
Chapter 1 

The Soil System 
ALAN BURGES 

Hartley Botanical Laboratories* 
University of Liverpool, England 

I. Introduction 1 
II. Components of the Soil System 4 

A. The Mineral Fraction . . . . . . . . 4 
B. The Organic Matter 5 
C. The Soil Moisture 10 
D. The Soil Atmosphere 12 

References 13 

I. I N T R O D U C T I O N 

Scientific studies of the soil have developed in very many ways over the 
last 100 years. In England much of the early work was associated with agri-
cultural studies, and particularly with chemical problems. Questions of fer-
tility were often considered to be solely a matter of how much potassium, 
nitrogen or phosphate was present in the soil. Quite early on in such studies 
it became clear that it was not sufficient just to know the result of chemical 
analyses of the soil, and thus to find out how much of a particular element 
might be there, but, also, that one had to estimate in some way or another 
how much of it was actually available for absorption by the plants. This led 
to an extension of the chemical analyses and to the introduction of biological 
testing to determine the availability levels of the essential nutrients. 

Somewhat later, when people became interested in questions of soil struc-
ture, and particularly soil moisture, the physicists were brought into the pic-
ture. With the discovery that legume nodules were associated with nitrogen 
fixation, interest turned to some of the microbiological problems in the soil, 
and workers such as Winogradsky and Beijerinck studied many of the other 
processes associated with microbial growth in the soil. The transformations 
undergone by sulphur and by iron attracted particular interest. Such studies 
as these suggested that the micro-organisms might be playing a major part in 
the general turnover of key nutrients in the soil and that, therefore, soil 
microbiology was an essential background study for anyone interested in 
general problems of plant growth. Once biologists began to look at the soil 
carefully, it became clear that there were not only very large numbers of 
bacteria but fungi and actinomycetes were also numerous. Similarly, on the 
zoological side, it became apparent that animal activity was not confined to 
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earthworms alone but that there were large populations of other soil animals, 
and the zoologists soon began to investigate both the species present and the 
part they played in soil processes. Unfortunately, for many years, soil 
chemistry, physics, microbiology and zoology tended to go their own way, 
and there were few attempts to bring together information from all these 
different disciplines. One of the great contributions of the late Sir John Russell 
during his tenure at Rothamsted was that he recognized clearly that the soil 
could not be studied solely as a chemical or as a biological entity, but that 
one had to obtain information from all the different branches of science to 
obtain a complete picture of the many interlocking processes going on in the 
soil. 

If one is going to study the growth of organisms in the soil, one must have 
at least a general appreciation of both the structure and the properties of the 
soil which forms the framework within which the organisms live. All soils 
come either directly, or indirectly, from rocks which have weathered, and 
which during their weathering have undergone many changes. An examination 
of any rock shows that it is composed of a number of different minerals in 
very different proportions. In an igneous rock most of these minerals will be 
present in a crystalline form. When the rock is exposed to the weather a 
number of processes can take place; perhaps the simplest is the action of rain 
dissolving out water-soluble components. Where these represent a con-
siderable portion of the rock, this may in itself be sufficient to cause the rock 
to fragment. Usually, however, there is very little readily water-soluble 
material in the parent rock and other processes cause the weathering. Physical 
forces can play an important part in the breaking up of many rocks, particu-
larly where there are rapid changes in temperature, and the differential expan-
sion and contraction of the outer layers of the rock leads to cracks developing 
and to fragmentation. Once cracks have developed, water can penetrate, and 
if temperatures drop below freezing, then the expansion of the water as it 
freezes can accelerate the cracking. Wind-blown particles can act as an 
abrasive and in this way assist in disintegration. Physical forces seem to be 
most active either at high altitudes or high latitudes where freezing tempera-
tures are commonly experienced, or under desert regions where big variations 
in temperature are experienced between the day and night time. It was earlier 
thought that physical forces were by far the more important in the disinte-
gration of rocks. More recently the emphasis has swung towards the chemical 
processes which take place during weathering. These changes lead to a dis-
ruption of the rock in two ways. Many of the chemical processes are associated 
with a change in volume, for instance, the oxidation or the hydration of a 
component leads to localized increase in volume, and this will have a physical 
disruptive effect on the rock. In other cases the hydration or oxidation may 
lead to one of the chemical components becoming soluble, and thus it is 
removed by the action of rain. Under tropical conditions many of these pro-
cesses can proceed very rapidly, giving rise to soft rotten rocks so widespread 
in the moist tropics. 

