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Soil is created by living plants working with microorganisms, and by the plants' residues and the microorganisms' corpses after their death.

Soil is drained of nutrients by cultivation, NOT by plants. 

Tilling and cultivation of any sort diminishes the natural fertility of the soil in three ways: 

· Mechanical grinding of the soil particles reduces their size and smooths them. This greatly reduces the size and number of micro-cavities between the particles, which are the habitats of balanced bacteria breathing out gases essential to mineral absorption and plants' health. 

· Tilling kills vital microorganisms in the soil by exposing them to excessive oxygen in the air.

· And tilling exposes the organic matter in the rhizosphere (soil around the roots) to the atmospheric gases, precipitating the combustion of the humus turning it into soluable mineralized nutrients . This provides a quick fertilizer for the plants, but at the cost of destroying permanently the texture and tilth of the organic, humic, rich soil, which accellerates erosion as well as contamination of the watertable with nitrates.

Minerals and trace elements, although present in soil, may not be accessible to plants due to the absence of the micoorganisms (killed by tilling, pollution, or the use of herbicides or pesticides) that participate in the plant's mineral nutritional process. Just as microflora in our own digestive systems are needed so that our bodies can absorb and use the nutrients of the ingested food, microorganisms in the soil perform the same function for plants.

In crops, if the edible parts of a plant are harvested and the rest left to return to the soil, the organic mass left by the decaying plants will be superior to the volume of nutrients taken from the soil.

A plant gets up to 95% of all the nutrients it needs from the sky (gases and sunlight), NOT the soil. Of the 5% taken from the soil, half of it is the essential nutrient nitrogen, which, if the plant is grown in combination with a legume, can also come from the air.

ONLY 2 1/2% of the total nutrition of a plant IS COMING EXCLUSIVELY FROM THE SOIL in the form of soluable minerals and trace elements.

"That is the fundamental reality that underlies and supports Fukuoka's principles of No tilling, No fertilizer, No weeding, and No pesticides or herbicides. Natural agriculture refutes and disproves the foundation of current agronomical logic, and because it does it is seen as heresy by most of the agronomic community. Fukuoka proposes, and supports with evidence, the first fundamental agronomic reform since agriculture was invented."
-- Emilia Hazelip
The Fukuoka Farming Website
"The Synergistic Garden"

Emilia Hazelip, who introduced the concept of permaculture to France over a decade ago, is constantly evolving her work and has been developing a food growing method which she calls 'Synergistic Agriculture'.

Emilia Hazelip's work is strongly influenced by Masanobu Fukuoka's system of 'natural agriculture', by permaculture and Marc Boufils's agronomical research, as well as by her own experimental work growing food crops with minimal inputs in the south of France and in other Mediterranean countries.

The first surprise when you enter Emilia's kitchen garden is seeing vegetables growing in a quite disorderly fashion on oblong mounds of earth 1.2 meters (5ft) wide by 8 meters (26ft) long. The rule is to make space for the feet and space for the plants, because putting feet where plants are to grow leads to soil compaction and where there is no air in the soil nothing will grow. The cultivated areas are well demarcated, their elevated form giving a notable increase in surface area for production. Moreover, they are all covered with mulch - covering the soil to preserve the organic material, preventing erosion and compaction by rain, diminishing evaporation in summer and maintaining a soil microclimate which reduces the adverse effects of temperature extremes. Protecting the soil in this way removes the need to aerate it each year. Emilia claims that there is no need to fertilize the soil because it is left to maintain itself: 'soil autofertility'. Instead of pulling out all the plants and leaving the ground bare over winter to suffer the effects of erosion, some plants and all roots are left in the soil, their decomposition assuring a continuous reserve of organic matter in the soil. 

This also has other benefits. Leeks, for example, are cut down to the white part, then left two to three weeks to produce a second crop. Afterwards roots are left in the soil where they regenerate making seed for the following year. 

In this experimental garden, the gourd is neighbor to the tomato seedling which itself is found beside beans or peppers. Because thought is given to companion planting and guilds, diversity helps plants to defend themselves better against diseases and pests. This combination of plants also supports the soil's autofertility.

You can see, here and there, flowers and weeds, or rather what are called here 'spontaneous plants'. You don't pull these out (not all, anyway) because, being indigenous, they attract insects and other organisms in the soil which are beneficial. For all these reasons, it is better to combine the greatest diversity of plants, even those which we think of as useless.

Emilia says it's necessary to allow a certain number of pests (or so-called pests) to live in the garden because they sometimes work as the gardener's helpers. If, for example, you eradicate the colonies of greenfly, the ladybirds which feed on them will no longer come and will not be there to regulate the greenfly population or to fight off the next new invasion of insects.

