="
Conventional Undisturbed
Slide 24 Why are aggregates important?
= Improve Soil Structure
v Porosity
- Root penetration
- Aeration
« Water infiltration
- Water holding capacity
v Erosion control
Slide 25

Following a rainfall simulation exercise, the
pans or trays containing the soil were inverted
over a tarp and the soil was dumped out. The
sample from the conventional system was dry
on the bottom whereas the sample from an
undisturbed system was wet all the way to the
bottom. Also note the darker color and better
structure of the undisturbed soil. When the
aggregates remain intact and there is more pore
space, the water will flow into the soil rather
than running off of the surface.

Improved soil structure due to more soil
aggregates is also beneficial for controlling
erosion because particle size — diameter and
mass — is a component used to predict soil
erosion rates. A fundamental concept of erosion
is that the amount of energy required to move a
particle increases as the size and mass of that
particle increases. Therefore, it would take
higher velocity winds or raindrops which are
larger or falling at a greater velocity to move a
soil aggregate than to move the particles (i.e.
sand, silt, clay, or POM) within the aggregate
alone.

Fall tillage results in the breakdown of soil
aggregates creating smaller particles which are
easily transported off the field by melting snow
or are carried into the ditches by wind. In 2001,
the NRCS estimated that 1.8 billion metric tons
of topsoil was lost by erosion.
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Slide 26 BUILD SOIL BIOTA
< To cultivate soil organisms, they
need:
Slide 27 Continuous Cover
and Crop Diversity
Slide 28 Continuous Cover

and Crop Diversity

Continuous Wheat

10

To build soil biota and improve soil health,
think about what your basic needs are and make
sure that the soil is in a position to satisfy those
same needs in the billions of organisms living in
the soil. Your first basic need is food, without
food you cannot live.

If you only have a plant growing every other
year and you are growing the same plant type,
especially a short season plant, than you will be
putting very little in your carbon in soil bank
and inadequately supporting biological growth.

When you modify your cropping system to have
a crop every year, you will bank more carbon
and stimulate more biological growth.



Slide 29 Continuous Cover
and Crop Diversity
Minimum Diversity
Slide 30 Continuous Cover
and Crop Diversity
Maximum Diversity
Slide 31

Continuous Cover
and Crop Diversity

Maximum Diversity with Cover Crops
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As you increase crop diversity, you will
increase the amount of carbon you are banking
and starting feeding a greater variety of soil
organisms.

The more you increase your crop diversity, the
higher your soil carbon bank will grow and the
better you will be able to support soil organisms
and improve soil health.

The more living plant cover you have, the more
carbon you are putting in the bank. As you put
more carbon in the soil bank, the improvements
to soil health will reward you with more
efficient plant growth. In other words, you will
be able to grow more on less resources.



Slide 32

Slide 33

Cover Impacts Soil

Temperature

Cocktail

Raddish
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In 2006, the Burleigh County Soil Conservation
District planted several different types of a
cover crops and a cover crop cocktail into the
same field. Because of the drought that year, the
impact on single species of crops was readily
demonstrated. The upper left picture shows
what the turnip cover crop looked like, the
upper right picture was of oilseed radish, and
the bottom picture contained a cocktail of
millet, cowpea, sunflower, soybean, turnip, and
oilseed radish. The advantage of the cocktail is
that the plants had different rooting depths,
giving them access to different moisture zones,
whereas in the single species plots, all the water
was being sucked from the same place, and the
different plant heights and leaf sizes allowed the
soil to remain completely covered. In addition,
the mixture contained a diversity of crops
including grasses, oilseeds, and legumes. The
legumes provided N to the system by nitrogen-
fixing rhizobium and may have transferred
some of this N to the grasses and oilseed crops
when both plants were associated with the same
mycorrhizal fungus.

Having leaves of different sizes in the cover
crop cocktail provided better cover of the soil
during the hot, dry 2006 summer near
Bismarck, ND, which dramatically reduced the
soil surface temperature. At higher
temperatures, plant root growth and microbial
activity is almost non-existent putting further
pressures on the ability of the plants to grow
successfully in this system.
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When seeds are planted with all of their fertility
requirements for the entire growing season

available to them right near the seed, the seed

will germinate and the roots will pick up those
S nutrients rapidly before they are leached

O o through the soil or tied up by soil minerals. To

b SOR

the growing plant, the high concentration of
available nutrients is like having a big buffet
and the nutrients will be used rapidly to produce
a very healthy looking green plant.

