Soil Biological Engineering to Enhance your Bottom Line
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“The process repeated over millions of years of the dying-down of the green carpet and its
renewal is something wonderful. It is secured only because Nature has the unalterable habit of
returning to her soil -- whence all life springs -- all her wastes. This she never omits. Nothing in
Nature's green carpet is thrown away; nothing is discarded. There is a regular and uninterrupted
cycle which never stops. Nature practices complete continuity and complete conservation. We
speak of the wastes of Nature, but there are no wastes; there are no dust bins, no sewers and no
rubbish heaps; there is only a scattering of material, a fresh collection and a transformation.”

- Louise Howard, The Earth’s Green Carpet, 1947

Soil quality is the biggest barrier to higher crop yields particularly for farmers in sub-Saharan
Africa and south Asia (Dance, 2008), because soils impact the ability of the Earth’s ecosystem to
sustain plant and animal productivity, maintain or enhance water and air quality, support human
habitation, and control pests, such as weeds, insects and other plant pathogens. Despite the
importance of soil to all life on Earth, soil is the not well understood *big black box’. Therefore,
the next revolution in agriculture needs not to be a green revolution or an iron (i.e. equipment)
revolution; it needs to be a brown revolution. In this brown revolution, the root of the problem is
the root of the solution, namely plant roots.

Throughout the growing season, it is estimated that a quantity of carbon (C) equal to about 100
to 1000 kg ha™ or 10 to 35% of the total C assimilated by arable crops is released into the soil as
root material, exudates, and other soluble products (Juma, 1993). This photosynthetically-
derived carbon is used by plants as the ‘currency’ to ‘purchase’ nutrients from the soil via soil
organisms. The diversity of these organisms far exceeds any aboveground ecosystem, even that
of a tropical rainforest. In 1990, DNA-based methodologies estimated about 4000 different
bacterial genomes per gram of soil, but more recent studies and models have pushed the number
up to as high as 830,000 (Dance, 2008). Many species may be redundant — eating the same
foods and fulfilling the same ecosystem jobs, but as stated above, ‘nothing is discarded’ and
‘nature practices complete continuity and complete conservation’. This cycle of materials
through the interplay of the biological, physical, and chemical components of soil may continue
uninterrupted, but it may be altered by the way in which soil is managed and this, in turn, will
impact the products which come out of this cycle or the soil function.

Soil functions such as water infiltration, water holding capacity, water retention, gas exchange,
and nutrient cycling, are impacted by soil structure which is the arrangement of the solid parts of
the soil and of the pore space located between them and is related to particle-size distribution,
bulk density, and percent organic matter. In turn, particle-size distribution, bulk density, and
percent organic matter are all impacted by the five soil forming factors (i.e. parent material,
climate, time, topography, and organisms) and by soil management or human use (Karlen et al.,
1992). Because the biological, chemical, and physical features of soil are all interrelated, it is
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difficult to separate them. Soil aggregate form and function is an intersection of the biological,
chemical, and physical features and is arguably the most important soil quality parameter. Soil
aggregates are pellets or clumps of soil which range in size from about 0.053 to 0.25 mm
microaggregates to 0.25 to >8 mm macroaggregates. Figure 1 illustrates how differences in the
sizes and amounts of these aggregates influence the size, distribution, and continuity of pores or
open space between these constituents.

Figure 1. These four pictures illustrate how the variations in size and distribution of soil
aggregates impact soil porosity. The picture on the far left is of a soil containing mainly
large macroaggregates while the picture on the far right is an example of a soil dominated
by microaggregates.