However, the problem of slugs is still not resolved. The ducks, which have a small pond in the middle of the garden, turned out to be inefficient (they're asleep when the slugs are in full swing!). Emilia is looking for other predators to intervene in the biological struggle. She's going to reintroduce the hedgehog and, with the co-operation of a local agricultural researcher, experiment with the efficiency of the scarab, a small beetle which is a natural predator of the slug. 

Finally a synergistic garden is an ecosystem that is consciously designed to allow all the dynamic life forms present in a wild soil to remain present while still growing crops (on whatever scale). It is that simple. But that's not the view commonly held in the sphere of science or in the politics of agribusiness which rule France. Emilia exclaims passionately: "The living world is not understood by the technician, and since it is not understood, it is not studied for its diversity. People always want to apply mechanical laws to it..." 

We have inherited an agriculture which has always disturbed the soil in order to prepare the next crop. The ancient agriculture of the Incas, the Mayas and the Orient also prepared the fields in such a way. Culturally, this activity has been honored and sung by poets. Ecologically, pedologically, it is a catastrophe. 

A natural, non-traumatized soil presents a subtle balance of thousands of diverse specific organisms. From friendly bacteria to fungi, the presence of all these invisible subtle lives allows complex interactions - the 'Synergistic Effect'. Among the dynamic processes in the soil, I think that the ethylene-oxygen cycle is a good example of this wondrous world. 

How can we give back to the soil something to compensate, and return it to natural uncultivated health? We cannot recreate that quality while we keep on destabilizing the rhizosphere. The only way is to learn a type of agriculture that will reconcile the maintenance of soil 'wildness' and the production of crops. This has been my endeavor for over 20 years. I call the system I have evolved 'Synergistic Agriculture', utilizing the self-fertility of the wild soil as fertilizer. This agriculture can be practiced on any scale and all the machinery used in the U.S.A. and Canada for no-till agriculture can be used for Synergistic Agriculture.

THE BACKGROUND
The foundation of my research is the work of Masanobu Fukuoka, whose book The One Straw Revolution changed my life in 1977 when it was published in English. In Fukuoka's natural agriculture no machines are used, nor greenhouses, nor all those things we normally have to do when working in a difficult climate. To me what seemed most important was to be able to obtain crops without 'exploiting' the soil, even if a compromise is made regarding machines. Before encountering Fukuoka's work, I had been working near Chadwick, in Santa Cruz, California in the late '60s. Following the reading (also in the '60s) of Ruth Stout's books Gardening Without Work and How to Have a Green Thumb Without an Aching Back, I began covering beds with a variety of materials. 

Since then I have made raised beds in all my gardens, although the difference in volume came only from the soil taken off the path and put on the bed... no double-digging at all. 

In 1985, during the first permaculture design course with Sego Jackson in the Pyrenees, Marc Bonfils gave a presentation on self-fertile cereal production. Since then Marc has been teaching about the agronomical reasons behind this new method of agriculture. Nowadays, microbiologists like Alan Smith and Elaine Ingham are also providing much needed evidence of the well found need to stop altering the soil's stability and stressing it to exhaustion by plowing. 

I cannot call this agriculture 'do-nothing' agriculture since, on the contrary, there is much to do to establish a succession of cultures where what you are leaving behind is as important as what you are harvesting. A detailed plan indicating the plant mixtures and successions, paying attention to the kind of root residue the soil is receiving combined constantly with nitrogen-fixing plants of the legumes variety, is a must. 

SOIL & PLANT SYNERGY
Although to start the system the soil can be dug over thoroughly, once we start the garden we must be sure not to disturb the soil deeper than the sowing depth, and only then where it is sown. What consumes organic matter in the soil is the chemical reaction that follows when atmospheric gases are put in intimate contact with the soil while plowing. Although by mineralizing humus, a quick instant fertilizer has been produced, the price you pay for this is much too high. Plants' growth and health also depend on other substances like ethylene gas which enhances the assimilation of iron. Plants will be healthy if all the digestive flora in the soil are present. Soil and plants are a single organism. 

Plants are the 'antenna' of the soil, capturing light and creating solid, organic, vegetable matter from the space above, since 95% of needed nutrients come from gases and light. In other words, the plant is only taking 21/2% of its needs from the soil in the form of minerals and trace elements. The remaining 21/2% of nutrients is nitrogen, which can be obtained in a symbiotic way by combining with nitrogen-fixing plants, mainly from the legumes family, like beans, chickpeas, favabeans, lentils and peas. 

Harvesting is as important as the rest of the process. The soil is a living mass of interacting beings, and they all eat just like everything alive on this planet. Their foodchains are a wonder of intricate relationships covering the mineral, the vegetal, and the animal/insect/bacteria worlds. 

When we disturb the soil by plowing it, despite our best intentions we are creating stress in it. The moment we stop doing this we can organize our garden or farm in such a way that the soil functions as if 'in the wild'. A maximum of what has grown in it is left either by its roots (for an above the ground crop) or by following a rootcrop by another crop which will leave generous amounts of roots in the soil, such as Swiss chard. 

