
Chapter 2 
 
 

Soil 

- a Living Organism  

 
In entire nature there is no subject more worthy 

 to be considered than the soil! 

It is indeed the soil which makes earth a friendly domicile for humans,  

by itself it originates and nourishes the multitude of beings  

on which the entire creation and our own existence ultimately lasts. 

Friedrich Albert Fallou 
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… cursed will be the soil because of you! 
In suffering you will provide food for yourself from it, 

all the days of your life. 

Genesis 3-17 
 

The history of agriculture and of the emerging civilizations is marked by problems 

with the soil, even though many historians did not take note of it. The problems 

encountered lead to the question why humankind faced all these troubles. Did they 

commit serious mistakes? Did people overlook something essential? Or can 

agriculture not be sustained at all for longer periods, say some millennia? Considering 

the historical fact that almost all of the great civilizations did not endure longer than 

1,000 to 1,500 years because their respective agriculture collapsed, there seems to be 

a common problem. Egypt and some regions in China appear to be exceptions. China 

has a long tradition in nutrient recycling and some fields are said to be cultivated 

since 4,000 years. The Egyptian farmers did not have a sophisticated soil fertility 

management. They were simply fortunate that the Nile regularly provided floodwaters 

with the right amount of nutrients for their fields without causing salinzation or 

siltation. Most environments, however, do not experience the blessings of such 

regular fertility replenishing floods.  

The discovery of synthetic fertilizers in the course of the evolution of the scientific 

revolution and of agricultural chemistry seemed to offer a solution to the problem that 

beleaguered agriculture since its emergence. Diminishing fertility seemed to be 

corrected by simply distributing fertilizers from the factory. Now, after some decades 

of intensive use, it dawns that there is more to soil fertility than just fertilizer. The 

application of synthetic fertilizer cannot solve the problem. Scientists who work along 

the line of agricultural chemistry also recognize this. They, too, agree that the soil 

needs organic matter to maintain its functions. But as to the extent of benefits organic 

matter can offer, here the opinions differ widely. Many mainstream scientists give 

emphasis on the content of minerals that can serve as plant nutrients. Thus, organic 

matter is seen as a mere substitute to commercial fertilizer and not the other way 

round.  

This chapter attempts to give an overview of insights of the processes and dynamics 

in the soil. Due to the subject itself - many processes and interrelationships in the soil 
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are not fully understood - and due to the character of this book, the presentation 

cannot be very broad and detailed. However, despite the limitations, the reader should 

be able to understand why agriculture encounters the aforementioned problems. It is 

hoped that an awareness of the processes in the soil can encourage steps toward the 

adoption of practices that nurture the soil. 

 

The Source of Life 

 
Soil fertility is the basis of the public health system of the future. 

Sir Albert Howard 
 

Together with water, air and sunlight, soil is the source of all terrestrial life. For us 

human beings, land is the most important source of food. The biggest share of our 

food comes from the plants. Even the animals or animal products (except fish) that we 

eat are also generated with plants that grew on soil. Without fertile soils, human 

beings could not live on earth. And when there are no more fertile soils, life for 

humans would become very difficult, if not simply impossible. 

One of the chief troubles of humankind since it became involved in agriculture is that 

it could not fathom what actually is going on in the soil. People were aware that the 

soil is a sphere of life but could not comprehend it. It remained something, which 

people could only acknowledge by mystifying it.  

When humans started to cultivate some of their favourite plants more than 10,000 

years ago, they used to slash and burn the area before planting. Usually, the early 

farmers planted a mixture of several crops, later often only one crop at a time. 

However, soil fertility decreased after some cropping seasons. The soil also became 

harder. After some harvests, these areas were left fallow so that they will recover 

fertility.  

Later, humankind discovered that digging or ploughing could break up the hardening 

soil. It loosened the soil structure. Seemingly, the roots of the plants developed better 

with tillage. The plough became the starting point for the development of many tools 

and machines designed to enhance land preparation. The tools, however, bring only 
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short-term relief. Furthermore, the process of planting and seeding adjusted to land 

preparation practices. Most seeds now require a well-prepared seedbed to achieve 

optimum growths. Tillage, however, cannot compensate for the problems created by 

the unsustainable practices of many generations. Unfortunately, farmers too often 

disregarded the causes for the declining soil fertility. 

The scientific revolution destroyed the myths and beliefs around the soil. Since 

Liebig’s experiments, the understanding prevailed that the soil is a dead matter. Most 

scientists merely focus on the chemical processes in the soil. However, the countless 

chemical processes are in the first place a result of the activities of soil animals and 

micro-organisms. The presence of these life forms and the humus content primarily 

determine the fertility of a soil. The soil milieu represents a complex relationship 

between the living and non-living components, which are affected by various human 

activities including contemporary agricultural practices.1 Regrettably, the numerous 

discoveries of soil biologists have had limited impact on the practices of conventional 

agriculture so far. It was only when some people became critical about the use of 

chemicals in agriculture when a school of thought evolved that considered soil as a 

living organism. 

 

The Living Organism 

 
For nitrates are not the land, nor phosphates;  

and the length of fibre in the cotton is not the land. 
 Carbon is not a man, nor salt nor water nor calcium. 

 He is all these, but he is much more, much more; 
 and the land is so much more than its analysis.  

John Steinbeck, The Grapes of Wrath, 1939 
 

Advances in soil biology since the beginning of this century, based on countless 

researches and observations, brought about images of what is happening in the soil. In 

the course of further studies, the knowledge was expanded and the concepts defined. 

Lady Eve Balfour coined in 1943 the notion of ‘the living soil’ and concluded that 

one has to ‘feed the soil and let the soil feed the plants.’2 The tradition of organic 

agriculture sees the soil as an organism that contains countless organs. 
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For the further exploration of the living soil, it may be helpful to look at the composi-

tion of the soil. An average soil for example may contain around 50 per cent clay and 

sand particles (solids), 25 per cent water, and 25 per cent air. The solids can contain 

around 5 per cent (but often less) organic matter that is composed largely of humus. 

Humus originates from various forms of organic matter and is essential for the 

fertility and structure of a soil. Although it represents only a little share of the soil, it 

determines how the soil looks like and its corresponding fertility.  

In a good or fertile soil, a huge variety of micro-animals and micro-organisms are 

active in making up humus, to convert it later into plant nutrients, and to provide addi-

tional services to the plants growing on the surface of the soil. There are earthworms, 

termites, nematodes, and many other micro-animals (about 50 to 100 different species 

and varieties) involved in these activities. Further, there are algae, fungi (similar to 

moulds), and bacteria. One gram of soil can contain 100,000 individuals of algae, 

1,000,000 bacteria and up to 100,000 micro-animals. We can see them only with the 

help of a microscope. There are 800 to 8,000 kilograms of moulds in the soil of a one 

hectare area. As rule of thumb, the weight of the organisms and animals in the soil ex-

ceeds the weight of the humans and animals the soil could feed.  

These organisms compete to some extent with each other, the prevailing mode of ex-

istence, however, is mutual dependence. One member of the ‘soil community’ is in 

one way or another dependent on many other members. Most members of the soil 

 

  Box  2.1  A handful of good topsoil can contain: 

 

 

 

100 Insects and mites 

110 Worms 

250 Springtails 

25,000 Nematodes 

7,500,000 Protozoa 

12,500,000 Algae 

100,000,000 Fungi 

125,000,000 Bacteria 
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community are living either from dead organic matter or depend on energy provided 

by plants through their roots. The interrelations between the soil organisms are so 

manifold that it is impossible to understand them completely. We know very little 

about the control and adjustment processes between the different soil organisms. 

The major obstacle in understanding processes in the soil is the fact that we cannot 

see most of the organisms that are living in the soil. There are several reasons for this. 

First, most of the organisms are so small that we cannot see them with our naked eyes. 

We need a microscope to see more details. Some organisms are so tiny that one needs 

to magnify them by 100 to 1,000 times. Second, many soil organisms die when they 

are exposed to sun and air. Various organisms are colourless which makes it even 

more difficult to recognize them. Although many organisms have been identified, it is 

almost impossible to observe their activities and interaction with their environment. 

Third, the organisms live in an environment that is constantly changing. Besides, they 

are involved in continuing processes.  

Currently there are no methods available which enable the study of microbes and their 

activities at the level of the microhabitat. Usually scientists can only study isolated 

organisms, which allows only partial conclusions on the behaviour in the original 

habitat.3 The Italian scientists L. Badalucco and his Dutch colleague P. J. Kuikman 

are even more cautious. The use of simplified soil-plant systems for research ‘may 

generate partial information that is totally unreliable, since interactions between 

components might be even more important than the mere sum of single 

contributions.’4 N.C. Uren remarks that there was the sentiment of significant 

progress when the pioneer of rhizosphere (root-soil interface) research A.D. Rovira 

presented his findings in the 1960s. However, the optimism has given way to 

frustrations in the 1990s. ‘Admittedly the complexity of the system is great, daunting 

at times...’5  

Nevertheless, it is possible to get an impression of the works of soil organisms and 

animals by digging out a portion of soil with a spade and observe how plant roots 

have developed in this soil. Were they able to grow deep or are they near the surface? 

Does the soil fall apart in soft small crumbs or in hard plates? Are there hardpans? 