Soil Aggregates as Feats of Biological Engineering

The engineering of soil aggregates starts with obtaining the needed components — sand, silt, clay
minerals, anions and cations, plant roots, fungal hyphae, bacteria, microarthropods (i.e.
microscopic insects), and organic matter. Soil parent material, such as weathered bedrock (e.g.
limestone, sandstone, gneiss, schist, etc.) or boulders transported by glaciers, is broken down
slowly by rain, wind, growing plants, and soil organisms into the primary particles — sand, silt,
and clay — and various anions and cations. Plant roots provide an anchor for the aboveground
plant and explore the soil environment in search of water and nutrients. The threadlike bodies of
most soil fungi (i.e. fungal hyphae) grow out of and around plant roots, while bacteria and
microarthropods begin to colonize the C-rich environment around the roots (i.e. the rhizosphere).
As plants, animals, and microorganisms die, their remains become organic matter or the healthy
dark brown or black component of soil.

Assembly of a soil aggregate is similar to the assembly of a house. The first step is to put up the
frame. In the case of an aggregate, the frame is made up of fine plant roots and fungal hyphae
which form a “net’ or ‘sticky-strip bag’ to trap the other aggregate components (Miller et al.,
1995). Sand, silt, clay, and organic matter, and plant, microbial, and animal debris begin to clog
this net similar to stuffing insulation between the boards of the house. Sticky, sugar exudates are
released from plant roots and by bacteria and other soil organisms which act as the sheet rock or
wall boards holding the insulation in by ‘gluing’ the material which clogs the net together.
Cations chemically react with organic matter and clay minerals to bind these materials together
providing more structural stability for the aggregates. Finally, large films of sugar exudates (i.e.
polysaccharides) or biofilms and exudates from fungi such as glomalin (i.e. a fungal
glycoprotein) form a hydrophobic (i.e. water-hating) barrier on the aggregate surface which acts
like a coating of paint to protect the walls from the elements (Nichols and Wright, 2004). This
feat of engineering requires inputs from a number of different organisms, and these inputs are
mainly C based and require C to be formed. In other words, it requires a lot of C and energy
which is obtained either directly or indirectly from the plant in order to engineer an aggregate.



Figure 2. Fine plant roots are visible as a frame for these 1-2 mm soil aggregates. This
illustrates the close relationship between aggregate formation and the plant rhizosphere.

Managing for Soil Biology and Soil Aggregates

Three major conditions are required to provide the right components in the right place with the
right amount of energy and environment to form soil aggregates. These conditions are a
consistent influx of diverse C compounds, a lack of disturbance, and an environment where
water and air can easily flow and devoid of chemicals which may be toxic to or inhibit the
growth of the required soil organisms. Root and litter inputs from higher plants provide most of
the energy or carbon inputs (Juma, 1993). The consistency of C flow and the types of C
compounds provided will alter the number and types of organisms present in a particular
environment. To maintain consistency, some plant must be conducting photosynthesis (i.e.
growing on the soil surface). To provide the diversity of food types needed by these different
organisms, an array of plant types need to be growing. Soil is living and like any living
organism requires a balanced diet to be healthy. Normally only one type of crop plant is grown
per year. This is like feeding the soil a donut diet which may support the growth of some
organisms but will not make a healthy soil.

Tillage is the major activity to disrupt aggregate assembly and physically destroy existing
aggregates. Running a plow or disk through the soil is like taking a wrecking ball through a city
destroying neighborhoods and scattering people and materials. In the soil, a similar pattern
occurs, the aggregate (i.e. neighborhood) normally has plant roots and fungal hyphae (i.e.
buildings) which provide structure, sugary exudates and organic matter for food (i.e. the grocery
store), biofilms and glomalin for protection (i.e. the police and fire departments), and a wide
variety of living organisms (i.e. the people). When an aggregate is destroyed, all of the
organisms are scattered away from their protected environments and food sources. This makes
these organisms and their food sources susceptible to the elements — wind and water (i.e. erosive
forces) and fire (i.e. attack by larger organisms).