As weathering proceeds the rock is broken down to smaller and smaller 



1. THE SOIL SYSTEM 3 

particles until eventually a layer of soil is formed. An examination of soil 
shows that it is made up of particles which differ considerably in size. By 
convention these are divided as follows: fragments above 2 mm in diameter 
are regarded as gravel, those between 2 and 0-2 mm as coarse sand, from 0-2 
to 0-02 mm as fine sand and from 0-02 down to 0-002 mm as silt. Particles 
smaller than 0-002 mm are classed as clay. With the use of appropriately-
sized sieves the gravel, coarse and fine sand fractions can readily be separated 
from a dried soil. To separate the silt and clay fraction it is usual to suspend 
this material in water and to use the faster settling of the silt particles to 
separate the silt from the clay. Here again a somewhat arbitrary system based 
on empirical tests is used. By a combination of sieving and sedimentation, 
one can make a mechanical analysis of any given soil and express the pro-
portion of the silt, clay or sand fractions either as a proportion by weight or, 
less commonly, by volume (Piper, 1944). 

An examination of pieces of gravel shows that these are normally small 
remnants of the relatively unchanged parent rock; the sand fractions, on the 
other hand, usually represent grains of single mineral species. By far the com-
monest are grains of quartz which make up a large proportion of most rocks, 
and because of their relative resistance to further weathering tend to accumu-
late and form an even greater proportion of most well-weathered soils. The 
clay particles are less than 0-002 mm in diameter and are approaching the 
limit of resolution of the normal light microscope. It is therefore usually 
impossible to determine any structure in the clay particles under the light 
microscope. Chemical analyses show that clay differs very markedly from 
any of the parent minerals in the original rock. Many of the common rock 
minerals are essentially calcium, magnesium or potassium silicates, and these 
can be broken down to release the metal ions leaving primarily the silicate 
fraction behind, and this is converted into the secondary minerals, the clay 
minerals. Although clays are by far the most abundant of secondary minerals 
in the soil, there are a number of other secondary minerals which are formed 
during the weathering of the parent rock or during the subsequent changes 
which can take place during the formation of a soil profile. In particular, 
compounds of iron are frequently transported in the soil profile and can re-
appear lower down in the form of secondary minerals such as haematite. Even 
after a soil has been formed the weathering processes continue to bring some 
substances into solution and to form secondary minerals. 

Normally as soon as weathering of the rocks begins, plants and animals of 
various kinds become associated with the weathering processes, and once any 
quantity of soil has been produced, plant cover of increasing complexity 
begins to appear. With the growth and subsequent death of living organisms, 
fresh organic matter is added to the soil and the various processes of decay 
begin, thus introducing a new system into the developing soil. The amount 
and the nature of the organic matter will of course be very largely determined 
by the organisms associated with the soil at this stage. As the fragments of the 
rock get smaller and smaller during the weathering, the interstices between 
the individual fragments also get smaller, so that water which may run away 
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readily from the initial coarsely broken fragments begins to be held in the 
crevices between the smaller particles. Once the particles are of the size that 
we would normally regard as soil particles, appreciable amounts of water 
begin to be held in the small pore spaces. With the formation of the clay 
fraction, the water begins to be held not merely by capillarity, but by hydra-
tion forces associated with the colloids. The water held in the soil will, of 
course, contain various dissolved substances derived from the decomposing 
rocks and gases such as carbon dioxide and oxygen. The amounts will vary 
greatly, depending on the nature of the soil and the amount of rain which has 
fallen shortly before the examination is made. Except immediately following 
heavy rain, most soils do not have the whole of their pore spaces filled with 
moisture, the larger ones drain fairly readily and the space left behind is 
filled with gases. In a well-drained porous soil these approach fairly closely 
to air in their general composition. 