This can give us a picture of the soil structure that soil animals and micro-organisms 

provide. These aspects can allow us to make certain conclusions about the condition 
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of the soil and its potentials. Chemical analysis can give information about the 

quantity of certain elements in the soil and can indicate the level of the micro-

organisms’ activities. Yet, it cannot provide insights of their respective contribution to 

the soil, like its aggregation (structure) or the status of nitrogen-fixing bacteria. 

Even though soil animals and micro-organism comprise only a little share of the 

topsoil (about 0.25 per cent of the soil weight), the soil could not be rightfully called a 

soil without them. Similar to a shoe made out of leather, which would not be shoe 

without the use of thread and glue and the work of the shoemaker, a soil would not be 

a living one without soil animals and micro-organisms and the substances they 

produce.  

In spite of the fact that its share in the soil mass seems almost negligible, the soil life 

has a great influence on the soil fertility and can compensate to some extent for 

deficiencies of the soil material itself. Practitioners emphasize that even sandy soils 

can be very productive if enough organic matter is generated and left to be 

decomposed by the soil community. On the contrary, even the best sandy loam will 

bring forth poor harvests if soil life is stifled through wrong practices. 

 

Major Groups of Soil Flora and Fauna 
 

There is no soil without life; 
they are inseparable. 

The living things make the difference 
 between a mere mass of mineral particles and a mineral soil. 

 
Peter Farb, Living Earth, 1959 

 

We can distinguish several groups of soil biota: micro-organisms, which belong to the 

kingdom of plants (flora) and many different animals (fauna). While the flora in the 

soil consists only of four big groups of micro-organisms, we can distinguish among 

the micro-, meso-, and macro fauna.  
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Micro-organisms  

Considering the biomass that each group in the soil presents, micro-organisms are the 

most abundant. The following groups are common in the soil: 

a)  Bacteria are single-cell organisms, one of the simplest and smallest forms of life 

known. Bacteria were the first organisms to appear on earth about three billion 

years ago. From bacteria have come all other life forms.6 Bacteria possess an 

unlimited capacity to increase their numbers in the soil by growth and division. 

This enables them to react quickly to changes in their environment. Some genera 

can double its number within ten to twenty minutes, other need several hours. 

Bacteria are very small, the largest individuals seldom exceed four to five 

micrometer (µm) or 0.004 to 0.005 millimetre in length. The smaller ones are not 

bigger than clay particles. Bacteria occur in various shapes. There are spiral, rod 

like, and round forms. However, the first two forms are more common in soils. 

Their biomass can differ from some hundred kilograms up to five metric tonnes 

per hectare. The quantity changes with the seasons and is influenced by 

temperature, moisture, and the presence of organic matter. 

Many bacteria are able to produce spores or similar resistant bodies that allow 

them to endure unfavourable conditions. Soil bacteria are either autotrophic or 

heterotrophic. Autotrophs obtain their energy from the oxidation of mineral parts 

in the soil. Yet, most bacteria are heterotrophic; their energy and carbon 

requirements come directly from organic matter. 

Bacteria as a group participate in all of the organic transactions in support of 

higher plants. They clearly dominate processes like nitrogen oxidation, sulphur 

oxidation, and nitrogen fixation. 

b)  Soil fungi are also abundant. Similar to most bacteria, they depend on the soil 

organic matter for their energy and carbon needs or receive it from growing plant 

roots. The most common group of fungi in the soil are moulds, which can grow in 

all kinds of soil environment, acidic, neutral, or alkaline, but prefer slightly acidic 

soil environment. The diameter of fungal hyphae ranges from two to ten 
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micrometers. In one gram of dry soil, one can find 100,000 up to one million indi-

viduals. This would result in a biomass of 800 to 8,000 kg/ha.  

Fungi are very versatile in their ability to decompose organic residues. They 

decompose cellulose, starch, gums, lignin, and other substances. In decomposing 

plant residues, fungi are usually more effective than bacteria. They turn more 

biomass into humus and produce less ‘by-products’ like carbon dioxide and 

ammonium. Up to 50 per cent of the substances decomposed by moulds, become 

organic tissue compared to 20 per cent in the case of bacteria. Fungi can, however, 

not perform some tasks that bacteria can, like fixing nitrogen or oxidizing metals. 

Some fungi enter into a symbiosis with the roots of plants. This unique rela-

tionship is discussed under the title Mycorrhizae - a special link at the end of this 

chapter. 

c)  Soil algae are generally chlorophyll-bearing organisms and, like higher plants, are 

capable of performing photosynthesis. They are largely restricted to the parts of 

the soil penetrated by sunlight. Thus, the soil surface and larger cracks in the soil 

are the major zones of algae activity. Among the four groups of algae, it is the 

blue-green algae that is abundant and of ecological importance in tropical soils.  

Unlike most of the other micro-organisms in the soil, algae are not dependent on 

pre-formed organic matter in the soil and have therefore the role of primary 

colonizers on bare surfaces. Algae release carbonic acids that can accelerate the 

weathering of minerals. They also produce large amounts of extra cellular 

polysaccharides, which can act as soil aggregating agents. This may be especially 

important on bare soils. Some algae have the capacity to carry out non-symbiotic 

and symbiotic nitrogen fixation. This ecological role is important in flooded rice 

fields where algae form a symbiosis with the fern azolla. 

d) Actinomycetes resemble moulds in their morphology, as they are filamentous, often 

profusely branched, and produce fruiting bodies in the same way. On the other 

hand, they are similar to bacteria: they are composed of one cell and are of similar 

size. Actinomycetes produce reproductive spores that allow them to endure 

adverse situations. They develop best in moist, well-aerated soil but can stand also 

drier conditions. They are relatively sensitive to acid soil condition. At pH values 
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below 5.0, their activities cease. Most actinomycetes are free-living saprophytes 

and are able to decompose a tremendous array of carbon rich substrates, like 

lignin, chitin, and cellulose. Some actinomycetes produce quickly evaporating 

substances called geomins, which contribute to the soil much of its earthy smell, 

especially apparent during and soon after rainfall. Many actinomycetes exude 

antibiotics like streptomycin in support of their species. Antibiotics also possibly 

hamper pathogens in general. Ironically, some soil borne pathogens come from a 

group of actinomycetes. One example is the sweet potato pox caused by 

Streptomyces ipomoeae. 

Soil Fauna 

The micro fauna consists mainly of the so-called protozoa, a rich variety of small sin-

gle-celled animals less than 100 µm in size. Protozoa predate on the microbial popula-

tion and tend to live in the soil pores. One gram of soil may contain 30,000 to 40,000 

individuals. Representatives of this group are amoebae, flagellate, and ciliate, all 

about 10µm long. Flagellates are relatively mobile. With the help of one to four 

flagellates, they can swim in the soil solution. Ciliates swim as well in the soil 

solution. 

Protozoal access to microbial prey may be restricted not only by pore size but also by 

the production of biofilms on soil particles. Only exposed cells on the surface of such 

films will be available to the protozoa. Protozoa are also involved in the primary 

decomposition of soil organic matter. They take in and process fine organic particles. 

They also occur in the intestines of several soil animals, such as termites, where they 

have a role in digesting cellulosic residues. 

Soils contain a distinguished collection of smaller and bigger animals, the meso- and 

macro fauna. Members of the mesofauna are greater than 0.1 millimetre but less than 

one to two millimetres in dimension. The macro fauna comprises the larger soil 

animals like worms and many arthropods. Some members of the mesofauna may 

spend their whole life cycle in the soil, other spend only one stage in the soil. Many 

insects spend a part of their life cycle in the soil and their larva can prey on soil 

organisms or on plant roots. Some ants appear to be involved in the decomposition of 

organic material. The abundance and diversity of soil animals is usually greatest in 
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soils that experience only little or no disturbance like in grasslands or forests. Some 

soil animals prey on others but most of them are simply processing and mixing 

organic matter in the soil. 

a)  Earthworms (oligochaetes) and the smaller ‘pot’ worms (belonging to the family 

of the enchytraeid) are the most cited members of the soil fauna in temperate 

climates. Where they flourish, they present the bulk of the soil animals. They are 

actively decomposing soil organic matter. They increase soil aeration and 

penetrability as well as the aggregation of soil particles. The channels created may 

also influence the movement of nutrients and enable greater infiltration of 

rainwater. Their most important contribution, however, is the mixing of soil 

materials. Worms need a moist but well-aerated environment to thrive. Of course, 

they need rough organic matter like leaves as their feed. Normally in arable soil, 

their number can vary from 30 to 300 per square meter. 

b)  Nematodes or eelworms are well known for their parasitic role in some field 

crops. These non-segmented worms, usually about one millimetre long and less 

than 50 µm in diameter, can often reach population densities of millions per 

square meter. Nematodes need an aerobic habitat and feed off the tissue of plants 

(under certain circumstances they can become a pest) as well as algae and other 

decomposing micro-organisms. Thus, they are affecting primary production and 

decomposition in the soil as well.  

