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t IGER, we have recently made significant

breakthroughs in the understanding and

definition of soil quality. Equally importantly, we

have developed methods (patent applied for) and

instruments that will form the basis of a Soil Quality

Index for pasture soils.

Why is soil quality important?

It is easy to regard soil as nothing more than a

mixture of inert mineral particles which anchor

plants to the surface of the earth and act as a

reservoir of water and nutrients for growth.

However, in reality, soils are complex biological

ecosystems and their functionality and hence their

quality is strongly influenced by their biological

activity. Primary production depends on the soil�s

capacity to sustain the flow of materials vital to plant

growth. In addition, we expect the soil to reprocess

and purify all the waste material that is applied to it

or falls naturally upon it. The soil ecosystem breaks

down complex organic molecules into simple forms

that are either recycled as plant nutrients or lost to

the wider environment. There is growing concern

over the ability of the soil to sustain the increasing

demands that we place upon it (Figure 9.1).  A recent

report by the Royal Commission on Environmental

Pollution identified a need for future survey work of

biological measures of soil quality. The Government

recognised this need but concluded that the science

for assessing the biological quality of soil is not

sufficiently advanced at present to warrant further

surveys. The task we have set ourselves is to advance

the science of assessing biological quality of soils.

The impact of biology on soil quality

Although the biology of soil is extremely complex,

some of our recent studies have provided fresh

insights into the understanding and definition of soil

biological quality. For instance, we have observed

that soil under clover plants undergoes dramatic

physical changes that have a profound effect on soil

function (Figure 9.2).  As the clover plant grows and

the root system develops, the soil particles are

progressively aggregated in distinct crumbs. This

process is called soil structuring. It is obviously

promoted by the presence of the clover plant and

must therefore be biologically based.
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Figure 9.1. Effects of compaction on the growth of clover. Cores
of field soil (left) were found to be 30 times less permeable to
oxygen than uncompacted headland samples from the same field
(right), with clear effects on growth.

Figure 9.2. Effects of clover (left) on soil structure
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Some of the major and more obvious effects

associated with this are changes in weight per unit

volume of the soil; in effect the soil becomes lighter.

Water percolation rates improve so that the soil

becomes more freely drained. It also became easier

for plants to extract nutrients from the soil. In this

particular case fertiliser uptake rose from less than

50% of that applied to over 75% as soil structuring

developed to its full extent. However, although it is

possible to observe these physical changes in soil

quality and to quantify modifications in some

associated parameters, these do not in themselves

provide an index of the biological quality of soils

although they are indicators of one essential

determinant of soil activity - aeration. 

Oxygen status in soils

Oxygen status and soil metabolic activity (involving

micro-organisms) are determined by the balance

between O2 use and supply and these factors vary to

some extent with depth and crumb structure.  Even in

well-structured soil, anaerobic micro-sites can occur

at the centre of larger particles even though bulk soil

is aerobic.

The complexity of soil as a habitat leads to an

enormous diversity of micro-organisms so that on

the cellular/biochemical scale the matrix of

interactions between soils, microbial processes and

environmental variables are extremely complex and

generally poorly defined. This complexity has

predisposed researchers to the view that quantifying

the biological quality of soils requires equally

complex approaches to measurement and

monitoring. Indeed, detailed lists of chemical,

physical and biological indices have been drawn up

by the international soil science community, but no

progress has been made in developing practicable

field tests for indexing soil quality. We have recently

proposed that, although the soil system is complex,

there are a small number of key physical and

biological processes that, when measured and

integrated, can be used to provide an index of overall

soil function and health. These processes relate to

soil permeability, respiration and the production of a

range of gaseous products. An understanding of the

effects of O2 on metabolic activity in soil is central

to the new method.

Effect of oxygen on soil processes

As the structure of soil deteriorates, a point is

reached where O2 use exceeds diffusive supply,

leading to a series of progressively worsening

consequences. Soil micro-organisms deprived of O2

maintain their metabolic activity by switching to

alternative chemical electron acceptors for

respiratory energy production. As the soil becomes

more anaerobic, microbial activity sequentially

reduces soil chemical constituents to lower and

lower oxidation states. (Each of these chemical

reductions has a clearly defined �redox potential�

which can be measured in the laboratory.) Some of

these processes are summarised in Figure 9.3.