These residues, together with a biodegradable mulch, amount to surface composting, leaving more organic matter in the soil than the crop has removed. From the moment we stop mineralizing the humus, litter accumulates on the soil as well as in a myriad of microsites within it, hosting happy bacteria cycling between ethylene and oxygen, releasing biological gas essential to the wellbeing of all types of roots. 

The less we disturb the soil, the more diversity and intensity of interactions will take place in its mass, so the healthier the plants and the fewer problems there will be for us. It is time for us to acknowledge that the soil needs to be itself while we produce our crops. We must respect this organism enough to let it function in its natural way although 'domesticated' by our technical care. The organisms in the soil are like the bloodstream of the human body which carries nutrients and participates in the assimilation of the minerals that are present. 

Above the ground leaves act like photovoltaic cells, capturing light and producing energy. The only bridge doing this fantastic job is plants; it has always struck me as odd, that, although in the wild, plants are the first link in the food chains and are responsible for the creation of 'soil', in agriculture, on the other hand, they are accused of destroying the soil. Typical of Homo occidentalis, the crops have been made a scapegoat for the negative effects of plowing! 

The soil should never be opened up and forcefed, not even with the best made compost ever. Leave only to the soil what is grown in it. As for the rest put it above the soil, as mulch. And let all the soil occupants absorb it into its mass. 

I truly believe that as long as we have not found peace with the soil, we won't find peace above the ground. That as long as we justify the exploitation of an organism, other exploitations will follow and we will remain parasites, consuming more than participating and spiralling into entropy until we commit mass suicide. 

The Four Principles Of Synergistic Agriculture
1. Keep the soil undisturbed and uncompacted. 
2. Use the soil's self-fertility as fertilizer. 
3. Integrate the litter zone with the agricultural soil profile. 
4. Establish a partnership with beneficials to protect crops. 
Raised beds are only needed where crops are harvested continually. For areas where produce is harvested once only, a good layer of mulch will he enough to protect the soil from compaction.

The following examples apply to raised beds in regions with a temperate climate, where nighttime temperatures in the winter do not fall below -10 degrees C. For gardens in more extreme latitudes, or at high altitudes, a quite different strategy is needed. Equally for climates that are frost-free in winter an alternative planting and cropping succession plan will apply. 

In my experience the positive or negative results that I have had with sowing dates have happened as a result of studying the development of plants throughout the season, in relation to weather etc. (I've long since given up following the lunar/cosmic calendar, there being insufficient evidence of results to justify the time and complication of applying it.) Perhaps certain influences come from our attitude rather than from further afield... and besides a happy, self-fertile soil does influence germination and the growth of plants. 

Let's look then at how to handle production for a three-year cycle (which can be repeated indefinitely) on three different raised beds. 

RAISED BED 1
YEAR 1 
April 
Sow root vegetables in lines, planted 25-30 centimeters apart, of carrots and/or beets, as well as turnips on the flat top of the raised bed. When sowing small seeds, push back the mulch in the line to be sown, and without 'working the soil', simply make an indentation the same length as the line, put your seeds in as you normally do and sprinkle some soil on top. Then put some pressure on the soil so that it adheres to the seed. If the seeds are small do not replace the mulch, but do keep the area moist. This crop can be combined with any type of sweet garden pea, which can be sown either in pockets or across the narrow bed every 2-3 meters.

On the sides of the raised bed plant in a zig-zag pattern; try onion sets or seedlings interspersed with any type of lettuce or salad chicory. Keep the sides permanently planted with cut and come again salads, planting new seedlings next to the plants that are going to seed. When the onions are harvested, use the same zone for new onion varieties, or for garlic or leeks. Over a period of time you should try to plant 'salads' where the onions were, and put the liliaceous varieties where the salads were. The sides of all raised beds should be treated similarly except where you want to grow perennial chives or other perennial or self-seeding members of the same family. 

Be sure to sow flowers too in all your beds: calendula (predominantly the orange variety), as well as all types of French marigolds and nasturtiums, paying attention to their growth pattern. Each bed should have at least one of each of these plants as beneficial companions to the crops. Plant them on the flat top of the raised bed, but don't let them take up too much space.

July 
As you harvest the root crop, sow mustard greens in the same spaces. As the sweet garden peas are cut and left as mulch, sow pockets of beans at random. 

September - October 
Sow winter varieties of spinach as the mustard greens are harvested. 

November 
Sow broad beans or sweet garden peas among the spinach. 

YEAR 2 
March - April 
Plant lines of Swiss chard plants among the broad beans. Sow legumes now if you didn't plant them last autumn (or if they didn't survive the winter).

June - August 
Before harvesting the legumes, sow beans between the Swiss chard; continue putting in beans throughout the summer. 

November 
Sow broad beans or sweet garden peas (different varieties than last year), parallel with the lines of chard. 