Slide 35 As the growing season moves on, the supply of

plant-available nutrients shrinks and the plant
begins to starve. This is especially critical if the
plant is in the process of forming the seed,
which requires a large amount of nutrients,
especially nitrogen. The plant then tries to
extend its roots further out into the soil and give
off exudates to attract soil microorganisms,
which shifts carbon away from plant growth and
seed formation. In addition, the timing of this
may be too late in the season to get enough
microbial activity and root growth to feed the
starving plant. This may result in a yield
decline despite having added a lot of fertilizer to
the soil at or around planting and having a very
healthy looking plant initially. In other words,
the plant consumes the big buffet of nutrients
available around its roots very quickly without
knowing that those are all the nutrients that will
be applied and the rest must be obtained from
the soil.

13
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When seeds are planted with enough fertilizer

for the plant to germinate and begin growing.

The growing plant may not look as healthy

aboveground, but belowground it will be giving
— off exudates from its roots to stimulate

(8753 mycorrhizal fungi and microbial growth.

W (S)

Slide 37 The microbes and mycorrhizal fungi will be

attracted to the plant roots and grow near them
in large numbers to convert organic nutrients in
the soil into inorganic nutrients that the plant
can use. The mycorrhizal fungi will deliver
these nutrients to the plant. This process will
provide available nutrients throughout the
growing season and prevent the plant from
starving especially when trying to make seed.

Slide 38 After satisfying your need for food, you next
BUILD SOIL BIOTA would like to have shelter and a place to live

< To cultivate soil organisms, they and gI‘OW (|e a hablta.t)

need:

14
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Slide 40
Historic Loss of Soil Carbon
8000
7500 { I Conventional T Reduced
o gggg Tillage Tillage
26000
5 gggg 61% of 1907
S 4500
4000 53% of 1907
3500
3000
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Stabilize Aggregates

NT, SW-Ww-SF  Moderately-grazed
pastur

WSA = 14%, TG WSA = 47%, T6 WSA = 93%, TG
=24mgg! =32mgg! =79mggt
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Tillage causes the fungal network to be broken
up, and the organic matter that adds the richness
to the soil is now on the surface instead of being
buried below the surface. The hyphal fragments
and organic matter are rapidly consumed by
surface residue decomposers and the CO, that
came from the plant is now released back to the
atmosphere making the soil a source of
atmospheric CO, rather than a sink for CO..

Simulated total soil carbon changes (0 - 20 cm
depth) from 1907 to 1990 for the central U.S.
corn belt and a portion of the Great Plains. This
indicates that soil organic carbon levels dropped
to 53% of precultivation levels in the 1960s and
increased subsequently with the adoption of
conservation tillage practices and the advent of
higher yielding varieties which produce more
crop residues (Lal et al., 1998). Research has
shown that carbon (C) associated with the
microaggregates within macroaggregates
accounted for 20-47% of total C in NT systems
but explained 45-87% of the difference in total
C between NT and CT.

This study shows directly, the impact of plant
cover and tillage on soil aggregates. The top
three pictures show aggregates collected from
soils at the same location but under different
management scenarios (CT, SW-F —
Conventional tillage with spring wheat-fallow
rotation; NT, SW-WW-SF — No tillage with a
spring wheat-winter wheat-sunflower rotation;
and a moderately-grazed pasture) while the
bottom three are these same aggregates after the
addition of water. WSA is a laboratory
measurement of water stable aggregation while
TG is a measurement of glomalin in the soils.
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BUILD SOIL BIOTA
< To cultivate soil organisms, they
rop rotation
m continuous cover
s, cover crops, or
Stable aggregates that are not destroyed
by tillage
<+ The benefits of cultivating soil
organisms are:
=Increased soil organic matter
=Increased fertility
=Increased profitability
=Long-term sustainability
Slide 43 . :
Bottom Line in Ag Production,
1961-1996
v 6.9-fold increase in N fertilization
v 3.5-fold increase in P fertilization
v 10% increase in land farmed
v Doubling in amount of land irrigated
Tilman, 1999 (FAO)
Slide 44

To be a successful farmer one must first
know the nature of the soil.
- Xenophon, Oeconomicus, 400 B.C.

Northern Great Plains Research Laboratory
USDA-ARS, Mandan, ND
Kristine.Nichols@ars.usda.gov

http:/mww.mandan ars.usda.gov/ m

16

If you build the right environment (i.e. satisfy
their basic needs), then soil organisms will
come and you will reap the benefits.

The bottom line in ag production is that farmers
have been trying to improve the profitability of
the system and in the process these things have
occurred which have resulted in a decline in
ecosystem services and no increase in
profitability.