II. C O M P O N E N T S OF T H E SOIL SYSTEM 

From the foregoing discussion, it can be seen that one can separate the soil 
system into four major components: (A) the mineral fraction, (B) the organic 
matter, (C) the soil moisture, and (D) the soil atmosphere. While this is not 
the place to give a detailed account of each of these fractions, it is important 
that certain of their properties which have a direct bearing on the organisms 
growing in the soil should be examined. 

A. THE MINERAL FRACTION 

Mention has already been made of the conventional division of the mineral 
soil into gravel, coarse and fine sand, silt and clay fractions. The texture of 
the soil is clearly determined primarily by the relative proportions of the 
above fractions. In practice, the texture of the soil can be judged surprisingly 
accurately by rubbing some of the moist soil between the fingers and also 
observing whether there is sufficient clay to enable the soil to be moulded 
into a pellet. The extent to which the pellet can be deformed without it 
crumbling or breaking is also a useful guide. 

The mineralogical nature of the soil particles is of extreme importance, 
particularly in relation to the fertility of the soil. In a strongly weathered and 
leached soil, quartz grains may form 90 to 95% of the sand fraction, whereas 
in a young soil derived from a base-rich rock the quartz may form only about 
60%, and minerals such as plagioclase, augite and olivine make up most of 
the remainder (Leeper, 1964). It is the weathering of this fraction which pro-
vides a steady supply of some of the elements essential for plant growth. 

Of the secondary minerals formed during the weathering processes the 
clay minerals are by far the most important. Many of the physical properties 
of the soil and much of its base exchange capacity is determined by the amount 
and the nature of the clay minerals present. The identification of clay minerals 
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is a task for the expert. Occasionally, a soil may have its clay fraction com-
posed mainly of a single clay mineral, but usually several minerals occur 
together. Often a rough idea of the type of minerals present can be obtained 
from the degree of swelling and shrinking a soil undergoes during wetting 
and drying and by estimating the base exchange capacity, but for accurate 
identification, X-ray crystallographic methods coupled with thermal conduc-
tivity measurements and electron microscopy are necessary. 

The cation exchange capacity of a soil is primarily associated with negative 
charges on the surfaces of the clay particles, although the amorphous organic 
matter is also concerned. It might appear to be relatively simple to displace 
all the cations and then to saturate the exchange points with a simple base 
and thus measure the total exchange capacity. Similarly, by displacing the 
naturally occurring cations by adding excess ammonium acetate, one could 
obtain an estimate both of the cations present and the proportion of the sites 
occupied by bases and by hydrogen ions. Such measurements, however, give 
only a rough guide and the extent to which they represent arbitrary measure-
ments is often not realized. 

B. THE ORGANIC MATTER 

The organic matter in the soil is exceedingly complex (Kononova, 1961). 
Almost all natural organic substances, sooner or later, fall into the soil. 
Their stay there may only be brief if they are readily decomposed by micro-
organisms, but if they are resistant, they may remain for many years. What a 
chemical analysis of soil reveals depends almost entirely on the degree of 
sensitivity of the analytical technique. Any plant or animal contains a very 
large number of chemical substances and these in turn become incorporated 
in the soil when the organism dies. Therefore, if the analyses are sufficiently 
sensitive, one should be able to detect practically all the materials recorded 
in living organisms. In practice, many of the substances decompose so rapidly 
that they have only a transient life and therefore exist in very small quantities 
within the soil. The major fractions of both plant and animal material, how-
ever, can remain for quite a while and thus form appreciable fractions of the 
total soil organic matter. Much of the organic matter which becomes incor-
porated into the soil falls either as plant or animal debris on the surface; it 
may decay there and the final products wash down in the soil, or it may be 
incorporated fairly early by the action of earthworms or other animals, and 
much of the decay occurs when the organic matter is well incorporated in the 
mineral soil. By convention we tend to regard plant material which still con-
tains obvious structure as being distinct from the amorphous organic matter 
in the soil which is termed humus. This word, unfortunately, has been very 
much abused and it is impossible to define it with any precision. The term 
"amorphous" is also difficult to define when dealing with soil organic matter. 
For example, in typical mor soils, while the upper part of the organic debris 
clearly consists of leaves or twigs, there appears to be an amorphous black 
layer at the junction of the organic material and the mineral soil. Examination 
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under a microscope, however, shows that this is far from being truly amor-
phous, and consists largely of faecal pellets of small animals containing very 
readily recognizable pieces of plant material. 