YEAR 3 

March - April 
Continue harvesting the Swiss chard until it begins to go to flower. As soon as this happens cut most of the plants back as low as possible. Depending on the size of the bed and how many plants you have, choose at least two, but not more than four, to stake and let go to seed. (Space doesn't allow for details of selecting which plants to choose for seed production). Planting parallel to the spent Swiss chard roots, begin a further root vegetable sowing following the Year I pattern; when choosing succession plants bear in mind the crop rotation, and try to avoid having two plants of the same family following each other.

RAISED BED 2
YEAR 1 

March - April 
Sow small peas in pockets, at 50-60 centimeters distance. 

May 
In the center of: the bed plant tomatoes in two zig-zag lines. In front of the tomatoes sow basil and coriander.

June 
Sow beans among the tomatoes all through the summer. 

November 
Sow broad beans in between the dying/dead plants that have been cut and left as mulch. 

YEAR 2 

March - April 
Tomato plants like growing on soil where tomatoes have been grown before, so no rotation strategy is needed - so repeat the Year I pattern although it's worth moving the plants round so that roots are distributed through all the soil (put the coriander where you had the basil and vice versa).

Autumn 
For winter legumes alternate each year between sweet garden peas and broad beans. 

YEAR 3 

Spring 
Repeat Year I or follow the pattern in raised bed 3 if you prefer to integrate a rotation pattern. 

RAISED BED 3
YEAR 1 

March - April 
Sow small peas. 

May 
Plant (or sow) two rows of any type of squash in a wide zig-zag line towards the center of the bed, together with some sweet corn. 

June 
Begin sowing your beans. 

August 
In the spaces between the squash leaves, plant Chinese cabbage, broccoli or Brussels sprouts (the squash leaves providing shade to protect the transplanted seedlings).

November 
Sow broad beans or sweet garden peas in between the cabbages. 

YEAR 2 

Spring 
As harvesting progresses (always ensuring that you cut the plants and leave the roots undisturbed in the soil), you can sow spinach, mustard greens and/or borage and New Zealand spinach. 

Summer 
Sow beans among the other plants. 

Autumn 
Broad beans or sweet garden peas. 

YEAR 3 

Spring 
Year 1 can be repeated or alternate with raised bed 2 (or another one). 

WATERING 

Install a drip irrigation hose (a simple narrow hose with perforations every 25-30 centimeters works fine and shouldn't suffer from chalk build-up). 2 hoses per bed is the optimum, placed in parallel about l0 centimeters from the edges of the flat top of the raised bed.

SUPPORTS 
If you want to set up a system of supports which can be left permanently in place in the garden and which will not be damaged however strong the wind, try 6 meter long building rods (10 or 12 centimeter gauge) forming an arch across the beds. Attach a strong wire from the apex of each crossed arch to the next and these will form good supports for winter climbing peas as well as summer beans. 

Be sure to use biodegradable string for attaching plants to the supports, so that at the end of the season you can simply undo the knots from the support and let string and plants mulch together on the bed. Cucumbers, melons and many squashes can be encouraged to climb in this way, thus freeing up a lot of space at ground level. 

Interpreting Masanobu Fukuoka's Writings
"The Synergistic Garden"

Masanobu Fukuoka, a guiding light of natural farming, was, first and foremost, a farmer. His farm profitably produced rice, barley, fruits and vegetables for market in addition to feeding his family. Even though he used a method that required no tilling, no weeding, no chemical or "imported" fertilizers, no composting, and no pesticides, he was able to produce yields comparable to, and sometimes better than, his neighbors for more than forty years. And he did it consistently at a lower cost in labor and materials.

"Imported" as it is used above means buying and bringing into his farm fertilizers of any kind. He did, however, make extensive use of chicken manure that was produced on his farm.

The following is the best distillation, interpretation and summary of Fukuoka's teaching and principles that I, and a few other people who have been actively trying to fully understand and apply his methods have come up with so far.

The word "nature" is used here to mean the natural processes of the world around us. It does not refer to some sort of omniscient and self-aware entity.

To verify the accuracy of this document, learn details that are not included in this document and website, and deepen your understanding of what Fukuoka has to say, you are urged to read what Fukuoka says himself. Not just in "The One-Straw Revolution", but especially in his "how-to" farming manual, "The Natural Way of Farming: The Theory and Practice of Green Philosophy".

If you have trouble finding those books, look in the Resources section for book dealers who carry the Indian reprints of his otherwise out-of-print books. They cost about $20US each. 

Reading and Interpreting Fukuoka
For many people, the biggest problem with reading Fukuoka is that he weaves Buddhist philosophy through all of his books is such a way that it almost feels like you have to become Buddhist to use his methods. But as he points out in the Plowboy interview, his teachings are not necessarily about religion, they are about farming. Farming is a path he has chosen to work toward personal development and perfection (enlightenment), but his teachings are aimed at, and are very much about, communicating to farmers a practical and more beneficial way to farm than what is currently being practiced. Beneficial economically as well as ecologically. 