A number of nematodes are parasites as they feed on other members of the soil 

micro fauna, particularly protozoa and other nematodes. These activities regulate 

secondary decomposition in the soil. Nematodes live mostly in water films that 

allow them high mobility. They can survive as cysts in adverse conditions for 

longer times. 

c)  Termites represent another group of decomposers in tropical soils. The quantities 

of materials they deposit often compare to the surface casting of earthworms. The 

effect of termites on soil productivity, however, is less beneficial than that of 

earthworms, chiefly because of the organisms in the guts of the termites. These 

organisms require energy in the form of carbon that could otherwise serve 

different soil organisms or be turned to humus. Termite deposits commonly have a 
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lower organic matter content than the surrounding topsoil because termites mix 

subsoil with low organic content into their mounds. They accelerate the 

decomposition of dead trees and grasses but disrupt crop production by the fast 

growth of their nests or mounds. 

d)  Springtails or Collembola are wingless insects that live near or on the surface of 

soils. The species living on the surface possess springing organs, compound eyes, 

and elongated antennae. None are more than a few millimetres in length and those 

normally living beneath the soil surface are even smaller. Like mites, springtails 

are very numerous. They show varying degrees of tolerance to different 

environmental factors. Springtails feed on leaves and other organic matter as well 

on the microflora.  

e)  Arthropods compose another large family among the soil animals, which is 

composed of many classes and species of invertebrate animals, like insects, 

arachnids, and crustaceans. They include saprophargous animals like millipedes 

that feed on dead plant materials as well as the centipedes, which are preying on 

other soil animals. It is unclear if the species decompose organic matter with their 

own enzymes or if they depend on the microflora in their guts. In general, 

arthropods comprise a small part of the soil animal biomass. Ants play an 

important role in aerating the soil. They help improve the crumb structure of the 

soil and transport a lot of biomass. In many forest sites, ants represent 50 per cent 

of the arthropods found in the soil.  

All life forms need energy in order to live and to perform. Soil animals and most 

micro-organisms depend directly or indirectly on a sufficient supply of organic 

matter. Exceptions are the autotrophs. The addition of almost any energy-rich organic 

substance, including substances discharged by plant roots, stimulate microbial growth 

and activity. Amino-acids encourage the growth of certain bacteria and fungi. 

Bacteria tend to react most swiftly to the addition of simple compounds like starch 

and sugar. Fungi and actinomycetes are specialized to decompose cellulose and 

compounds that are more resistant. When the organic material decomposes on the 

surface, fungi play a greater role while bacteria are more active in the soil. 

Most micro-organisms need oxygen for their metabolisms. Consequently, a well 
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aerated soil is important. However, there are also many anaerobic bacteria, which use 

NO3, SO4 or similar substances for their metabolisms. Some kind of bacteria can live 

under both conditions. All forms occur usually simultaneously in different habitats 

within the soil. 

The optimum moisture level for higher plants is usually best for most aerobic 

microbes. The activity of micro-organisms is greatest when temperatures are 20 to 

40oC. Actinomycetes prefer temperatures toward the warmer end of this range. 

The pH level determines, which particular organisms flourish in a specific soil. A near 

neutral pH level generally is the best condition for most organisms, thus resulting in a 

high diversity. At lower pH levels, fungi prevail.7 

Among the various life forms in the soil including plant roots several forms of 

mutualistic associations exists, like the symbioses of plant roots and nitrogen fixing 

bacteria. Another example is the photosynthetic algae, which live in the cells of 

certain protozoans. On the other hand, food usually limits the populations. Because of 

the competition for food, many soil organisms use substances to change their 

environment to the disadvantage of other species. However, despite competition for 

food, most species in the soil depend on others, thus, one may speak of a soil 

community with several levels of interdependence. 
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Sustaining and Providing - Functions of the Soil Life 

 
The land is one organism.  

Its parts, like our own parts, compete with each other and cooperate with each other.  
The competitions are as much a part of the inner workings as the cooperation. 

Aldo Leopold 
 

We can distinguish the organisms and the soil animals according to their respective 

functions in the soil.  

1. The first group is composed of the decomposers or ‘humus makers.’ Many soil 

animals belong to this group as well as many species of bacteria, fungi, and 

actinomycetes. 

2. Another group breaks down the soil humus making the nutrients accessible for 

the plant roots. Various bacteria, actinomycetes, and fungi are involved here. 

Likewise, bacteria transform inorganic compounds into substances plants can 

absorb with their roots. 

3. Several species of bacteria, algae, and actinomycetes fix gaseous nitrogen and 

make it available to plants. 

4. Many soil animals and micro-organisms improve soil structure through their 

natural activities. 

5. Many organisms discharge some kind of enzymes that can stimulate plant 

growth and the activities of other organisms. Some organisms secrete 

substances like antibiotics that inhibit the development of various organisms.  

6. The soil environment also contains several organisms and soil animals, which 

may have adverse effect on crops and other plants.  

7. Several soil microbes can breakdown toxic compounds, which find their way 

into the soil. 
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We will look into some details of each function. For this purpose, the presentation 

here is simplified. It should also be mentioned that many processes are not fully 

understood by the soil biologists. In many areas, the knowledge is still fragmentary.  

The Formation of Humus   

A large fraction of the soil-dwellers is active in the decomposition of dead organic 

matter. Bacteria, fungi, and actinomycetes, most often in cooperation with countless 

members of the soil fauna, decompose any organic matter that falls on the soil. The 

organisms break down the carbon compounds in the organic material. Under certain 

condition, bacteria and fungi decompose organic matter completely without the 

assistance of the soil animals. Either way, the soil animals and microbes may be 

considered as ‘the eye of the needle through which all the organic materials that enter 

the soil must pass’8 

All organic matter that remains in the field will eventually fall to the ground and 

decay. The first decomposers rapidly invade the organic debris. The useful substances 

are converted into the body materials of the decomposers. Larger soil animals also 

produce faeces or excrements, which serve as feeds for other life forms. Additional 

waves of decomposers follow and feed on whatever remained from the debris. 

Under the participation of many different species and innumerable individuals of soil 

animals and micro-organisms, organic matter is turned into humus. In a natural 

system, it is an ever-repeating process: leaves, straws, or stems of plants fall on the 

soil after they have died and are decomposed. The following illustrations provide a 

brief description of the formation of humus: 

 

1. Usually, the dead organic matter already contains micro-organisms like fungi 
(moulds) on its surface when it falls down to the ground. The withering 
continues on the surface of the soil. The micro-organisms make the leaves or 
straw soft in texture. 

2. After some weeks, it becomes digestible to various soil animals, which start 
feeding on it. Among these soil animals are millipedes, mites, insect larvae, 
springtails, and worms. 

 
3. By passing through the intestines of the soil animals, like the earthworms, the 

organic matter is turned into a medium that is suitable for the growth of certain 
bacteria, fungi, and algae. 
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4. The leaf or straw litter and the faeces of the animals are now suitable for the 

growth of other micro-organisms. The micro-organisms create the feed for 
other species of springtails, mites, and small worms. The faeces of these soil 
animals and the remaining fragments of leaves and straw .... 

 
5. … are providing the feed for algae, nematodes, and other micro-organisms 

that decay further the organic matter. Near the end of this cycle, the original 
organic matter is no longer visible. Everything is converted into humus. In this 
stage, humus can persist for a long time. 

 

The roles of the soil animals and micro-organisms in decomposing organic matter are 

complementary and interrelated. The conversion of organic matter into humus is a 

gradual process. It relies on the activities of many different organisms and soil 

animals. The intensity of this process depends mainly on the quantity and quality of 

organic matter, the temperature and the level of moisture in the soil.  

In agricultural environments, plant residues as well as farm manure are often mixed 

into deeper layers of the soil through ploughing. Thus, decomposition has to happen 

in layers of the soil, which do not provide the ideal condition for this process, mainly 

because of lack of oxygen. This can bring about undesired effects like the discharge 

of the gas methane that disturbs the root activities of plants and has a negative effect 

in the atmosphere.  

Soils in flooded rice fields provide different conditions for the soil flora and fauna 

than most soils. The characterization of the organisms in this environment is more 

limited than in drained soils. Fungi play an important part in the decomposition of 

organic residues; however, as soon the soil is submerged their activity significantly 

reduces because of the lack of oxygen (anaerobe condition).9 The degradation of 

straw and other organic material is carried out by a mixed microbial community. It 

occurs in two steps. Cellulolytic micro-organisms convert the organic matter to 

cellobiose, glucose, and other free sugars. Secondary micro-organisms then use these 

substances. Under anaerobic condition, fermentation is one major process of organic 

matter degradation in flooded soils. Fermentation results in several substances, among 

them lactate, acetate, methane and carbon dioxide.10 Riceland contains many species 

of bacteria that can live in aerobic as well as in anaerobic condition. Most 

actinomycetes are less flexible as they depend on oxygen. 
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The decomposition of straw under aerobic conditions includes a broad range of 

bacteria, actinomycetes, fungi, protozoa, nematodes, and worms. Their populations 

increase in response to the addition of straw. The primary decomposition being 

attributed largely to the microflora, which in turn is consumed by the soil fauna.11 

Interestingly, the grazing of protozoa on bacteria stimulated the growth of the later. 

When both life forms were present, the wheat on the surface grew better compared to 

soil where only bacteria were present.12 Obviously, the predation stimulates a faster 

turnover of nutrients. 

Characteristics of humus 

Humus13 is the product of the decomposing and synthesizing activities in the soil and 

exists in a dynamic state. Humus is composed of relatively stable organic substances. 

It can endure in the soil for longer time, but microbes continuously convert humus to 

provide energy and nutrients for plants. In natural systems, there would also be a more 

or less continuous creation of new humus from plant debris. In agricultural systems, 

plant residues often remain after harvest in the field and stimulate a rapid increase of 

decomposers. Many soil organisms break down organic matter into small molecules 

while other groups of bacteria devour on these substances and release new substances 

that are more complex in structure.  