An environment conducive to aggregate formation and maintenance is one with adequate
openings to the soil surface for water and gas flow and without harmful chemicals. For an
aggregate and its associated organisms, this means pore space and low levels of synthetic plant
nutrients (i.e. fertilizers) and pesticides. Pore space is the space between aggregates and primary
particles (i.e. sand, silt, and clay minerals. Water and air movement in soils is dicated by the
amount, size, and continuity of soil pores or soil structure. Even a small clump of soil has a
gradient of water and oxygen from its edges to the center with different organisms growing in
each environment. The larger number and size of pores as well as continuous linkage between
pores allows water or air on the surface to rapidly enter the soil. However, if pore size and
number is too large, such as in very rocky or sandy soils, the water flows rapidly through the soil
and is not retained for living organisms. If the pore space is too small, water will run-off the soil
surface rather than infiltrate and oxygen and carbon dioxide exchange will not occur. Both of
these conditions will limit the growth of soil organisms. The levels of nutrients in the plant
available form, such as those found in synthetic fertilizers, will limit the growth of soil
organisms and aggregate formation by disrupting the cost-benefit ratio between the plants which
are providing C via photosynthesis and the organisms which need that C to live. The plant
exudes C substances from its roots as the “currency’ used to ‘purchase’ plant-available nutrients
which are formed from the decomposition of organic matter and the breakdown of soil minerals
by soil organisms. If the plant-available nutrients are present near the plant roots in high
amounts, the plant will consume these ‘low cost’ nutrients before exuding C into the rhizosphere
to feed soil organisms. This will reduce the flow of C to these organisms and their activities,
including aggregate formation, will cease. Pesticides, such as fungicides, present in high
concentrations in the rhizosphere will also limit organism growth.

The BOTTOM LINE

Modern agricultural practices put a great strain on the soil often resulting in the loss or extreme
degradation of its organic layer. It is estimated that since land was first cultivated, the amount of
C lost to the atmosphere from this organic layer is 30 to 60 Mg ha™ (Lal, 2006). This C supports
of growth of organisms that enrich soil and make it more productive. The outcome is reduction
in crop performance, nutrition, and productivity that must be offset with increased application of
fertilizers. Sustainable agriculture by definition requires agricultural systems to last indefinitely
or to meet the needs of the present without compromising the ability of future generations to
meet their needs. However, in order for this to happen, aboveground production must be linked
to belowground production and visa versa. One estimate of the value of the free services
provided by the world's soil biota is US $1.5 trillion or more each year (Dance, 2008).

To maximize efficiency, a system needs to be formed which provides the most benefits at the
least cost. The formation of soil aggregates is one of the services provided by soil organisms to
maximize the efficiency of a crop production. Firstly, in looking at the organisms involved, the
question is “Why would bacteria produce polysaccharides or fungi produce glomalin for
aggregate formation or how does this maximize efficiency?” As stated above, soil aggregates
are like neighborhoods where soil organisms are near their food sources and are protected from
the elements. In this case, it is easy to understand how the amount of energy used by the
organisms to form aggregates is balanced by benefits obtained by reducing the amount of energy



required to access food and for protection. For the plant, the energy required for aggregate
formation also is exceeded by the benefits. The benefits to the plant are having easy access to
their food source (i.e. the plant-available nutrients obtained by the decomposition of organic
matter) and creating a favorable environment for growth. Reducing the distance between the
plant roots and plant-available nutrients reduces the amount of carbon-based exudates and water
the plant wastes in obtaining these nutrients. A favorable environment for plant growth comes
from having an adequate amount of pore space for root growth without compaction and water
and air flow. In semi-arid environments, soil aggregates will maintain pore space to capture
every raindrop where it falls while the discontinuity between pore space in and around
aggregates will assist in water retention by making it more difficult for water to be conducted to
the surface in response to evaporative pull. In sub-humid environments, soil aggregates will
assist in water infiltration which will reduce ponding and run-off. The pores created with soil
aggregation also allow for gas exchange between the soil environment and the surface to support
the growth and respiration of plant roots. The bottom line is no matter where you live or what
you want to produce a healthy soil results in a healthy plant which produces a healthy
pocketbook.
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