


SOIL CARBON



OVERVIEW
In every stable ecosystem on Earth the mix of living organisms and their total biomass (including humans) is relatively constant.  Birth rates and death rates of all species are in balance and the emissions from decomposition processes resulting from natural senescence and the consumption of biological material in each system balance the rate of sequestration by plants.  From a greenhouse point of view, a stable ecosystem is carbon neutral.
Since the industrial revolution many eco-systems throughout the world have become unbalanced through two forms of human activity:
(1) excessive land clearing: this increases the death rate of a diverse number of living organisms and replaces them with a smaller number of organisms that people prefer (for example, replacing tropical rain forest with rice fields or oil palm plantations; replacing forests and woodlands with pastures and so on).  Globally this process adds about 7.3 billion metric tonne CO2e to the atmosphere each year, and
(2) the burning of fossil fuels which adds another 14.65 billion metric tonne CO2e per year to the atmosphere.
While the emissions from burning fossil fuels are much larger, the emissions from (1) above are far more serious than those from (2) because the loss of vegetation and biodiversity limits the capacity of the planet to sequester the excess emissions from these two and a number of other sources. 
Some of these excess emissions are held in the atmosphere and some in the oceans.  In the atmosphere they contribute to climate change.  In the oceans they increase its acidity, breaking down coral reefs and ancient limestone deposits to release more greenhouse gases into the atmosphere thus creating more climate change, and in turn, more ocean acidity in an ever accelerating way.  It is the dangerous uncertainties in this runaway process that demand concerted action to restore the natural balance.
This paper argues that only life itself, especially vegetative life, has the potential to arrest this runaway process through photosynthesis.  Unfortunately, through excessive land clearing and inappropriate land management practices we are squandering this opportunity.
The burning of fossil fuels is an issue, but emissions from this source can be readily offset by strategic management of vegetation and the natural sequestration of the excess emissions in soil.  By increasing the living biomass through these processes we not only have the prospect of re-stabilising the climate system but we may also be able to feed the growing human populations.
Climate scientists are right to be concerned and press for urgent action on this issue, however, they are not trained in biology and do not see the potential of biological processes in restoring the ecological balance in an industrial and post-industrial context.

CARBON STORES
The carbon cycle is driven by living organisms.  In the past living organisms created the oil, coal, peat and natural gas that we humans now use as energy sources.  Organisms also created the limestone that we use for making the cement to build our towns and cities.  
In addition to these ancient carbon stores and the carbon held for short periods in the atmosphere and oceans referred to above, carbon is stored in the living biomass and the soil.
Soil carbon is held in both living and non-living forms:
Non-living
1. decomposing plant and animal matter, and
2. organic substances relatively resistant to decomposition such as waxes, lignins, fatty acids that go under the general name humus (representing approximately two thirds of stable soil carbon), and glomalin (which comprises the remaining third)
Living
3. organisms responsible for the decomposition of dead plant and animal matter;
4. living root systems of vegetation above the ground;
5. symbiotic micro-organisms that deliver water, nitrogen and other nutrients to the roots in exchange for root exudates, and
6. animals such as nematodes, millipedes, mites, insect larvae, and earth worms.
The decomposition of plant and animal matter gives off greenhouse gases such as CO2 under aerobic conditions and CH4 under anaerobic conditions (for example, under water, in landfill and in bio-digesters).
Very similar microbial decomposition processes operate in the gut of animals (including humans) to break down their food and extract the nutrients they need.  Digestive processes operate in an anaerobic environment and consequently the dominant greenhouse gas emitted is CH4.
The organic material that is readily broken down by organisms is generally referred to as labile carbon.  The organic material that comprises the tissues of living organisms is highly stable in a healthy eco-system, but can be increased or decreased through the management of vegetation.  For example, land-clearing and wild fire both destroy ecosystems and ‘burn’ off the labile soil carbon while revegetation and strategic animal management sequester stable carbon.  The role of animal management in the process of sequestering stable carbon is discussed below.
Humus is made up of many relatively stable chemical compounds that form a colloidal residue when all other known fractions are removed through sieving (to remove rock particles and bits of root), washing (to remove soluble material) heating (to remove moisture), and various chemical treatments including burning (to remove any residual labile carbon).
Glomalin can be thought of as the ‘glue’ that holds soil in place to form the minute pockets of air and water that enable soil organisms and plants to live.  Glomalin maintains these micro-pores and the structural integrity of a healthy soil.  Both humus and glomalin can be readily destroyed through excessive tillage and chemical fertilisers.