Three kinds of humus or humic compounds can be distinguished. They are differently 

resistant to degradation and solubility through acidic and alkali substances:14 

a) Fulvic acid has the lightest colour and the lowest molecular weight. It is 

soluble in both acid and alkali and most susceptible to microbial attack. 

b) Humic acid is medium in molecular weight and colour. It is soluble in alkali 

but not in acids and is much more resistant to degradation. 

c) Humin is highest in molecular weight and darkest in colour. It is insoluble in 

both acid and alkali and is most resistant to decomposition by microbes. 

Even fulvic acid can last for several years or decades in the soil, depending on 

the environmental condition. The humus forming compounds are much more 

resistant to microbial decomposition than freshly applied crop or plant residues.  
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A similar distinction can be made between stable humus and friable humus (fertile 

mould). The former is long lasting and mainly found in the clay-humus complex and 

supports the soil structure. The latter can easily be decomposed by soil organisms and 

serves as plant nutrients 

Humus has distinct properties that make it different from the mineral soil material and 

from the less complex substances that emerge during its synthesis:  

• The presence of humus gives the topsoil a dark or brownish colour. If the soil 

looks yellow or red, the humus content in the soil and the fertility is most likely 

very low.  

• Humus contains usually about 55 per cent carbon and about four to five per cent 

nitrogen. The ratio between carbon and nitrogen (C:N) is about 10:1.  

• Humus content in topsoils varies usually between 1.5 and 4.5 per cent. Soils in 

rainforests contain 3 to 5 per cent humus; tropical soils under annual cropping 

with no special measures have only 1 to 1.6 per cent humus.15 The higher the 

clay content of a soil the greater usually is the humus content.  

• Humus serves as a stock of nutrients for higher plants. The higher the content of 

humus in the soil, the better the nourishment of the plants on its surface. Humus 

based plant nutrition makes inappropriate dosages impossible and losses of 

nutrients are negligible. Below a level of 1.5 per cent, however, plants can no 

longer be adequately nourished. Humus is not necessarily degraded to minerals, 

as the adherents of the mineral theory believe. Organic substances can be 

directly absorbed by plants and play an important role in their nutrition. 

Besides, humus provides several active agents, plant hormones, antibiotics, and 

increases the biological activity. This limits adverse organisms. 

• A high humus content enables an adequate supply of nitrogen, partially released 

from the humus. Besides, energy from humus supports nitrogen-fixing micro-

organisms that supply additional nitrogen to the crop. 

• Humus enhances the physical and chemical properties of soil. Its cation 

exchange capacity is higher than that of most silicate clays. This property is 

very important for poor soils. 
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• The water holding capacity of humus exceeds that of clay four to five times (on 

weight basis). Humus can absorb water in equivalent of 80 to 90 per cent of its 

weight. 

• Stable humus forms are involved in the formation of soil aggregates with clay 

particles. The humus particles are very small and have a consequently high 

surface area. Thus, they act like glue linking mineral soil particles to so-called 

clay-humus complexes. Humus contributes greatly to the stability of soil 

aggregates of various sizes. Ideally, the soil consists of many small crumbs that 

allow plant roots to grow through. A soil with a good structure is well aerated 

and acts like a sponge that can absorb plenty of water. This is also very 

important for sandy soils. In clay soils, humus improves the aeration.  

• Humus reacts with metal cations to form complexes. Some are soluble, others 

not. Complexes involving iron (Fe3+) and aluminium (Al3+) are firm. Humus 

interacts also with oxides of iron and aluminium to form stable aggregates.16 

Thus, an increased humus content can reduce toxic metal concentrations. 

• Humus serves as a buffer system for the pH value in the soil. The higher the 

humus content the more the soil tends to have an optimal pH value17 (between 

pH 6 - 7). This enhances the activities of bacteria and actinomycetes, which are 

hampered in an acidic environment. Most plant nutrients are also more readily 

available compared to acidic conditions.  

Humus gives soil optimal condition and structure. The humus content of the soil 

influences the activities of the soil flora and fauna to a large extent. The higher the 

humus content of the soil the greater the dynamics of microbial processes. The more 

biologically active the soil, the higher is its fertility; the better is its structure. Humus 

enhances the capacity of the soil to supply mineral nutrients since the nutrients are 

stored in compounds which bacteria can break up to make them available to plant 

roots. Minerals contained in inorganic soil compounds are more difficult to access.  

One can consider humus a stock of nutrients. Taking into account that humus is 

constantly decomposed or degraded to provide nutrients to crops and energy for soil 

organisms, it is obvious that some agricultural practices have to replenish the reserves. 

Research results show that tropical soils lose about 4,000 kg humus per hectare within 



                                                                                  Soil - a Living Organism   20 

three years of cultivation. An average fallow would replenish 250 - 600 kg per 

hectare; thus, it would take 7 to 16 years to compensate for the losses.18 

Some years ago, German scientists suggested keeping a humus inventory or balance 

sheet for each field.19 Through long-term experiments, they found out that different 

crops deduct differently from the humus reserve. Organically grown crops draw 30 to 

50 per cent more humus than crops raised with synthetic fertilizer that substitutes 

humus to some extent. Several root crops, like potatoes, and vegetables like squash, 

cucumber, and cabbage, for instance, use up more humus than carrots or tomatoes. 

Cereals, radish, and onions belong to the group of ‘low humus consumers.’ The latter 

would require about one ‘humus unit’ (HU) per hectare. One humus unit is equivalent 

to one tonne of humus containing 50 kg nitrogen and 580 kg carbon. Potatoes require 

almost three HU while tomatoes, for example, need two HU per hectare in organic 

farms. 

Green manuring, the return of straw, and the distribution of manure and compost 

replenish the stock. The most productive mixtures of green manure crops can 

replenish up to two HU. Even though their seeds are harvested, most leguminous 

crops still add to the humus stock. Some cover crops can add half a unit. Similarly, 

the return of straw can fill up the humus reserve with half a unit.  

Ideally, the humus content of a soil should be as high as economically feasible. How 

much humus a soil should contain depends much on the specific site. Scientists admit 

that it is difficult to give ‘points of references’ and state a need for more research.20 

Similarly, a refined scheme that considers the characteristics of tropical crops would 

be of help to monitor the humus balance adequately.  

Providing nutrients 

Agricultural chemistry originally maintained that plants absorb nutrients with the soil 

water and indeed, they do if synthetic fertilizers are applied to the soil. If soil water 

contains minerals from synthetic fertilizers, they will penetrate the first layers of the 

root because of the lower concentration within the root cells. Nitrogen fertilizers are 

easily soluble and thus soil water contains plant nutrients. However, in this method of 

application a significant part of soluble minerals applied is drained with water. 
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A more recent theory says that plants exchange its own anions and cations for the 

anions and cations from the soil. The ions from outside are the minerals needed. 

However, this opinion does not exclude the possibility that with high transpiration 

plant nutrients are absorbed with the soil water.  

One can consider the application of synthetic fertilizers as forced feeding. In the natu-

ral system, plants can absorb water without nutrients to cover its water needs. If 

nutrients are dissolved in the soil water, plants absorb also the minerals, no matter if 

they need the nutrients or not. This causes young rice plants, for example, to look dark 

green, while plants growing in an organic farm are light green.  

Using human analogy, it is as if one would only quench his thirst with soft drinks or 

beer. This would lead to hyperacidity and malnutrition with negative results to health. 

This, despite the human body’s capacity to discharge substances with the urine and 

the excrements. Plants have usually no choice but to incorporate unwanted 

substances.  

Natural plant nutrition 

Commonly, almost all nutrients needed by plants are sufficient in the soil and in the 

atmosphere. A special case is nitrogen, which is the most abundant gas in the 

atmosphere, making up 78 per cent of it. Yet, plants cannot absorb the gas from the 

atmosphere. Only a very small portion of the nutrients (about two per cent) is soluble 

or contained in compounds easily accessible for plant roots. According to the 

concepts of conventional plant nutrition nutrients are mobilized (and sometimes 

immobilized) through various chemical processes in the soil, like variation in acidity. 

Under natural conditions, plants direct their nutrition themselves in a manner quite 

different from the concept of agricultural chemistry. During the last decades, research 

revealed that the so-called rhizosphere (root zone) is a zone of complex interactions 

between plant root and soil organisms. The growing roots constantly discharge 

various kinds of exudates (basically carbohydrates), which supply many soil 

organisms near the roots with necessary energy. This energy supply encourages many 

organisms to break down either humus or to produce acidic substances that help to 

dissolve nutrients from minerals.  
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Likewise, bacteria transform nitrogen from organic compounds into substances plants 

readily absorb. More than 95 per cent of the soil nitrogen is bound in organic 

compounds that protect it from loss, but this form is largely unavailable to plants.21 

During the so-called mineralisation, organic nitrogen is converted into ammonium 

and nitrate. Other bacteria (autotrophs) are involved in nitrification, the biological 

formation of nitrate and nitrite from compounds containing reduced nitrogen like 

ammonium.22 Conversely, bacteria and other soil organisms can also immobilize 

mineral nitrogen compounds. Any growing microbe in the soil contributes to the 

incorporation of soil ammonium and nitrate into microbial biomass.23 This happens 

especially when nitrogen poor material like straw is incorporated into the soil. In such 

a condition, a growing crop might have to compete with soil organisms for nitrogen. 

During their growth, plants continuously establish new roots, while older roots die. 