The essence, to me, of what Fukuoka is saying is that we need to form a collaborative relationship with nature, not a dominating one. We need to understand that it is nature which actually creates life, not humans. That it is nature which ultimately decides what will, or will not, grow. 

"Many people think that when we practice agriculture, nature is helping us in our efforts to grow food. This is an exclusively human-centered viewpoint... we should instead, realize that we are receiving that which nature decides to give us. A farmer does not grow something in the sense that he or she creates it. That human is only a small part of the whole process by which nature expresses its being. The farmer has very little influence over that process... other than being there and doing his or her small part."
In a collaborative relationship you can tell nature what you hope it will give you, but you cannot tell nature what it MUST give you. A simple example of this is trying to grow a sunflower, a plant that can grow in remarkably poor soil but needs plenty of sunshine. Planting a sunflower seed in a sunny location that has at least minimally fertile soil is a collaboration with nature. Planting a sunflower seed indoors using rock wool and hydroponic nutrients instead of fertile soil, and electric lights instead of sunlight, is domination of nature. In both cases you are likely to get a sunflower, but at what cost and how sustainably? 

Fukuoka emphasizes that the place to start, and continue to focus on, is maintaining a natural, or "wild" soil. Again, from the Plowboy interview: 

"People often think, in their arrogance and ignorance, that nature needs their assistance to carry on. Well, the truth is that nature actually does much better without such "help" from humans! Once a field is healthy and working on its own, natural — or "noninterference" — agriculture becomes a real possibility. However, as my orange grove demonstrated, such a condition can't be initiated suddenly. In Japan and other agricultural countries, the land has been plowed by machines for decades... and before that it was turned by cows and horses. In fields such as those, you wouldn't have very good results in the beginning if you simply stopped cultivating the earth and adopted a do-nothing altitude. The soil must first be allowed to rehabilitate itself. Fertility can then be maintained by surface mulch and straw that break down into the soil."
The Four Principles 

"First of all, I operate, under four firm principles. The first is NO TILLING... that is, no turning or plowing of the soil. Instead, I let the earth cultivate itself by means of the penetration of plant roots and the digging activity of micro organisms, earthworms, and small animals."
This is, I believe, his most important principle. Cultivation not only destroys the soil's structure by grinding it into ever finer particles which are easier to compact and prevent proper aeration, but also destroys many of the fertility-sustaining micro organism in the soil by exposing them to too much aeration. Though it is not specifically mentioned, compaction of the soil by walking on or driving equipment over it should be avoided for the same reasons.

It needs to be pointed out here that there are times when Fukuoka suggests using substantial earthmoving to initially establish certain types of growing areas, but once that is done no further tilling of any kind is done. One example of this is in establishing an orchard on a forested slope. He says that after cutting down the trees you bury them in trenches along with other coarse organic matter in order to create a fertile bed in which to plant the fruit trees. Another example is to create permanent raised beds for growing annual crops such as vegetables, herbs, and flowers by digging paths between the beds and putting the soil from the paths on top of the bed area. But once this is done, no further tilling is ever done. The natural processes described above are used to loosen and aerate the soil from then on. 

"The second rule is NO CHEMICAL FERTILIZER, OR PREPARED COMPOST. I've found that you can actually drain the soil of essential nutrients by careless use of such dressings! Left alone, the earth maintains its own fertility, in accordance with the orderly cycle of plant and animal life." 

Fukuoka does use a form of composting, but it is not created by the labor-intensive methods used in most other methods of farming. He uses a form of sheet composting by putting the straw and other crop residues on top of the soil after harvesting and allow it to protect the soil from compaction and erosion from rain while the material is incorporated into the soil. This follows the natural process of deposition and eventual decay into fertile soil. He also uses chicken manure on his rice and barley fields by direct application of the collected manure. 

"The third guideline I follow is NO WEEDING, either by cultivation or by herbicides. Weeds play an important part in building soil fertility and in balancing the biological community... so I make it a practice to control - rather than eliminate — the weeds in my fields. Straw mulch, a ground cover of white clover interplanted with the crops, and temporary flooding provide effective weed control in my fields."
Much of the success of Fukuoka's method is based on a very effective interplanted crop rotation timed to suppress unwanted plants while helping the soil regain whatever nutrients might have been partially depleted by any given crop, and also raising the ability of the soil to retain water.

In his book, "The Natural Way of Farming", Fukuoka provides detailed crop rotation diagrams and explanations for both warm and cool climates, and for both large-scale farming and small-scale vegetable gardening. The diagrams show how to make the transition from chemical-based agriculture to natural farming and gardening, and then how to maintain that process once the soil has been restored to its natural, or "wild" state. 
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"The fourth principle of natural farming is NO PESTICIDES. As I've emphasized before, nature is in perfect balance when left alone. Of course, harmful insects and diseases are always present, but normally not to such an extent that poisonous chemicals are needed to correct the situation. The only sensible approach to disease and insect control, I think, is to grow sturdy crops in a healthy environment."
Somehow, I don't think this needs any further explanation.