INDICATORS
Scientists have long recognised that the complexity of ecosystem functioning is such that it is impossible to track and measure all the individual processes that go on in a healthy eco-system and this has given rise to the concept of an ‘indicator species’.  This is typically a plant or animal species which can only survive if the eco-system is functioning optimally.  Indicators, like the canary in the mine, give early warning that something is amiss.  In many eco-systems, key species, like pollinating bees, sensitive animals like frogs, or top predators, like owls, quolls and whales have all been used for this purpose.
It is also possible to use the presence of a particular substance as an indicator.  For example, climate scientists have demonstrated the critical role CO2 plays in the world’s weather systems.  While water vapour is the dominant greenhouse gas, it is highly variable and difficult to measure. Climate scientists have shown convincingly that increased CO2 levels in the atmosphere that result from excessive land clearing and the burning of fossil fuels can trigger radical and unpredictable changes to the climate system.
Atmospheric CO2 is relatively easy to measure, both in the atmosphere and in tiny bubbles of air trapped in ice thousands of years ago.  This enables climate scientists to build up a robust picture of changes in the amount of atmospheric CO2 over the last million years or so and to see how these relate to vegetation, temperature and other climatic factors on the planet at various times.
Here we make a similar argument that the role of humus and glomalin in soil is an indicator of the myriads of processes that emit and sequester carbon.  In a healthy, mature eco-system, these are in balance and a stable level of these substances indicates that the soil and the ecosystem it supports is also in balance.  What CO2 is in the atmospheric system, soil carbon is to the biosphere.

THE CHEMICAL FEATURES OF HUMUS
Soil humus includes anions (negatively charged particles) sometimes referred to as micelleae.  (Positively charged particles are called cations).  Each negative charge on a humic micelle attracts a corresponding cation.  Micelliae are surfactants: substances that have two components, one of which is attracted to water and the other repels water but attracts other substances, like fats.  Soaps and modern detergents have surfactant properties.
In addition to the ability of humus to attract and hold cations, clay, because of its chemical structure, can also attract and hold cations. 
The negatively charged particles of clay and humus are sometimes called colloids.  Some mineral colloids consist of thin, flat plates, and for their size have a comparatively large surface area. For this reason they are capable of holding enormous quantities of cations.  These, together with the humic micelleae, act as storehouses of nutrients which plants draw on as they grow.  Humus includes partially dissociated ions from the carboxylic group (-COOH) and the encolic and phenolic hydroxyl groups(-OH).  
Decomposing organisms breakdown dead vegetable and animal material to release the nutrient cations which are then held by the colloids in readiness for take up by the next generation of plants.
As plant roots take up cations, (aided as we will see below by other micro-organisms), other cations in the soil water replace them on the colloid.
If there is a concentration of one particular cation in the soil water, those cations will force other cations off the colloid and take their place.  The stronger the colloid's negative charge, the greater its capacity to hold and exchange cations, hence the term cation exchange capacity (CEC).
Because mineral cations also vary in the strength of their electrical charge, an excess of one sort of cation over another will make the stonger cation take up the available spaces on the colloid and allow the other unattached mineral cations be leached away.  This is the reason, as farmers know well, that it is essential to maintain a mineral balance in their soils.
What the CEC actually measures is the soil's ability to hold cations by electrical attraction.  Because both humus and clay contribute to a soil’s CEC, it is not possible to use the CEC as an indicator of humus on its own.  Another reason is that the CEC varies according to the type of clay. 
It is well known that low CEC values can be improved by adding organic matter to soil.  The reverse is also true, ‘burning of’ (oxidising) organic matter reduces it.