Thus, during its growth plants produce organic matter that is available to the soil 

biota. Cereal plants, for example, produce around four times more roots during their 

development than are left at the end of their cycle. 

The micro-organisms in the soil work together with the roots of the plants for the 

growth of the vegetation. The mucus secreted by the tips of the roots encourages soil 

organisms to convert organic substances (humus) into nutrients for the plants. The 

plants absorb minerals like nitrogen and phosphate, and other more complex 

substances. This natural process is only possible by the interaction of plant roots and 

soil organisms. This process provides the plants with the proper quantities of 

nutrients. The application of chemical fertilizer cannot replace this system. It will 

disturb or destroy many soil organisms. Further, the plants will suffer from 

unbalanced nutrition, which makes them susceptible to pests and diseases (see 

Chapter 3).  

Fixing Nitrogen  

Nitrogen is the most abundant gas in the atmosphere of the earth. Air contains 78 per 

cent nitrogen gas by volume. Since the first occurrence of life, it has been essential for 

plant growth, as it is necessary in synthesizing protein molecules. In natural systems, 

most of the nitrogen is recycled through organic matter. Agricultural products take 

considerable quantities of nitrogen out of the agro-ecosystem. Thus, nitrogen is 

usually the most limiting factor for plant growth. Besides, even soils covered with 
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natural vegetation lose some nitrogen to the atmosphere, which has to be replaced by 

other mechanisms. Since only up to 10% of the plant nitrogen requirement seemed to 

be made available through root-induced N mineralisation,24 there is for agriculture and 

related sciences still a question not fully solved, How does atmospheric nitrogen 

become available to plants and especially to crops in the fields? Plants themselves 

lack the capacity to absorb nitrogen directly from the air. They depend on other 

organisms to supply it in a form they can incorporate into their metabolism. 

Although perhaps they had no knowledge of nitrogen, farmers knew that planting 

leguminous plants improved the growth of other crops as well. Chinese and Japanese 

farmers are using clover and soybeans to improve the fertility of their fields for almost 

4,000 years. The Romans used to sow lupines in rotation with the main crops and 

practiced mixed cropping with legumes and non-legumes around 2,000 years ago 

because they observed that such a practice enhanced the productivity of non-

legumes.25 In the 15th century, Dutch farmers rediscovered this method.  

The wisdom of these practices fell into oblivion with the development of modern 

sciences that paved the way for a chemical approach. When Chile saltpetre and later 

synthetically fixed nitrogen became available, most farmers and scientist disregarded 

the potentials of crops to fix nitrogen. Nature’s ways of providing the essential 

nutrients seemed outmoded.  

Yet, the effects of nitrogen fertilizer on the soil and the environment and its increasing 

cost led farmers and scientists to reconsider the potential of biological nitrogen 

fixation. The first to clearly prove the presence of nitrogen fixation was the 

Frenchman Boussinggault. He found in the 1830s that in a mixture of legumes and 

cereals the total nitrogen of the plants increased. Liebig who argued that the legumes 

were able to absorb ammonium from the air through their leaves objected this 

observation.26 

For many years, research focused mainly on symbiotic nitrogen fixation by legumes. 

More recently, other forms of nitrogen fixation through free-living bacteria like 

Azotobacter and through bacteria associated with the roots of plants, especially with 

grasses and cereals received more attention from soil microbiologists. 
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How do natural systems make up for the losses in their cycles? Although most 

substances are recycled, apparently some nitrogen is released from decomposing 

organic matter through denitrification to the atmosphere. Although the knowledge 

about nitrogen fixing soil micro-organisms has increased substantially, it remains 

unclear how much nitrogen the different soil organisms can fix under field condition. 

The data differ too much to allow conclusions. Yet, taking into account the growth 

potential of young forests and the experiences in organic farming, it is evident that 

natural systems and optimised cropping systems can supply sufficient nitrogen to 

achieve yields similar to those obtained by use of synthetic inputs. 

Biological nitrogen fixation is mediated by organisms that can use atmospheric 

nitrogen as their sole source of nitrogen. They are called diazotrophs: ‘Diazo’ refers to 

dinitrogen, the form of nitrogen, which occurs usually in the atmosphere. Gaseous 

nitrogen occurs as a molecule consisting of two nitrogen atoms (N2) connected by 

triple bond. Because of the triple bond, it requires relatively high amounts of energy 

to break up the dinitrogen molecule. 

Scientists distinguish between symbiotic nitrogen fixation and non-symbiotic nitrogen 

fixation. Both ways have in common that bacteria or actinomycetes incorporate 

nitrogen, or more exactly dinitrogen, from the air. Plants as well as all other 

organisms need nitrogen either bound with oxygen (NO2) or hydrogen (NH4). The 

nitrogen fixing organisms require energy in the form of carbohydrates derived from 

plants and organic matter to break up the N2 molecule. The energy requirements differ 

significantly among the various species and genera. An important factor in the process 

is the enzyme nitrogenase, which the organisms have to protect against oxygen. As 

energy source glucose is converted into adenosine triphosphate (ATP).27 The glucose 

molecules are either derived from photosynthetic products of the host plant or from 

decomposed organic matter. An exception is the group of cyanobacteria, which are 

capable of photosynthesis.  

It should be noted that the different organisms usually do not fix more nitrogen than 

necessary for the host plant. Countless regulatory processes appear to be at work. If 

the nitrogen supply is sufficient, the production of the enzyme nitrogenase is reduced 

and consequently less nitrogen is fixed. This is also the case if synthetic nitrogen is 

supplied. It immediately reduces the activities of the diazotrophs. 
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Symbiotic nitrogen fixation 

Three groups of bacteria have evolved mutually beneficial associations with higher 

plants. This includes Rhizobium with legumes, cyanobacteria with a number of 

diverse hosts, and Frankia, which relates mainly to shrubs and trees. Scientists 

distinguish two kinds of symbiosis. Well-known is nitrogen fixation by leguminous 

plants in symbiosis with bacteria. Less known is that many non-leguminous plants 

have the capacity to enter into a symbiotic relationship with bacteria and 

actinomycetes. 

• Symbiotic nitrogen fixation in non-leguminous plants 
Several kinds of shrubs and trees as well as many grasses including rice and 

sugarcane varieties possess root nodules with nitrogen fixing capacity. The 

Frankia symbiosis is common among non-leguminous shrub and trees. It can 

also be found in irrigated rice fields. Frankia is a filamentous organism and 

belongs to the soil actinomycetes. It infects root hairs or invades cells where it 

forms nodules. The nodules are perennial, modified lateral roots with lobes up 

to five centimetre in length.28 

Another symbiotic relationship exists between the aquatic fern azolla and the 

bacteria Anabaena. The bacteria occur mainly in specialized cells called 

heterocysts. The aquatic fern azolla is a common green manure used in 

Vietnam and China for rice production (see section: Nitrogen fixation in 

flooded rice fields.) 

• Symbiotic nitrogen fixation in leguminous plants 

Nitrogen fixation in legumes depends upon a highly coordinated sequence of 

interactions between plants of the family Leguminosae and soil micro-

organisms belonging to the genera Rhizobium and Bradyrhizobium. The 

symbiosis results in the formation of nodules, usually on the roots. Most of the 

leguminous plants form nodules. An exception is Sesbania rostrata, a green 

manure crop that can grow in flooded areas. It develops nodules also on the 

lower stem. The plants supply carbohydrates from their leaves for the bacteria, 

which in turn fix atmospheric nitrogen and supply amino acids for both 

organisms. The root nodule bacteria may become antagonistic to the plant if 



                                                                                  Soil - a Living Organism   26 

the plant experiences stress due to drought or at the time of flowering or 

setting of seed. 

Nodules can only fix nitrogen actively if the plant is adequately supplied with 

all nutrients for active growth. Obviously, the plant must be in good condition 

to benefit optimally from the symbiosis. Of the total respiration of soybean 

plants, for example, 57 per cent was from the top, 18 per cent from the roots 

and 25 per cent from the nodules. The tolerance of acidity depends on the 

Rhizobium strain. Rhizobium nodules appear to be more efficient fixers of 

nitrogen than the non-symbiotic bacteria. The latter need 2.5 times more 

carbohydrates than the former to fix one gram of nitrogen. 

• Non-symbiotic nitrogen fixation  

Two groups may be distinguished: the free-living nitrogen fixing organisms as 

well as the associative nitrogen-fixing bacteria. To the first group belong the 

cyanobacteria that reside on the soil surface. Some genera prefer to live in 

aerobic condition. Other genera prefer the anaerobic environment, like the 

genera Clostridium and Enterobacter. Microbes like Azotobacter, 

Azospirillum, and Beijerinckia associate loosely with the roots of certain 

plants. This group depends on carbon supplied from either decomposing 

organic matter or from plant roots. 

Numerous free-living diazotrophs form close associations with plants. Some 

genera relate only to one plant species like the Azotobacter paspali, which 

associates with the tropical grass Paspalum notatum (Bahia grass). Bahia grass 

shows good growth even on N-poor soils.29  

Bacteria belonging to the group of endophytes exist in the internal tissues of 

plants. Several sugarcane varieties contain in their internal root tissues the 

bacterium Acetobacter diazotrophicus, which was discovered in 1988.30 It 

belongs to a group of bacteria that live in the interior of cane and rice plants. 