--Larry Haftl
"The Living Soil" "The Li

By Robyn Francis The Living Soil"

No-dig gardeners and no-tillage farmers realise that healthy plants and good yields can be obtained on a sustained basis from undisturbed soils, nevertheless for many, lingering doubts remain. Doesn't soil need to be periodically aerated to stimulate microbial activity and liberate nutrients to plants?

Soil scientist Alan Smith has been the principal research scientist for the New South Wales Department of Agriculture. IPJ put the question to him, his reply, and the article which follows contained some real surprises!

"I can understand your confusion when trying to interpret the claims and counterclaims made regarding the value of 'aerating' soil. Obviously, I am a non-believer in the value of aeration, at least in Australian conditions. One thing that we must always be wary about are treatments that may give initial, short-term gains but lead to long-term problems. I believe the 'aeration' theory is such a treatment. There is no doubt that ploughing soil does initially increase aeration and does result in intimate contact between the mineral soil and any organic residues. This stimulates microbial activity and nutrients immobilised in the organic reserves are liberated rapidly into the soil. However, unless plants are growing in the soil to take immediate advantage of these mobilised nutrients, they are leached or rapidly fixed in unavailable forms. 'Aerating' soil, of course, usually results in the removal of plant material and so there are no plants (or only a few) left to take advantage of the released nutrients. If this practice is continued season after season then it is obvious that a loss of nutrients results. The 'aeration theory' really developed in the northern hemisphere where the extended cold winters prevent microbial decomposition of organic residues in soil. In spring it is advantageous to stimulate the decomposition rate so that plants can obtain nutrients during a relatively short growing season. In Australia, conditions are generally favourable right throughout winter for at least some organic matter breakdown. Thus, our conditions are very different. It is also worth considering just what problems arise when this 'aeration' is attempted in tropical soils where conditions are even more favourable for the breakdown of organic matter, Yes, we all recognise that under those conditions it is a recipe for disaster."

MICROBIAL INTERACTIONS IN SOIL AND HEALTHY PLANT GROWTH 

Microbial interactions in soil play a key role in the biological control of plant diseases, the turnover of organic matter, and the recycling of essential plant nutrients. An understanding of the mechanisms involved may lead to more efficient methods of growing plants, whether they be food crops in agriculture or plants in gardens.

Before these interactions can be discussed, however, it is essential to reaffirm the unique position that plants have in any ecosystem. They are the only living organisms that can directly utilise the energy of the sun and in the process they transform this energy into forms available to other living things. The green pigment, chlorophyll, in their leaves traps the light energy from the sun and an interaction occurs in leaves with carbon dioxide gas from the atmosphere to produce carbon compounds then available as energy sources to other living things, including man, other animals, insects and micro-organisms when they consume plants or plant remains.

Although plants have this unique ability to trap the energy of the sun and transform it into the chemical energy they need to grow, metabolise and reproduce, they also require other materials that they are unable to produce directly. For example, they require various elements, including nitrogen, phosphorus, sulphur, calcium, magnesium, potassium and trace elements. The soil is the reservoir of these elements, but to obtain adequate supplies plants must alter the environment around their roots to mobilise these nutrients. One important way the plant achieves this is by stimulating the activity of micro-organisms in soil around their roots and the microbes then enhance nutrient mobilisation.The plant stimulates microbial activity in soil by supplying chemical energy in the form of root exudates and litter. Thus, an intimate relationship exists between the plants and soil microbes. Unfortunately, in many of the conventional methods used in agriculture this relationship is impaired, resulting in problems of nutrient supply to the plant and an increase in the incidence of disease.

The latest research indicates that during the life of the plant up to 25 per cent of the chemical energy in the form of carbon compounds that is manufactured in the leaves is lost by the plant into the soil directly adjacent to the root. This material is lost either as root exudates or as dead, sloughed plant cells. On a first examination this seems to be a highly inefficient, wasteful mechanism. The plant goes to considerable trouble to trap the energy of the sun and convert it to chemical energy, but then loses almost a quarter of the energy into the soil! One view is that nothing in nature is perfect and 'leaky' roots are inevitable. I certainly do not subscribe to this view. I firmly believe that if some living system is apparently wasting a quarter of the energy that is goes to the trouble to manufacture, then this loss must ultimately benefit the organisms directly. IF this is not the case, then evolution should have resulted in the selection of plants that lost less of their energy.