The composition of the plant fragments changes continually. During the 
early stages of decay the water soluble materials, the starches and the proteins 
soon disappear. The decomposition of hemicelluloses and celluloses follows, 
leaving residues consisting largely of lignin and cuticularized cell walls. Few 
comparable studies of the decomposition of animal remains have been made. 
With many of the smaller animals, the soft protinaceous materials are rapidly 
decayed leaving chitinous exoskeletons. One characteristic of many acid soils 
is the number of exoskeletons of mites and other arthropods found at the 
junction of the litter and the mineral soil. 

If attention is confined to the mineral soil, the total amount of organic 
matter varies considerably; in a good grassland chernozem, one may have as 
much as 10 to 12% dry weight of organic matter even after the roots have 
been removed. On the other hand an impoverished soil which has been culti-
vated for many years may contain less than 1%. A substantial fraction of the 
organic matter which can be regarded as truly amorphous falls into the group 
of substances which are classed as humic acids. It is difficult to obtain accurate 
estimates of what fraction of organic matter is present in any one group of 
compounds, but if we take humic acids in the widest sense these will frequently 
account for up to 80 or 90% of the total amorphous organic material. 
Simpler substances, such as amino acids, occur only in very small quantities, 
for instance the total amount of amino acids is of the order of about 0-1% of 
the total organic material. The simpler carbohydrates, such as glucose, 
similarly occur in very small quantities. This perhaps is readily understood 
when one remembers how easily these substances are attacked by micro-
organisms. Starches and pectins are not found in any great quantity, but the 
polysaccharides grouped under hemicelluloses can form a substantial frac-
tion. The origin of these is very much a matter of debate. For a long time it 
was thought that the mucilaginous polysaccharides in soil were all the product 
of bacterial synthesis. There is, however, a certain amount of evidence to 
indicate that some at least of these substances may represent accumulations 
from higher plant debris which have resisted more rapid microbiological 
attack. Most analyses have revealed a certain amount of cellulose within the 
soil organic material; it is difficult to know whether this is occurring as 
amorphous cellulose, or whether it represents small shreds of tissue left from 
the decomposing plants that have not been fully disintegrated. The informa-
tion regarding the occurrence of lignin is particularly unsatisfactory because 
of the difficulty involved in estimating it with any degree of accuracy. Many 
of the analyses which purport to show the presence of cellulose and lignin in 
soil depend on the old technique made popular by Waksman (1936), in which 
he used dilute acid hydrolysis to remove hemicelluloses followed by strong 
sulphuric acid to hydrolyse cellulose, and regarded the faction which resisted 
strong sulphuric acid digestion, and yet was clearly organic, as lignin. This 
type of analysis is reasonably satisfactory when dealing with fresh plant 
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material, and it must be remembered that it was for this purpose that Waks-
man first introduced the analytical procedures. When, however, one is dealing 
with composted plant debris or with highly humified soil organic matter, 
then the use of acid digests become increasingly unsatisfactory, and the so-
called lignin fraction which appears in many of the analyses is a combined 
estimate of what may be true lignin and may be any one of a number of 
resistant polymerized materials in the soil. Extraction with organic solvents 
such as ether or any of the other fat solvents usually reveals the presence of a 
small percentage of fats and waxes. It is usually assumed that these are resi-
dual materials from the decomposing animal or plant remains, and perhaps 
particularly from the cutin and suberin from the plant debris. Very little 
detailed work, however, has been done on these. Although a great many 
analyses have been made, there has been little attempt to get a full systematic 
analysis of any one particular soil. Usually the workers have been content to 
investigate the one or two groups of compounds in which they are specifically 
interested. 