This kind of microbes lives in-between cells or even in cells especially of the 

root tissue but also in other parts of the plants. Due to its location, the 

organism captures a significant part of the sugar to drive nitrogen fixation. It 
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is, however, free of competition from other organisms. Some sugarcane 

cultivars may derive 100 to 150 kg per hectare from this association.31  

Plant breeders in many areas ignored this trait of sugarcane and favoured 

plants that are highly responsive to nitrogen fertilizer. In Brazil, all sugarcane 

varieties were bred under the condition of low fertilizer inputs, thus plants 

were selected because of their capacity to fix nitrogen.32  

Endophytic bacteria also associate with rice plants. Usually they infect rice 

roots through the epidermis or lateral root cracks.33 Unlike in legume 

Rhizobium symbiosis, the association between endophytic diazotrophic 

bacteria and the plants seems not to be directed by any host and bacterial 

specificity.34  

Estimates regarding contribution of Azospirillum spp. in cereals are much 

lower. It is believed to contribute to only 5 to 18 per cent of the yield. 

However, it is known that this bacterium contributes to an improved plant 

growth and some scientist try to reappraise the contributions of this kind of 

association. First results indicate that graminaceous plants (grasses and 

cereals) are potentially capable of establishing associations with diazotrophic 

bacteria in which high ammonium-secreting Azospirillum mutants provide the 

host with nitrogen.35 Generally, grass-bacteria associations can generate 

between 5 to 25 kg N per hectare.36 

The performance of the nitrogen-fixing micro-organisms depends largely on the soil 

condition. If aeration is poor or if only little energy is available for the organisms, 

their activity will be low and they can fix only a small quantity of nitrogen. The 

application of artificial nitrogen fertilizers disturbs, if not destroys, the various 

bacteria and algae, no matter if symbiotic or non-symbiotic. Scientists confirm that 

higher levels of nitrogen fixing bacteria were found if no fertilizer was applied.37 

Likewise, the interrelation of soil organic matter and nitrogen fixation is increasingly 

recognized.38 

 
Nitrogen fixation in flooded rice fields 
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For centuries, rice has been cultivated without the use of fertilizer except for small 

inputs of human and animal manure. Yet, crops yielded acceptable results. Flooded 

rice fields provide an environment for soil organisms that is different from drained 

fields. For longer periods, the soil is submerged, thus, the anaerobic condition. For a 

long time it was believed that most nitrogen-fixing organisms in rice fields would 

benefit from this condition. However, current researches point out that the biological 

activity and the rate of nitrogen fixation might be higher in aerated fields. Likewise, 

rice plants develop more roots in drained fields.39 Several researchers state that 

biological nitrogen fixation can produce between 30 to 60 kg nitrogen per hectare per 

cropping in wetland rice.40 

Of great agricultural importance is the Azolla-Anabaena symbiosis. Azolla is a float-

ing fern that has long been used as nitrogen source for lowland rice. Anabaena, a 

blue-green algae is contained in ‘pockets’ of the fern. The rate of nitrogen fixation 

(83-125kg per hectare) is comparable with that of legumes.41 

Most kinds of nitrogen fixation occurring in rice fields, however, are non-symbiotic. 

Usually, they contribute most of the nitrogen. Nitrogen fixation can take place in the 

root zone (rhizosphere) of the rice plant and is associated with the decomposition of 

straw. In addition, blue-green algae and various heterotrophic organisms fix nitrogen. 

• Rhizosphere associated fixation 

Since 1929 it is known that nitrogen fixing bacteria are present on rice roots. 

But the suggestion by the Indian researcher Sen was long overlooked. Only in 

the early 1970s, more intensive research work in this field began. Among the 

bacteria that settle on the root surface (see section on Rhizosphere in this 

chapter) are also diazotrophs. They comprise about 10 per cent of the micro-

bial activities in the rhizosphere and obtain their energy mainly from root 

exudates. Their contribution to the nitrogen supply is relatively low with 

estimates ranging between 1 to 7 kg per hectare and crop.42 Rhizobium, which 

enters into symbiosis with legumes, has been found to associate with rice. The 

bacteria-rice relationship, however, does not lead to the formation of 

nodules.43  
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Scientists at the University of the Philippines, Los Baños, discovered in the 

1980s some strains of Frankia in paddy fields in the rice terraces in the 

Cordillera, Northern Luzon. Frankia enters a symbiosis with the rice plant by 

extending filaments in the root cells and nodules on the surface of the root. 

After laboratory experiments, the scientists tested Frankia in lowland rice 

fields. Most of the rice varieties tested reacted positively. Some yielded 

significantly more than untreated plots.44 

Several nitrogen-fixing bacteria have also been found to colonize in the 

interior of the roots of rice.45 Several endophytic nitrogen-fixing bacteria 

associate with rice and live usually in intracellular spaces and the xylem 

vessels of the roots. They probably enter the plant through the root tips or 

epidermal cracks.46 It remains difficult to assess the contribution of these 

bacteria as the nitrogen fixed by them cannot be distinguished from the 

nitrogen coming from bacteria living on the outside of the root.47 

• Decomposition of straw  

The application of straw to the surface or subsurface layers of flooded soils 

results in intense microbial activity. This creates a conducive condition for 

various nitrogen-fixing bacteria. They use the carbohydrates from decomposed 

straw as their source of energy. The nitrogen-fixing bacteria include the 

heterotrophic Azotobacter, Azospirillum lipoferum, and Pseudomonas 

diazotrophicus as well as phototrophic bacteria, which can utilize light energy. 

It is estimated that straw-associated nitrogen fixation can contribute 2-4 kg 

nitrogen per tonne of rice straw. Given a supply of five tonnes rice straw, 20 

kg could be fixed.48 Another source estimates the possible nitrogen fixation of 

about 25 kg nitrogen per hectare within 30 days.49 

• Blue-green algae (Cyanobacteria) 

Free-living nitrogen fixing cyanobacteria are abundant in flooded rice fields. 

Due to the photosynthetic nature of these organisms, the quantity of fixed 

nitrogen is independent from the supply of energy from the soil. Some species 

liberate extra cellular ammonia (NH4). Blue-green algae can fix up to 70 kg 

nitrogen per hectare per cropping.50 The inoculation with cyanobacteria 

increased rice yields by 337 kg grains per hectare,51 indicating a gain of about 
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10 kg nitrogen per hectare. The activities of the blue-green algae appear to 

decrease if the ammonium content in the water is increased.52 

• Heterotrophic nitrogen fixation 

This group is comprised of free-living bacteria. Some of these live in 

association with roots and other submerged portions of the rice plant. Most 

members of this group, however, depend on the supply of organic matter. 

They live predominantly on organic debris. The bacteria need between 19 to 

117 gram of carbon to fix one gram of nitrogen.53 They can add an average of 

7 kg nitrogen per hectare per cropping.54 The quantity, however, varies 

significantly among varieties. The ability of the rice plant to optimise this 

association is controlled by several genes.  

Providing a Structure 

The fourth function of soil organisms is the stabilization of the soil structure. The 

collective efforts of several organisms create a kind of sponge-like structure in the 

soil. In various ways, the soil biota assists to aggregate the soil particles. At the first 

level, organic amorphous aluminosilicates or lime act like cement and connect clay 

particles. On the next level, humus particles form the clay-humus complexes, which 

are linked by substances discharged by algae and other organisms. Hyphae of fungi 

and fine plant roots aggregate particles (sand, clay) further. In the same way, they 

create little spaces between the soil particles. These pores make it possible for air to 

ventilate the soil. These spaces enable the soil to absorb water and allow plant roots to 

expand into the created spaces. 

Only micro-organisms can give the soil this kind of structure. They are involved in 

the formation of stable aggregates in two ways. First, the microbial cells hold the soil 

particles together by adhesion or mechanical binding. Second, they generate extra 

cellular polysaccharides and other organic compounds, which produce a similar 

effect. In general, cells induce the formation of aggregates while the products act as 

stabilizer. The higher the activities of the soil organisms are, the higher is the volume 

of pores in the soil and the higher is the 'inner surface' of the soil. We can compare a 

good soil with a new sponge that can absorb plenty of water.  
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If the soil is poor in organic matter, most of the rainwater will run off. Most plants 

and mycorrhizae play a role in forming larger aggregates. Finally, small crumbs are 

composed of countless small aggregates.  

For the growth of plants, the soil’s aggregates are of critical importance. Growth rate 

depends to some extent on the pressure the roots must exert to enlarge soil pores that 

are smaller than the roots. Roots cannot reduce their diameter to enter smaller pores. 

Good soils, therefore, can provide enough continuous large pores. To some extent, 

pores provided by the physical qualities of the soil influence the soil biota. The soil 

organisms and animals, however, have a tremendous influence on the soil structure. 

The plant root promotes the development of a good crumb structure through an 

extensive root mat that enmeshes and detaches soil particles. Hand-in-hand with the 

growth of plants goes the development of soil microbes like filamentous fungi that 

further enmesh soil particles. Mycorrhizae have a similar effect. Other microbes 

together with plant roots excrete substances, like polysaccharides, that provide a key 

in aggregating soil mineral particles. Soil animals, especially earthworms through 

their burrowing, contribute considerably to the loosening of the soil. 

Encouraging Plant Growth 

The relationships of many micro-organisms with plants go beyond mere assistance in 

accessing nutrients. Several micro-organisms are able to synthesize and secret 

substances that can either enhance plant growth or hamper the growth of certain 

adverse organisms. The substances of soil organisms that promote plant growth 

positively influence germination and the emergence of crops. 