BIOLOGICAL FEATURES OF HUMUS
Humus is the stable residue left after the breakdown of non-living organic matter.  It represents about two thirds of the stable soil carbon in a healthy soil.  The other third is known as glomalin which is produced by the hyphae of arbuscular mycorrhizal fungi.  Glomalin is highly stable and as a result, the process of isolating humus as practiced in the past had the perverse effect of rejecting the carbon rich glomalin.
Glomalin was only discovered in 1996 by Sara F. Wright and named after the Glomales order of fungi which produce it.  What Wright and her colleagues discovered was that glomalin stores carbon both as proteins and carbohydrates (glucose or sugar) and that it permeates organic matter, binding organic matter, silt, sand, and clay particles together.  It is the glue that maintains soil structure.
It has been known for many years that mycorrhizal fungi use the exudates from the plant roots to grow hairlike filaments (hyphae) which extend the reach of plant roots. They act as fine tubes to deliver water and nutrients to the plant.  Glomalin is the stable, carbon rich substance fungi produce to coat and protect its hyphae.
As the roots grow, so do the hyphae.  The fungi constantly supply the plant with water and nutrients in exchange for sugars and other substances from the plant’s roots.  This is a true symbiotic relationship as both plants and fungi benefit from the exchange..  As roots die, the glomalin remains in the soil from between 7 to 40 years where it forms clumps of soil granules (aggregates) that add structure to soil and keep other stored soil carbon from escaping.  
What Wright also discovered was that glomalin contains 30 to 40 percent of the soil’s stable carbon.
While Wright was the first to identify glomalin as the specific substance involved in this symbiosis, it had been known for over a century that mycorrhizal fungi have this sort relationship with plants.  More than 30 years ago, studies in Australia by CSIRO showed that small quantities of nutrients deposited on the surface of the soil would reach the top of the tree canopy in about 30 minutes.  This research established both the efficiency and extent of the hyphae network.
It has also been known for around thirty years that certain fertilisers and biocides kill mycorrhizal fungi and burn off carbon: facts that are hotly denied by the manufacturers of these damaging products.
Not all plants have mycorrhizal fungi associated with their root systems.  For example, members of the Brassica family (eg cabbages and canola) stop the deposition of glomalin and require rotational crops to reactivate the glomalin deposition process.
Wright and her colleagues have also shown that glomalin exists in all soil types and is persistent. And she found that it is possible to increase the level of glomalin through no-till farming practices.  Similar benefits have been found in Australia by farmers practicing cell grazing.

MEASURING HUMUS AND GLOMALIN
Glomalin is a glycoprotein produced by arbuscular mycorrhizal fungi that is not difficult to extract from soil in the laboratory by autoclaving soil in a citrate solution followed by centrifugation to separate the supernatant.  However the process involves a number of complexities and uncertainties with the result that a standardised process for extracting and measuring it has not yet been developed.  Glomalin is currently a hot research topic (not least because of its importance as an offset for emitted CO2) and efforts to uncover its molecular structure and estimate its deposition and breakdown rates are in active progress.  Simple and reliable measurement protocols will no doubt develop out of this work.
In the meantime, an indication of the quantities of glomalin that mycorrhizal fungi produce can be seen from the distribution of the products of photosynthesis in plants.  Photosynthesis enables plants to take energy from the sun and manufacture sugars and other substances that a plant needs to grow and thrive.  A typical plant uses around 40% of the products of photosynthesis in developing shoots and leaves and another 40% in strengthening its stems and growing its roots.  The remaining 20% is exuded by the roots to support the microbial activities that, in exchange, provide it with water and nutrients.
Giving away 20% of everything a plant produces to support micro-organisms is a huge investment.  Evolution would only have selected plants to do this if there was a significant benefit to be gained.  Extrapolating this to the global situation, if we add the weight of new growth of all the plants on Earth in a single year, this represents some 80% of the product produced by photosynthesis.  The additional 20% of this massive amount of new material supports life underground, a significant proportion of which is glomalin.  As the glomalin resists biodeterioration, and accumulates year by year, its potential as a long term carbon sink is attracting attention.
Soil scientists have long recognised the role of decomposing organisms in the breakdown of organic matter and freeing up of nutrients.  What is only now being realised is the complex underground network of conduits; roads and highways plants rely on to function optimally. One of the techniques adopted by biological farmers is avoid disturbing this underground network by working the soil as little as possible.
Because the process of isolating and measuring humus does not include the accumulated glomalin, existing measures of humus currently understate the actual amount of stable carbon in soil by about a third.
CARBON ACCOUNTING
Soil carbon was excluded from the internationally agreed protocols in accounting for carbon partly because nations chose to focus on emissions from industrial sources and partly because of measurement difficulties in accounting for soil emissions and sequestrations (difficulties a ‘balance’ as advocated here neatly avoid).  This distortion not only had the effect of invalidating the accuracy of the carbon accounting framework adopted, it closed off the most important, and some might argue the only, option humanity has available to restore the carbon balance.
Fortunately it is not too late.  Such is the resilience of nature that it will quickly bounce back once we stop its wholesale destruction by over clearing, poisoning, and burning off whatever vegetation stands in our way.