While many of the organic substances in soil can be regarded as residual 
it is clear that at least some of them are produced during the soil processes 
which are going on continually. The group of humic substances are typical 
products of such synthetic activities. Another class of compounds which are 
almost certainly formed in the soil are the very important organic phosphorus 
compounds, such as the inositol polyphosphates. 

Quantitatively, the most important organic materials in the soil are those 
grouped under the term humic acids. Much of the earlier work on humic 
materials was associated with attempts to fractionate the dark-coloured 
organic material into well-characterized fractions which could then be sub-
jected to normal chemical degradation and analysis. Of the very many pro-
posed fractionations, that of Oden (1919) is the most used. If soil is treated 
with sodium hydroxide in the cold, it is found that a substantial proportion of 
the dark-coloured organic matter is brought into solution. There is also a 
residual fraction which can be partially removed by prolonged boiling in 
sodium hydroxide. The insoluble resistant fraction is frequently termed humin. 
The solution obtained from the initial extraction with sodium hydroxide is 
dark in colour, usually almost black, but does transmit a small amount of light 
at the red end of the spectrum. If the solution is acidified, a precipitate is ob-
tained and some of the organic matter remains in the acidified solution. The 
fraction remaining in solution is termed fulvic acid. The precipitated material 
can be extracted with alcohol, yielding an alcohol-soluble fraction known as 
hymatomelanic acid and an insoluble fraction termed humic acid. These four 
fractions proposed by Oden have been accepted by the great majority of 
workers interested in soil organic matter. It was early realized, however, that 
these fractions almost certainly did not represent discrete organic species. 
As attempts are made to purify individual fractions, it is found that their 
solubilities change considerably, and many workers believe that the four 
distinct fractions differ primarily in terms of the size of the individual particles, 
which in turn affects their solubility. Small traces of metallic ions also have 
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a profound influence on the solubilities. It is for this reason that there has been 
a tendency in recent years to use the term humic acids as covering the range of 
humic materials rather than restricting the name humic acid to the fraction 
insoluble in acid and alcohol. 

For many years knowledge of the humic acids was very limited; it was 
generally agreed that they were highly polymerized substances and that their 
properties were due in part to their high molecular weight, so that colloidal 
solutions were obtained and with these the associated properties of colloids. 
Chemical investigation showed that the major reactive groups were carboxyls 
and phenolic hydroxyls. The high cation exchange capacity, associated with 
humic acids, was normally assigned to these carboxylic groups. Most humic 
acids on isolation contain a certain amount of nitrogen and at one time, 
mainly as the result of Waksman's work, it was thought that at least some 
humic acids were complexes of protein and lignin residues. The amount of 
nitrogen varies a great deal. In humic acids extracted from grassland soils 
one may find as much as 4 to 6% of nitrogen, although humic acids from 
highly leached soils such as podzols may contain less than 0-3% nitrogen. 
Prolonged acid hydrolysis will remove a considerable proportion of the 
nitrogen and an examination of the products of the hydrolysis shows the 
usual amino acids which one might expect from the hydrolysis of protein 
material (Kononova, 1961). Even after prolonged hydrolysis with acid, humic 
materials from grassland soils will still retain 1 or 2% of nitrogen. In contrast 
to this, humic acids obtained from highly acid soil and particularly from 
podzols may retain very little nitrogen at all. A typical humic acid from a 
podzol under Pinus may contain only 0-4% of nitrogen, and after prolonged 
acid hydrolysis this may be reduced to less than 0-2%. This would suggest 
that it is possible to form a typical humic acid without nitrogen being in-
volved as a major component of the humic molecule. 