The presence of bacteria like Arthrobacter, Bacillus, Enterobacter, Serratia, and 

Pseudomonas has a remarkably positive influence on the growth of soybeans. Other 

micro-organisms enhance the mineral and water uptake. Some of the organisms in the 

plant-root zone can produce substances that inhibit seedling development or the 

growth of other species. Others do the opposite by inhibiting the pathogenic activities 

of soil borne pathogens. They do this mostly by the production of antibiotic 

compounds. Many bacteria produce the so-called siderophores. These substances 

support plants in accessing high-affinity iron from the soil. Some bacteria produce 

siderophores that chelate the ferric iron. By this, they inhibit the growth of other 

micro-organisms. Furthermore, scientists observed that many of the root colonizing 
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bacteria can produce hormone-like substances, which contribute to the health of 

plants. 

The Antagonists 

The majority of soil organisms and animals is either beneficial or at least neutral to 

the plants growing on the surface. There are, however, various species of soil biota 

that can, under specific conditions, harm the crops. 

Several organisms discharge some kind of enzymes that can discourage plant growth, 

thus cause an allelopathic effect (see Chapter 4). Others can cause diseases on parts of 

the plant (soil borne diseases). Many fungi are known for this. Seed decay, root rot, 

blight, black root rot, and wilt are the most common observed diseases in crops 

caused by soil borne fungi. If and to what extent these organisms affect crops depends 

on cultural practices.  

Soil animals like nematodes, centipedes, and grubs can prey on plant roots. Nema-

todes can cause damage in many crops, especially when the crop is repeatedly planted 

as single crop. Often, however, the damage caused by of root foraging soil animals is 

negligible.  

Breakdown of toxic compounds 
Naturally and through human activities, many kinds of toxics find their way into the 

soil. Some toxins may be produced by soil organisms during their metabolisms. Plants 

discharge likewise a variety of allelopathic substances to ward off competitors or 

predators. Some of the soil organisms usually break down all these substances.  

Yet, due to human intervention increasingly other kinds of toxics reach the soil. These 

are either intentionally applied like pesticides and fertilizers or come with polluted air 

from other places. Fields along highways likewise receive toxins from the fumes 

emitted by passing vehicles. If all these compounds would remain unchanged and 

accumulate in the soil, they would constitute a tremendous ecological hazard. 

Fortunately, soil ecosystems contain several organisms, which are able to breakdown 

most of these toxins. The bacteria and fungi involved in these processes produce 

enzymes that allow them to use toxins as food. However, some artificial compounds 

resist attack by commonly occurring microbial enzymes.55 
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The Rhizosphere - A Hidden Realm 
 
 

The topsoil, to the extent that is fertile, 
 is wild; it is a dark wilderness, 

 ultimately unknowable, teeming with wildlife. 
 

Wendell Berry 
 

As briefly explained in the previous pages, many micro-organisms have a significant 

influence on the growth of plants. Most of the relevant interactions occur in the zone 

of the respective plant roots. The interactions are very complex and only partially 

known. Despite the information, researchers have gathered many processes are not, or 

only partly understood. 

In the images of many Soil Science books, root systems of higher plants are 

connected only with a lifeless environment composed of organic and mineral 

substances. The vast community of soil biota, mainly micro-organisms, with their 

respective metabolisms and interactions is neglected. 

This area, however, is a zone of extensive activities of soil organisms and to a lesser 

extent of animals around the roots. It constitutes the so-called root-soil interface. This 

is the zone of soil influenced by the root - the rhizosphere. The German scientist 

Lorenz Hiltner coined the term ‘rhizosphere’ early this century to denote this special 

zone in the soil. Indeed, soil life is much more abundant in this area than in the rest of 

the soil. In essence, rhizosphere can be regarded as the area of interaction between 

soil, plants and micro-organisms.56 It usually extends about two millimetres out from 

the root surface.57  

The microflora that responds to the growth of living roots is distinctly different from 

the rest of the soil community. Plants are creating a remarkable sphere for soil biota. 

They are of course not selfless and so they in turn receive nutrients and other 

substances, which they need for their growth. Besides, many organisms would protect 

the plant roots against pathogens or adverse microbes. 

Most of the nitrogen-fixing and nutrient-supplying activities of microbes, as 

mentioned above, occur in the rhizosphere. Many micro-organisms with the potential 

to affect plant roots depend on certain stages of the root development for a successful 



                                                                                  Soil - a Living Organism   34 

colonization. Various organisms can intensely influence other microbes. As anywhere 

in the natural world, the rhizosphere contains organisms, which are beneficial to crops 

and others, which can cause harm to crops. To the latter belong root pathogens, 

detrimental rhizobacteria; bacteria that cause denitrification, and microbes that hinder 

the growth of beneficial organisms by discharging certain organic substances.  

Similar to the soil in its entirety, the rhizosphere is constantly modifying and it varies 

in time and space. The organic substances released by roots, for instance, vary along 

the roots and vary in concentration in the soil, depending on the nature of the 

compound. Soil moisture influences microbial abundance as well. Many of the 

substances discharged in the rhizosphere are volatile while others are water-soluble. 

The volatile substances, for example, can diffuse over relatively long distances and 

stimulate spores of fungi to germinate.  

The acidity of soil in the rhizosphere is usually slightly lower than in the bulk soil. An 

increase or decrease of the pH level through nitrogen fertilizers will influence the 

microflora. These fertilizers cause changes in the composition of the roots and in the 

nature of microbial substrates disseminated by the roots.58 

Organic materials are the major driving force for microbial growth. They largely 

determine the species, which gather along the root. The importance of the carbon-rich 

material released from healthy roots became only evident through researches in the 

early seventies. The root cap is the primary region where root exudation occurs.59 

When the root tip encounters high resistance while penetrating the soil, the root 

increases the releases of carbon substances. Researches show that in general plants 

like wheat and barley transfer 15-25 per cent of their net carbon assimilation through 

the roots.60 However, there are significant differences between species. Overall, 

perennials release much more carbon compounds to the soil than annual crops.61 This 

might explain why annuals, especially cereals tend to reduce soil humus stocks.  

Substances are released as root exudates, secretions, plant mucilages, mucigel, and 

lysates, which come from different parts of the root. It is likely that some rhizosphere 

micro-organisms produce hormones that can change cell permeability in limited areas 

and enhance the outpouring of substrates at that point.62 
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More than 100 different organic compounds released by roots are known. These 

belong to the following groups: sugars and polysaccharides, amino acids, organic 

acids, fatty acids, sterols, growth factors (vitamins), enzymes, flavonones and 

nucleotides as well as several compounds categorized as miscellaneous.63 These 

substances act differently on the various groups of organisms in the rhizosphere. 

Some are unique supplier of energy for a specific bacterium or fungi. Other 

substances encourage germination of fungal spores or stimulate microbial growth. A 

different group of substances inhibits growth of various microbes. One known 

example for enzymes is peroxidase, which sulphur bacteria need to grow. These 

bacteria produce sulphur granules for rice plants. Rice plants are dependent on the 

sulphur bacteria as well. 

The root secretions help the plants in the acquisition of nutrients by modifying the 

nearby soil. Through mucilage, roots can modify the rhizosphere in order to acquire 

water. Through lubrication and amelioration of rhizosphere soil, plants protect 

themselves against physical stress. Other substances defend them against pathogens or 

toxic elements. With compounds like allelochemicals, plants shield themselves 

against competition while other chemical compounds help them to establish symbiotic 

relationships.64 It should be noted that enzymes for example, do not retain their 

activity for long because they are subject for denaturation, microbial degradation and 

sorption. 

How do plant and microbes meet? Root colonization is considered to involve four 

stages. First microbes move to the plant root surface. Bacterial movement can be 

passive via soil water fluxes or actively through flagellar activity induced by plant-

released compounds. The second step is colonization is the adsorption to the root. 

This is followed by the anchoring, the firm attachment of the bacterial cell to the root 

surface which allows than the specific or complex interaction between host plant and 

the bacterium.65 

While plants discharge various substances to attract and to sustain relationships with 

countless microbes, the latter respond by providing numerous beneficial services to 

the host plant. In addition to the fixation of nitrogen, rhizosphere organisms provide a 

range of substances that promote plant growth and defend the host plants against 

diseases. 
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The repeated planting of one crop in monoculture eventually leads to decreased 

yields. This is why already since several millennium farmers practiced crop rotation. 

However, there are some instances, were the soil is suppressive to diseases because 

organisms in the rhizosphere are able to antagonize plant pathogens. Rice is one 

example. The micro-organisms can produce antibiotics and compounds like ammonia 

and hydrogen cyanide, which suppress diseases. Some rhizosphere organisms prevent 

diseases simply because of competition for available carbon and nitrogen as well as 

for an ecological niche.66 The substances released by the roots, however, attract also 

several bacteria, which can cause adverse effects.67 

One important and unique occurrence in the rhizosphere is the symbiosis of plant 

roots with fungi that penetrate root cells - the mycorrhizae.  

Mycorrhizae - a special link  

About 100 years ago, biologists had discovered that some tree roots are forming 

symbiotic relationships with fungi. This symbiosis between roots and fungi is called 

mycorrhizae, a term meaning fungus root. Scientists suggest that this symbiosis may 

be as old as land plants. It evolved simultaneously with the development of plants. 