ADDITIONAL BENEFITS
It is increasingly recognised that soils rich in organic matter have other benefits in addition to their capacity for storing carbon.  These include the water holding capacity of carbon rich soils and their ability to clean water as it percolates through the soil to replenish rivers, streams and aquifers.  The micro-biota in these soils not only free-up and deliver nutrients to plants from decomposing plant and animal material, they also include organisms that attach themselves to the parent rock material free up nutrients and make them available for the first time.  This is particularly important in Australia where soil nutrients are in short supply.
Another important side benefit of organic rich soils is their capacity to hold onto valuable nutrients and stop them leaching away in the first place.
But the major potential is the way vegetation management can mitigate the effects of climate change.  This benefit can be seen at the micro as well as the macro level.
This benefit becomes apparent at the micro level.  CO2 is heavier than air.  If there were no wind the CO2 would fill valleys and low lying places to dangerous levels, however normal air movements distributes the CO2 through the atmosphere fairly evenly, except close to the ground when it is first released from the soil.  
Generally speaking the upper surface of plant leaves comprise a tough waxy substance that allows sun light through but protects the plant from drying out.  It also resists mechanical damage from wind, hail and insect attack from above.  Incidentally, these protective waxes are one of the stable forms of soil carbon referred to earlier.  The underside of leaves is much less protected.  It contains the pores which plants open when they are ready to take in CO2 and remove the unwanted oxygen.  Plants shut these pores when they are protecting themselves from excessive water loss or at night when they are not photosynthesising.
The proximity of the underside of leaves to the ground where the CO2 levels are highest under calm conditions gives an advantage to low growing plants.  These plants also shade the soil, keeping the root zone cool for the decomposition process and reducing soil water loss.  Cooling is effected not only by shading from the direct sun, but also through the latent heat of evaporation.
In pastures, the strategic management of stock can help create these beneficial microclimates by allowing the stock to trample down the senescent grasses to form surface mulch.  This trampling gives new shoots access to sunlight from above and the decomposing mulch provides the plant with a ready supply of CO2.  The mulch also helps retain soil moisture and reduces erosion.  The additional photosynthesis increases the production of glomalin, builds humus and boosts the level of biological activity below ground level.
Of course overgrazing and grazing at the wrong time of year (during seed set of desirable species for example) can easily negate these benefits.
At the macro level, the process is even more remarkable.  Just as plants exude some of their valuable products of photosynthesis through their roots to feed mycorrhizal fungi and other soil organisms, they also exude some of these substances through their leaves.  Biologists have speculated as to what benefit plants could get from this generosity, and a number of interesting hypotheses are being investigated.  For example, sap sucking insects are tolerated because they pass some of the plant’s sugars to ants and larger predators who in turn protect the plant from damaging herbivores (like caterpillars and grass hoppers).   The frass from all these insect symbionts is rich in nitrogen and when it falls to the ground,it  helps recycle the nitrogen back to the plant.  
Included among the micro organisms that make their living from plant leaves are a number of species of bacteria.  When the wind blows these are dislodged from the leaf and are carried high up into the atmosphere.  Some of these bacteria have a built in anti freeze and are able to survive the intense cold.  Others, when they land on the leaves of frost sensitive plants in cooler climates, trigger the formation of ice on the leaf surface.  This causes the leaf cells to burst and the bacteria then gorge on its contents.  What these bacteria have in common is not only their small size and their ability to survive high altitudes, they are about the right size to nucleate rain droplets.
Work on the relationship between vegetation and rainfall is just beginning.  It has long been known that trees influence the temperature of the air mass both above and below the canopy, but what is now emerging is that trees not only cool their immediate surrounds, when there is enough of them, they trigger rainfall.
As Anne Henderson-Sellars has shown, the water falling as rain in the Amazon Basin does not come from the Pacific Ocean to the west.  The Andes are far too high.  The water that falls as rain in the Amazon basin comes originally from the Atlantic and is then recycled many times.  This must be the case since the measured rainfall far exceeds the outflow from the river.
A similar phenomenon appears to be starting in the Sahel where rainfall is increasing in association with increasing vegetation.  The work of Henderson-Sellers would suggest that it is not higher rainfall causing more vegetation nor more vegetation causing more rain, but a complex set of relationships working together.  If humans cleared the Amazon basin, the well accepted prediction, is that it would turn into a desert.  Is the converse true?  By planting and managing vegetation can we increase rainfall?
Both the experience in the Sahel and work on the edge of the Gobi desert in China suggest that it is possible, and if this is correct, the potential benefit for a semi arid country like Australia of managing its vegetation strategically must become its primary research, policy and operational goal.
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