In the early chemical investigations a great deal of time was spent in puri-
fying the fractions and in carrying out elemental analyses of the different 
fractions. These studies were most unrewarding, and it became increasingly 
clear that one could not obtain a reproducible fraction with a repeatable 
analysis for the individual elements concerned. Most of the chemical studies 
have been restricted to the humic acid fraction in the narrow sense, that is, 
the fraction which is soluble in alkali but insoluble in acid and alcohol. 
Quite early on, it was assumed that this material was essentially aromatic in 
structure, but even yet there is no thoroughly satisfactory evidence to show 
that it is primarily aromatic in its constitution. The best yield so far would 
indicate that at least 30% of the material is aromatic and that the remainder 
probably is also primarily aromatic (Burges, Hurst and Walkden, 1964). 
Early attempts to characterize the individual fractions either by analytical 
information or more recently by Chromatographie or electrophoretic studies 
were unsatisfactory; similarly, attempts at obtaining ultra-violet or infra-
red spectra of the different fractions were most unsatisfactory in that humic 
acids from a wide range of sources gave very similar absorption patterns, and 
the spectra themselves revealed very little concerning the chemical structure 
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of the fractions. More recently, chemical degradation using sodium amalgam 
has demonstrated convincingly that individual humic acids from different 
soils can be characterized by the phenols liberated. It has been possible to 
show that if the humic acid is degraded and the resulting phenols chromato-
graphed, one can obtain "fingerprint patterns" for the humic acids from 
different sources (Burges, et al, 1964). 

An analysis of the phenolic fractions obtained on the degradation of dif-
ferent humic acids has led to the idea that during the formation of humic 
acids, phenolic fractions are oxidatively polymerized to form a polymeric 
complex, and that the phenols which go to form this complex polymer may 
be derived from lignin or from flavonoid compounds in the plant debris and 
perhaps from other sources as well. At the moment there is fairly convincing 
evidence to show that the type of lignin which might be expected from the 
vegetation cover can characterize the type of humic acid produced. Similarly, 
one can identify some of the flavonoid complexes. At the moment there is no 
convincing evidence that microbial synthesis plays any substantial contri-
bution to the phenolic moieties of humic acid, although on ecological grounds, 
and as the result of experimental laboratory studies, it is possible that micro-
bial synthesis can also contribute phenolic moieties to the polymer. As 
regards the lignin contribution, studies have shown that in the humic acid 
under a soft wood vegetation, such as Pinus sylvestris, one can find charac-
teristically vanillic acid residues in the humic material. In contrast, under 
hard wood vegetation the underlying humic acid reveals the presence of 
syringic acid moieties. In a sample of humic acid extracted from soil under 
the moss Bryum in the Antarctic, no trace of any lignin components was 
found, the phenols being derived from flavonoid components. Where the 
vegetation changes over a small distance there is evidence to believe that the 
humic acid can likewise change; for example, in the studies at Delamere 
Forest, humic acid obtained from underneath a large area of bracken {Pteri-
dium) showed on degradation a characteristic phenolic spot which was absent 
from humic acid obtained from soils where no bracken is at present growing. 
The studies carried out using the sodium amalgam degradation technique lend 
strong support to the view put forward by a number of workers (Flaig et al, 
1954) that humic acid is formed by the condensation of a large number of 
phenols and that there is probably no definable molecule which can specifi-
cally be called humic acid. 

Such views as to the nature of humic acid would suggest that during the 
decomposition processes in the soil, phenolic fractions are released either 
from the decomposing lignin or from the flavonoid residues or from the 
metabolic activities of micro-organisms and that the phenolic fractions which 
come together are then polymerized. The proportions can vary from place to 
place, and perhaps from time to time. If free amino acids are present during 
the condensation, these may be incorporated into the polymeric complex, 
either loosely as amino acids, or perhaps as peptides or more tightly con-
nected, perhaps even as structural units in the main framework of the polymer. 
It is probable that the individual polymeric units can grow in size as fresh 
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phenolic units are condensed onto the outside. As the polymer grows in size 
so one could expect its solubility to change and one could thus offer a logical 
explanation of the different solubilities between the different fractions. If 
such views are correct, then we are faced with an extraordinarily difficult 
problem in trying to characterize the humic acid complexes. It is in fact even 
more complex than the pedologist has had to face in the chemistry of the 
clay minerals; here at least one has a lattice structure of a crystalline nature, 
and one can characterize the individual clays by their lattice structure. It 
would seem that in the humic acids one has no such crystalline pattern, 
although one may perhaps be able to characterize them at some future time 
by the proportions and distributions of the phenolic residues. It seems fairly 
clear at this stage that it is most unlikely that there is any definable molecule 
which can be termed humic acid and that attempts to put forward structural 
formulae in the way that Barton and Schnitzer (1963) have done is not pro-
ductive and has very little relation to humic acid as it occurs in soil. 