The initial effect of declining redox potential in

agricultural soil is the loss of nitrates to the

atmosphere as NOx and N2 (aside from

environmental implications, fertiliser lost from

grasslands in the UK by denitrification is estimated

to cost £100 million annually). In soils with good

iron content the reduction of the ferric to the ferrous

form will buffer against further drops in redox

potential, offering some protection against

environmental transients such as flooding. Once iron

salts have been reduced, redox potentials fall again

to the level where sulphates are reduced to highly

toxic sulphides (leading to the characteristic black

coloration). Continued O2 deprivation leads to

anaerobic metabolism and loss of carbon from soil as

reduced gaseous compounds. The end point in this
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process is serious degradation in soil quality and

structure that may take years of careful amelioration

to correct.   

Measurement of soil quality

The factors of key importance in the above section in

relation to indexing soil quality are:

1. During aerobic metabolism in healthy soil one

atom of soil carbon is oxidised by one O2 to give one

CO2. Thus the ratio of CO2 production to O2 uptake

(the Respiratory Quotient or RQ) is close to one.

During anaerobic respiration (where electron

acceptors such as NO3- and Fe3+ are used) there is

no O2 uptake and the RQ value tends toward infinity.

The RQ for bulk soil activity therefore reflects the

ratio of anaerobic : aerobic metabolism. In addition,

the magnitude of CO2 production gives an indication

of soil organic matter content and microbial activity. 

2. Soil features that predispose it to potential

imbalances between O2 influx and respiratory O2

consumption will render it vulnerable to deleterious

declines in redox potential.  Thus, a combined

measurement of O2 use and resistance of soil to O2

diffusion provides an index of stability to

environmental perturbation to give another

parameter defining soil quality. 

3. The oxidation state of a soil is characterised by the

sequential reduction of a series of compounds, a

number of which have well defined gaseous products

shown in red in Figure 9.3. Thus the quantification in

soil of NOx, H2S and CH4 gives an index of the

spread in redox potential through the soil profile as

well as the lowest oxidation state.

In summary, measurements of O2 uptake and CO2

production can be used as an index for soil activity

which relates to organic matter content, while the

ratio of these two is an indicator of soil aeration.
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Figure 9.3. Effects of decreasing aeration on chemical reactions in soil. Gases are shown in red.
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Parallel indicators of breadth and extent of soil

anaerobiosis can be provided by analysis of the soil

atmosphere. The stability and durability of this state

can be determined by measuring the rate of soil O2

use and its porosity to O2. The conceptual

relationship between these processes and soil quality

is presented in Figure 9.4. We have recently

developed a new method for the rapid measurement

of soil porosity in the field (patent applied for) and

have also developed small portable electrochemical

sensors to measure O2 uptake and the production of

CO2, NOx, H2S and CH4 by soils in the field. We are

currently developing these methods in a BBSRC

AgriFood project to form the basis a Soil Quality

Index for pasture soils.

Contact: john.witty@bbsrc.ac.uk

lance.mytton@bbsrc.ac.uk
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The position of all soils can be defined within this

map by measurements on bulk soil of O2

consumption, permeability and the production of

CO2 and reduced gases. The diagonal where the

background colour changes from white to shaded

represents the boundary at which respiration

balances O2 supply. Above this line, soil becomes

anaerobic and is evident from the progressive

increase in RQ and the production of sequentially

more reduced gases (see text). 

The progression of soils from position A (poor

porosity, low respiration eg peat or low organic

matter clay soils) to position B (well aerated,

well structured soil with good organic matter

content) represents an increase in soil fertility

associated with increased metabolisable

organic matter and associated biological

activity. A soil will diverge from position B

towards C (open textured sandy soil) as the

organic matter content falls and, conversely,

move towards D as organic matter content

rises. Loss of soil structure (due, for example,

to compaction as illustrated in Figure 9.1)

results in movement towards position E. 

The required properties of a �good� soil depend

upon its use. Consequently agriculturally useful

soils are not defined by a single position within

this scheme but are distributed within an

envelope encompassing the lower right hand

side of the diagram. With appropriate treatment

the position of soils within this envelope will

provide a numeric index of biological quality,

an indicator of most appropriate agricultural

use and a tool which can be used in developing

a decision support system for soil management. 

Figure 9.4  A conceptual soil quality map on
which all soils can be located