How does this loss of carbon compounds into the soil benefit the plant? Most importantly, these compounds are energy sources for the soil micro-organisms which proliferate in the rhizosphere, i.e. the soil zone directly adjacent to the plant root. These micro-organisms multiply so rapidly that they deplete the soil of oxygen at numerous microsites in the rhizosphere. Thus, oxygen-free anaerobic microsites are formed. The formation of these anaerobic microsites plays an important role in ensuring the health and vigor of plants.

ETHYLENE PRODUCTION IN SOIL 

Our research shows that ethylene, a simple gaseous compound, is produced in these anaerobic microsites. Furthermore, this ethylene is a critical regulator of the activity of soil micro-organisms and, as such, affects the rate of turnover of organic matter, the recycling of plant nutrients and the incidence of soil-borne plant diseases. Concentrations of ethylene in the soil atmosphere rarely exceed 1 to 2 parts per million. Ethylene does not act by killing soil micro-organisms, but simply by temporarily inactivating them - when concentrations of ethylene in coil fall, microbial activity recommences.

Soil ethylene is produced in what we call the OXYGEN-ETHYLENE CYCLE. Initially, the soil micro-organisms proliferate on the plant root exudates and deplete the soil of oxygen at microsites. Ethylene is them produced in these microsites and diffuses out, inactivating without killing the soil micro-organisms. When this occurs the demand for oxygen diminishes and oxygen diffuses back into the microsites. This stops or greatly reduces ethylene production, which enables the soil micro-organisms to recommence activity. Favourable conditions are then recreated for ethylene production and the cycle is continuously repeated.

In undisturbed soils, such as found under forest and grasslands, ethylene can be continually detected in the soil atmosphere, indication that the oxygen-ethylene cycle is operation efficiently. Conversely, in most agricultural soils, ethylene concentrations are extremely low or non-existent. This is to be expected if ethylene plays an important role in regulation microbial activity in soil. It is well established that in undisturbed ecosystems where there is a slow, balanced turnover of organic matter, efficient recycling of plant nutrients and soil-borne plant diseases are unimportant. When these ecosystems are disturbed for agricultural of forestry usage the situation changes dramatically, There is an alarming decline in the amount of soil organic matter, deficiencies of plant nutrients become commonplace and the incidence of plant disease increases dramatically. We attempt to overcome these problems by additions of inorganic fertilisers and by the use of pesticides, which increase our production costs considerably. It is also generally true that the longer we farm soil, more and more of these inputs are necessary to maintain our yields.

We argue that the trend could be reversed, at least partially, if we could create favourable conditions for ethylene production in these disturbed soils. We now know that one of the major reasons why disturbed, agricultural soils fail to produce ethylene is because our techniques cause a change in the form of nitrogen in soil. In undisturbed soils, such as under forests or grasslands, virtually all the nitrogen present is in the ammonium form with just a trace of nitrate nitrogen present. When these ecosystems are disturbed for agricultural usage, virtually all the soil nitrogen occurs in the nitrate form. This change in form of nitrogen occurs because the disturbance associated with agricultural operations stimulates activity of a specific group of bacteria which convert ammonium nitrogen to nitrate nitrogen. Plants and micro-organisms can use either form of nitrogen, but our research has conclusively shown that ethylene production in soil in inhibited whenever the nitrate form is present at more than trace amounts. Ammonium nitrogen has no such inhibitory effect on ethylene production.

Nitrate nitrogen stops ethylene production because it interferes with the formation of the anaerobic microsites. When all the oxygen is consumed in the microsite a series of complex chemical changes then occur. One of the most important changes that occurs is that iron goes form the oxidised or ferric form to the reduced or ferrous form. Iron is one of the major constituents of soil, making up somewhere between 2 and 12% of its weight. In adequately aerated soil virtually all the iron exists as minute crystals of iron oxide and in this oxidised or ferric form is immobile in soil. If oxygen is completely consumed in microsites in soil, and reducing conditions exist, these minute crystals break down and iron is then transformed into the highly mobile ferrous or reduced form. Again our research has shown that ethylene production occurs is soil only when iron is in the reduced or ferrous form. In other words, ferrous iron is a specific trigger for ethylene production. If there is no oxygen in the microsites, but nitrate nitrogen is presents. then the complex chemical changes leading to the reduction of iron form the ferric to the ferrous form are inhibited. This is how nitrate nitrogen stops ethylene production.

How does ferrous iron trigger the release of soil ethylene? This form of iron reacts with a precursor of ethylene that is already present in the soil and a reaction occurs that results in the release of ethylene. Our work has established that this precursor originates from plants and, more importantly, it accumulates to appreciable amounts only in old, senescent plant leaves. When these old leaves fall to the ground and decompose, the precursor accumulates the soil. Then, when conditions become favourable for mobilisation of ferrous iron, ethylene is produced.

We have also show that different plant species vary markedly in the quantities of precursor that accumulate in their old leaves. This is important to know when selection plant species to use as cover crops to increase the ability of agricultural soils to produce ethylene. A few of the plant species that produce high concentrations of precursor are rice, phalaris, chrysanthemum, avocado, bullrush and Pinus radiata. Some of the low producers include Dolichos, paspalum, lucerne and bracken fern.