C. THE SOIL MOISTURE 

Soil moisture is often regarded as belonging to three categories : (a) gravi-
tational water which is moving through the soil under the influence of gravity, 
(b) ground water held below the water table and (c) held water which is 
retained in the soil after gravitational movement has ceased (Croney, 1952). 

The amount of water in the soil with reasonably good drainage can vary 
greatly according to weather conditions. During exceptionally heavy rain, or 
if the soil is temporarily flooded, practically all the pores between the soil 
become almost filled with water. If the soil is then allowed to drain freely, 
much of the water runs away and the larger pores again become occupied 
by the soil atmosphere. After the initial drainage of the gravitational water 
has occurred, the soil moisture reaches a relatively stable condition in which 
the gravitational pull on the water is roughly balanced by the capillary and 
adsorption forces exerted by the interstices and colloidal materials in the soil. 
The moisture content under these conditions is said to be at field capacity. 
Because of the relative ease with which the field capacity can be obtained and 
measured, it is widely used as a measure of moisture levels in experimental 
work. As soils dry out and the moisture content falls well below the field 
capacity, plants have increasing difficulty in extracting water. Eventually a 
stage is reached where the plants can no longer remove water and the plants 
wilt permanently. The permanent wilting point of soil is a surprisingly constant 
value and differs only slightly for different plants. Examination of a wide 
range of soils showed that the amount of water expressed as a percentage of 
the dry weight of the soil at field capacity and at the permanent wilting point 
differs widely for different soils. It was clearly desirable therefore to know 
not only how much water was present but also to have some way of expressing 
the relative strength with which the water in the soil was held. To meet this 
need, Schofield (1935) introduced the pF scale. This scale expresses on a 



1. THE SOIL SYSTEM 11 
logarithmic basis the difference between the free energy of the moisture in the 
soil system and a free water surface. On this scale a soil at field capacity has a 
pF of 2, and permanent wilting point is about pF 4-2; oven-dry soils are at 
approximately pF 7. It is often more convenient to measure the force with 
which water is held in a soil by some means of suction measurement. This 
may be done with a simple vacuum pump or a greater force may be applied 
in a centrifuge. It is usual to express the suction in terms of the height of a 
column of water. Measurements of moisture tension using either the pF scale 
or the suction are readily interconverted over much of the range in which 
biologists are interested. 

In practice, measurements of water tension in soils wetter than field 
capacity are most easily carried out by placing the soil in a container with a 
sintered glass base and connecting the base via SL tube with a small reservoir 
of water to a vacuum pump. A manometer is fitted to the reservoir tube. When 
the soil first comes in contact with the water, the meniscus in the reservoir 
tube moves towards the soil. The pressure is then reduced till the movement 
ceases, and the pressure difference read from the manometer. The extent of 
the suction required is expressed in centimetres of water or converted to the 
pF scale. 

The measurement of tensions between about pF 2 and pF 5 are usually 
made by using gypsum blocks containing two electrodes, and the electrical 
resistance between these is measured. When the blocks are buried in the soil 
the moisture in the block comes into equilibrium with that in the soil, and 
the resistance changes accordingly. The pF value corresponding to the 
measured resistance can be obtained from calibration charts provided by the 
makers of the gypsum blocks or by preparing calibrations with the aid of 
pressure-membrane apparatus. The measurement of pF values above 5 is 
usually carried out by equilibrating the soil against known vapour pressures 
maintained by salt solutions (Griffin, 1963). Since recent work has shown that 
considerable microbial activity can occur in soils drier than the permanent 
wilting point, it is important that the way in which any measure of the water 
relations has been made is clearly stated. 