In recent years, advances have been made in discovering more details about 

mycorrhizae. Today we know that most crops also benefit from the symbiosis with 

mycorrhizae forming fungi. Unfortunately, agricultural practitioners and scientist 

have given little attention to this information so far. 

These relationships between plants and fungi are mutual, although the fungi can 

certainly not manage for a longer time without a host-plant. The plant, however, can 

live without the fungi but chances are that its growth would be limited. In this 

relationship, both sides give and receive. While the fungi help the plant to access 

nutrients, which the plant alone could not absorb, the fungi need to receive energy 

from the plant in form of carbon compounds. 

There are six classes of fungi, which form this kind of symbiosis with plants. 

However, two classes are relevant for agriculture and agroforestry. One group forms a 

sheath or a ring around young roots of trees (ectomycorrhizae). The other group, the 

arbuscular mycorrhizae (AM), formerly know as VAM, prefer to live in symbiosis 
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with other plants, among them most of our food crops. Scientists estimate that about 

80 per cent of our crops can enter into this mutual dependence. Exceptions, among 

others, are the families of Cruciferae (cabbage, turnip, etc.) and Chenopodiaceae 

(spinach, etc). It is still unclear why these plants do not accept mycorrhizae forming 

fungi; however, one reason could be that these plants have developed finer roots 

systems. Generally, coarse-rooted plants benefit more from mycorrhizae than fine 

rooted plants.68 

Among all soil organisms, these fungi are unique. Not only that they form an 

association with higher plants but also because they penetrate living cells of plants 

without damaging them. AM fungi grow directly into the living cells of young roots 

and forms an exchange surface (arbuscular) and often additionally sack-like swellings 

(vesicles) that contain lipids, a kind of fat. At the same time, they establish an intimate 

contact with soil particles.  

Some scientists consider mycorrhizae as central in plant nutrition. Other biologists 

argue that many organisms in the soil depend on each other and relate with one 

another. While mycorrhizae-forming fungi depend on organisms that decompose 

organic matter, the presence of mycorrhizae enhances the activities of nitrogen-fixing 

bacteria as it enhances the supply of phosphorous. Both symbioses have a synergistic 

effect.69 

Mycorrhizae-forming fungi extend the root system of plants considerably. The fungi 

can grow into smaller pores, which roots cannot access. The fungi absorb phosphate 

and other minerals for the host plants. Mycorrhizae can access phosphate compounds, 

which the plant roots cannot absorb. Similarly, the fungi increase the uptake of trace 

elements or micronutrients like boron, chlorine, and bromine.  

Mycorrhizae have several methods to achieve an increase in phosphorous uptake by 

plants. One is the acidification of the rhizosphere through hydrogen, which the 

mycorrhizae obtain from ammonium (NH4
+). A decrease in the rhizosphere pH 

enables the fungi absorb phosphorous by solubilizing calcium, iron and aluminium 

phosphates.70 

Aside from minerals, the fungi exchange hormones and enzymes with its host. The 

fungi can directly tap decomposing organic matter and provide the generated nutrients 
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to the host plant. Like other soil organisms, mycorrhizae help to stabilize the soil. 

While growing into the finest pores of the soil, the fungi entangle groups of soil 

particles thus improving the soil structure. 

Mycorrhizae can also enable an exchange of nutrients between plants,71 especially 

between intercropped cereals and legumes. In maize intercropped with soybeans, 

natural established mycorrhizal links were found that enabled the transfer of nitrogen 

from nitrogen-fixing plants to non-legumes.72 Legumes also gain in this relationship. 

Through the supply of phosphate, the mycorrhizae help to increase the formation of 

nodules and consequently the fixation of nitrogen. Besides, the grass plant (maize) has 

a fibrous root system, which is relatively more efficient in extracting phosphorous 

than the root system of the legume. Research indicates that some direct transfer of 

nutrients via mycorrhizal connections occurs in many mixed plant communities, such 

as in forest understories, grass-legume pastures, and mixed cropping systems.73 

In general, plants with mycorrhizae are healthier and usually show better yields than 

non-mycorrhizae plants. Mycorrhizae-plants can also withstand much better stress 

conditions like drought. Many AM fungi have preferences for certain host plants and 

their efficiency as nutrient supplier differs. About 160 strains of AM forming fungi 

are known. These fungi are sensitive to climate and to soil acidity. While the fungi 

grow in dry soils, it cannot develop well in acidic as well as in waterlogged soils. 

Under flooding, the colonization of wetland rice by mycorrhizae reduced by about 50 

per cent.74  

Although mycorrhizae are also present in poor soils, some scientists recommend soil 

inoculation with mycorrhizae-forming fungi. So far, this has only been done in 

research institutions. Other scientists warn that the inoculated fungi have to compete 

with the indigenous biota. Thus, inoculation would likely be more successful in 

wastelands and other almost sterile lands. Another obstacle is the production of inocu-

lum, which is a complex process. 

 
 
Conclusion 

 
Preserving topsoil means keeping it in place,  

and it means keeping this soil clean.  
Soil should never be treated as dirt. 
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Roger B. Swain 

 

Most soil science books consider soil as a habitat for soil organisms. As is the 

descriptions in this chapter show, soil certainly provides the home for a myriad of 

organisms and small animals. However, when we look at the functions or the roles the 

various life forms in the soil have, it becomes clear that soil is much more than a 

habitat. A soil that is suitable for plants is only a soil if it contains a multitude of life 

forms. It is indeed a Living Soil! 

Although our knowledge about the countless interactions between soil organisms, 

animals and plant roots is limited, it becomes clear that it is necessary to create an 

environment that is favourable for these organisms. They depend either directly or 

indirectly on a sufficient and constant supply of organic matter and on the energy 

provided by plants through their roots.  

The interactions and symbiotic activities in the soil are so numerous and complex that 

it would be difficult to interfere with the intention to favour or to enhance certain 

families or species of organisms. Whatever affects one kind of organism would 

influence many other members of the soil community including the plants and 

ultimately humans.  

With modern agricultural practices, humankind attempts to control and ‘manage’ 

processes in the soil. It has become clear that it is the cause for many problems, which 

beleaguer agriculture. With the words of Eugene P. Odum in the textbook 

Fundamentals of Ecology, we can say, ‘we cannot safely take over the management of 

everything!’ Raoul H. Francé commented, that ‘for humans to intervene in the self-

regulating processes in the soil would be like tasking an elephant to do watch repair.’ 

The only way to maintain this community of organisms in the soil that has evolved 

over billions of years is to feed or to nurture the soil. This can be done with plant 

residues, manure, compost, and green manure crops. Correspondingly, the conditions 

in the farm should be as natural as possible. Only the activities of soil organisms will 

enable farmers to cultivate crops to feed people and livestock without endangering the 

foundation of life. As experiences show, soils, which are well ‘nourished’, are quite 

stable. Life is in a balance. This should be reason enough to regain and maintain an 
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equilibrium on a high level in the soil. A basic requirement would be to minimize and 

if possible to avoid disturbances. This certainly challenges many current practices in 

the farms. 

The consequences of this ‘new’ understanding of the soil and the effect of current 

farming practices on the soil community are the subject of the next chapter. 

 
 
 
Captions  
 
The different life forms in and on the soil are interconnected. 
 
Soil fungus Penicillium sp. 
 
Soil actinomycetes Micorellobosporia sp. 
 
Representatives of the soil algae. 
 
Nematodes 
 
Soil protozoa Colpoda sp. of the group ciliate. 
 
Representatives of the arthropods: Centipede (top), millipede (above), and Macrobiotus sp. 

(left) of the order Tardigrada (also called Water Bear) (size 0.4 mm). 

 
During their growth, plants continue to extend their roots. Through the tips of their roots, 

plants secrete mucus (slime). This serves as energy source for bacteria and other organisms 

and encourages them to break down humus into substances that plants can absorb. 

 

Microscopic picture of the root-soil interface of clover (Trifolium subterraneum L.) showing 

micro colonies of several bacteria in the mucigel. In the top right is the root surface; the rhi-

zosphere extends beyond the bottom left-hand corner. 

 (Scale bar = 1 micrometer) Source: Bowen, G. and A. D. Rovira) 

 

Main factors affecting nitrogen fixation: 

1 light intensity; 2 plant photosynthetic potential (for example, C3 vs. C4 plant); 3 air 

temperature; 4 humidity; 5 soil temperature; 6 soil fertility incl. pH and CEC; 7 water 

content; 8 nature and number of diazotrophs; and 9 plant genetic factors.  
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Schematic presentation of an aggregation of soil particles by bacteria and fungi. Bacteria 

provide the cementing action between particles and fungi provide the binding. 

 

Interaction between bacteria and clay colloids (hypothesis). 
 

Roots and hyphae of fungi entangle soil particles.  

 
Hypothetical image of assembled soil aggregates allowing the formation of pores. 

 

Schematic diagram showing the enmeshment of linked soil particles by mycorrhizal hyphae.75 

Rh = root hair; Sh = soil hyphae; Ma = macroaggregate; Ch = chamydospore 
Simplified projection of the area of a root tip (original length 20 cm). 

 

Hypothetical increase of explored soil volume by mycorrhizae; volume explored by a 1-cm-

long root with and without mycorrhizae76. 

 
Transection of vesicular-arbuscular mycorrhizae (VAM) showing penetrating hyphae, 

haustoria, and vesicles. 

 
Transection of ectotrophic mycorrhizal rootlets showing fungal sheath and intercellular 

penetration. 

 
 
\  
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