In retrospect it should not be too surprising that the ethylene precursor accumulates appreciably only in old, dead plant leaves. After all, in natural communities of plants old dead leaves comprise the bulk of the litter that falls on to soil. Also, it is equally clear that in agricultural situation most of the old plant leaves are removed either during harvest or by grazing or by burning crop residues. Thus, agricultural soils are usually deficient in precursor.

It is now possible to specify the soil conditions necessary for ethylene production - (1) there must initially be intense aerobic microbial activity, at least in the rhizosphere, to ensure that oxygen-free, anaerobic microsites form; (2) conditions in the microsites must become sufficiently reduced to mobilise ferrous iron to trigger ethylene release; (3) concentrations of nitrate nitrogen in soil must be kept to trace amounts, otherwise ferrous iron will not be mobilised; (4) there must be adequate reserves of the ethylene precursor in soil.

MOBILISATION OF ESSENTIAL PLANT NUTRIENTS 
A major limitation to plant growth in most agricultural soils is an inadequate supply of essential plant nutrients. This occurs even though there are adequate reserves of these nutrients in soil, but they are held in highly insoluble forms. Their high degree of insolubility prevents loss from the soil by leaching, but since they are only available to the plant in the soluble form, problems of supply rate to plants are created. Formation of anaerobic microsites in the rhizosphere of plants, which is of such paramount importance to ethylene production, can play a critical role in the mobilisation and thus supply rate of these essential nutrients to plants.

This mechanism revolves around the importance of iron in soil. As already discussed, under normal conditions in soil most of the iron occurs as minute crystals of iron oxide. These crystals have a large surface area and are highly charged. As a result plant nutrients such as phosphate, sulphate and trace elements are tightly bound to the surfaces of these crystals. In this form they are virtually unavailable to plants. If, however, anaerobic microsites develop, these crystals break down and the bound nutrients are released for uptake by the plant. 

At the same time high concentrations of ferrous (reduced and mobile form) iron are released into the soil solution in the microsite. The other essential plant nutrients, including calcium, potassium, magnesium and ammonium, are held on the surfaces of clay and organic matter. When concentrations of ferrous iron increase so much, these nutrients are displaced by the ferrous iron into the soil solution, where they too are now available for uptake by plant roots. Since anaerobic microsites are most likely to form in the rhizosphere of plants, the nutrients are mobilised exactly where they are required by the plant. An additional advantage of this mechanism is that if the released nutrients are not utilised by plant roots they cannot be leached in the soil. As soon as they migrate to the edge of the anaerobic microsite, reoxidation of the iron occurs with recrystallisation of iron oxide. These crystals then rebind the nutrients and prevent their loss by leaching.

The soil conditions necessary for this mechanism to operate are identical with those required for ethylene production. Thus in agricultural soils, where ethylene production is inhibited or impaired, this mechanism of nutrient mobilisation is also restricted. Again, under these conditions, the elevated concentrations of nitrate nitrogen that occur in agricultural soils are a major inhibitor of efficient nutrient mobilisation.

Successful management of soils to increase the likeihood of anaerobic microsite formation, which will help ensure a balanced oxygen-ethylene cycle and enhance mobilisation of essential plant nutrients, will demand alterations to some of the established practices in agriculture. For example, techniques aimed at increasing aeration and the oxidation states of soil, which give short-term increases in plant growth but rapidly create lone-term problems of nutrient depletion and increased plant disease incidence, will require modification. Treatments which stimulate rates of nitrification (transformation of ammonium nitrogen to nitrate nitrogen), such as excessive use of nitrogenous fertilisers, overuse of legume dominant pastures, or excessive removal of plants by overgrazing or forestry operations, require re-examination.

Some practical guidelines for successful management of soils include:-

(1) It is essential that organic residues be returned continually to the soil. Organic residues contain essential plant nutrients for recycling, stimulate microbial activity in soil, supply ethylene precursor, and restrict the rate of nitrification in soil. It is best to use mature plants as a source of organic amendments and it is better to return the residues to the soil surface rather than incorporate the into the soil.

(2) Techniques of minimum tillage should be utilised wherever practical. This ensures that plants are growing in soil virtually continually, that there is a minimum of disturbance to the soil and increases the amount of organic matter that is returned to the soil. Again, nitrification is restricted when these techniques are used.

(3) Whenever soil is amended with nitrogenous fertiliser it is best to apply the nitrogen in the ammonium form and to apply it in several small applications rather than one or two heavy dressings. This again restricts the chance of nitrification.

(4) In some situations it will be advisable to add chemical inhibitors of nitrification (e.g. N-Serve or Terrazole) to soil with the nitrogenous amendments to further ensure that nitrification is restricted.
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