In recent years there has been considerable interest in the adsorption of 
organic materials (particularly antibiotics and proteins) onto soil particles 
and the effect this has on their availability to micro-organisms. The availa-
bility of these compounds is associated with the ability of free water to pene-
trate into the finer interstices of the soil. Schofield (1938) has given good 
reasons to show that the cohesive power of water is sufficiently high to allow 
water to exist as a liquid in spaces as narrow as 30 πιμ, corresponding to 
only about 100 water molecules across. 

Although the water may exist in the liquid form, it is important to remem-
ber that the physical conditions in such situations may differ considerably 
from those in the large bodies of water elsewhere in the soil. The density of 
the water and the ionic state of any dissolved materials will be considerably 
affected. For instance, the pH may differ by more than a unit from that of the 
bulk aqueous phase (McLaren, 1960). 
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D. THE SOIL ATMOSPHERE 

The soil atmosphere is usually in a continual state of change, the compo-
sition at any one point or at any one time being the outcome of several 
processes which are going on continuously. The action of living organisms 
in the soil converts oxygen to carbon dioxide and, as the oxygen is utilized, 
fresh oxygen will diffuse down from the soil surface. The carbon dioxide 
formed will diffuse from the soil into the atmosphere; thus the relative pro-
portions will depend on the ease of diffusion and on the rate of production of 
carbon dioxide. In a relatively dry soil, carbon dioxide seldom rises above 1%. 
If, however, the soil becomes wet and particularly if it becomes waterlogged, 
then, as the soil pores become filled with liquid, diffusion is impeded and the 
levels of carbon dioxide can rise rapidly and those of oxygen can fall. Follow-
ing rain, one often gets a marked increase in microbiological activity, and 
concentration of carbon dioxide can then rise to 3 or 4%, or even as high as 
10% for relatively short periods. The oxygen levels fall correspondingly as 
most soil organisms have a respiratory quotient of approximately 1. In water-
logged conditions, oxygen levels can fall very greatly indeed and may approach 
zero. Under such conditions the oxidation-reduction potential of the soil 
may lead to the ferric iron being converted to ferrous iron as in the charac-
teristic gley phenomenon. 

Not very much is known about the effect of the soil atmosphere on the 
different soil organisms. In the litter layers it is most unusual for the carbon 
dioxide levels to rise above about 0-5%. At these levels very few animals or 
micro-organisms seem to be affected. When the carbon dioxide rises to 3 or 
4% one is approaching levels at which, under laboratory conditions, many 
fungi begin to show a falling off in growth rate, and there is evidence to show 
that fungi from the deeper layers of the soil are more tolerant to high carbon 
dioxide concentrations than the fungi which occur in the litter or in the surface 
layers (Burges and Fenton, 1953). Whether this ability to withstand higher 
carbon dioxide concentrations is a factor in the selection of the more deep-
seated species has not been established, although such a view has been put 
forward. 

It would seem from the work of Garrett (1956) that local concentrations of 
carbon dioxide are quite important in determining the activity of some para-
sitic fungi, so that soils which tend to accumulate carbon dioxide, either 
because of poor aeration or because of acidity, are less prone to certain root 
diseases than better aerated or alkaline soils. If the carbon dioxide rises to 
levels approaching 10%, then many plants begin to suffer, and correspond-
ingly one finds marked changes in the soil microflora. The fluctuation in 
oxygen levels seems to have no important effect on soil organisms; even if 
the carbon dioxide rises to 10% and a corresponding fall occurs in the oxygen 
levels, most organisms do not seem to suffer severely from such oxygen 
deficits. It is only when oxygen levels fall below 5% that one begins to notice 
a marked falling-off in the activity of the soil organisms. 
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