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Abstract

The health of the soil, recognized by its active role in the linked processes of decomposition and nutrient supply, is
considered as the foundation of agriculture by the organic farming movement. Nutrient management in organically managed
soils is fundamentally different from that of conventional agricultural systems. Crop rotations are designed with regard to
maintenance of fertility with a focus on nutrient recycling. Where nutrients are added to the system, inputs are in organic
and/or non-synthetic fertilizer sources that are mostly slow release in nature. Hence a greater reliance is placed on soil
chemical and biological processes to release nutrients in plant-available forms. In this respect, nutrient availability in
organically farmed soils is more dependent upon soil processes than is the case in conventional agriculture. The
development and use of biological indicators of soil quality may therefore be more important in organic (and other low
input) farming systems. The aim of this paper is to evaluate current evidence for the impact of organic farming systems on
soil biological quality and consider the identification of appropriate biological indicators for use by organic farmers and
their advisors. Organic farming systems are generally associated with increased biological activity and increased below-
ground biodiversity. The main impacts on biological fertility do not result from the systems per se but are related to the
amount and quality of the soil organic matter pool and disruptions of soil habitat via tillage. Even within the constraints of
organic farming practices it is possible for farmers to make changes to management practices which will tend to improve
soil biological quality. It is, however, by no means clear that distinct indicators of soil biological quality are needed for
organic farming systems. It is important not only to identify the most appropriate indicators but also to ensure that farmers
and land managers can understand and relate to them to support on-farm management decisions.
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Introduction

Concerns about environmental degradation and protection,
together with increasing consumer awareness of food safety
issues, have contributed to the development of a number
of ‘sustainable’ or ‘eco’ farming approaches in recent
decades. Organic farming, first developed in the 1940s, has
found a booming market for its products and it is now
considered to provide viable livelihoods in many circum-
stances and a realistic alternative to other more high input—
high output approaches to agriculture'. Across the world
organic farming and processing has well-developed certi-
fication systems and, in many countries, the definition
and practices of organic agriculture are defined in law
(e.g. Regulation 834/2007 of the European Union). There
is no single homogeneous and easily recognizable organic
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farming system. Organic farming systems are underpinned
by a set of agreed global principles (Table 1), thereafter
crops, livestock and their management on organic farms are
regionally diverse and locally adapted.

The health of the soil, recognized by its active role in the
linked processes of decomposition and nutrient supply, was
proposed as the foundation of agriculture by the pioneers of
the organic movement®. The organic farming movement
has developed its principles and recommendations for
farm management from an underpinning recognition of
the biological, ecological conception of nature and the
importance of the relationships and interactions between
organisms—plant, animals and within the soil. In contrast,
intensification of agricultural production is often marked by
increased use of mechanical and manufactured inputs and
increased specialization of production; these changes mean
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Table 1. Principles of Organic Agriculture—International Federation of Organic Agriculture Movements, 2005 (http://www.ifoam.org/
about_ifoam/principles/index.html).”

Principle of health
Organic agriculture should sustain and enhance the health of soil, plant, animal, human and planet as one and indivisible.

Principle of ecology
Organic agriculture should be based on living ecological systems and cycles, work with them, emulate them and help sustain them.

Principle of fairness
Organic agriculture should build on relationships that ensure fairness with regard to the common environment and life opportunities.

Principle of care
Organic agriculture should be managed in a precautionary and responsible manner to protect the health and well-being of current and
future generations and the environment.

’ In the full text, each principle is articulated through a statement followed by an explanation, which is not given here. They are given as
ethical principles to inspire action and consequently should be taken as a whole. The principles of organic agriculture serve to inspire the

organic movement in its full diversity and guide IFOAM’s development of positions, programmes and standards.

that regulation of the agro-ecosystem through biological
processes is displaced®. Hence in organic farming systems,
use of manufactured fertilizers is prohibited (or at least
significantly restricted), crops must be grown in rotation or
as mixtures. Rotations/mixtures are designed with a strong
awareness of their impact on soil structure. The cropping
plan is also designed with regard to the fertility building
and depleting role of the crops, with a focus on nutrient
recycling to reduce the need for external input’. Nutrients
are dominantly added to the soil as organic (e.g. manures,
compost, crop residues and legumes) or slow-release
sources (e.g. rock phosphate). Consequently in organic
farming systems a greater reliance is placed on chemical
and biological processes within the soil to release nutrients
in forms available for plant uptake. In this respect, while
the processes controlling nutrient availability are the same
in soils whether under organic or conventional manage-
ment, nutrient availability in organically farmed soils is
more dependent on soil processes than is the case in
conventional agriculture®. It is also clear that the role of the
soil in weed, disease and pest management may be
significant for organic farming systems’*®. Soils also play
an important role in the regulation of broader environ-
mental quality; for example, taking key roles in the
regulation of water flow in watersheds, global emissions
of greenhouse gases and degradation of wastes.

There is strong evidence that organic agriculture,
particularly in temperate arable systems, is able to deliver
positive impacts on biodiversity’ "', which offset the
declines in farmland biodiversity that have been seen in
these regions as a result of the intensification of farming
systems and consequent homogenization of the land-
scape' >3, A full range of evidence in all climates and
farming systems has yet to be collected. The absence of
synthetic fertilizers and pesticides, increased diversity of
crop types in space and time, together with requirements in
organic certification schemes for beneficial management for
wildlife in non-cropped areas, are likely to contribute to the
increases in biodiversity seen in organic systems''.

In considering soil biological quality, it is important to
take a broad view of ‘which organisms count?’ and in the
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first instance consider the whole food web and its
interactions. For example it has been shown that the
activity of soil fauna is responsible for 30-40% of the N
released into plant-available forms in the soil'*; miner-
alization is not purely a microbially driven process. Often
agricultural systems are associated with simplified soil
food webs compared to semi-natural systems; dominantly
pastoral systems also have been shown to have qualitatively
different ecological interactions below ground than dom-
inantly arable systems'>. However, agricultural intensifica-
tion need not necessarily have adverse consequences on
below-ground biodiversity*'®. In contrast, in a range of
grassland systems, it has been shown that increased in-
tensity of management tended to reduce the diversity of soil
organisms within most functional groups'’. This paper will
therefore further investigate the evidence for the impact of
organic farming systems on soil biological quality and
consider the identification of appropriate biological indica-
tors for use by organic farmers and their advisors.

In the following review, where differences between
treatments are cited from previously published work, these
refer only to significant differences reported in the original
work. However, in many cases the published studies re-
viewed contain evidence of significant increases, significant
decreases and no significant differences as a result of
farming systems or treatments; the authors of this review
have therefore, on many occasions, applied their expert
judgment to assess the overall implications of a number of
contrasting studies. In these cases, no formal meta-analysis
has been carried out and hence no statistical significance is
discussed.

Impact of Organic Farming on
Soil Biological Quality

Pastoral systems

A large body of work carried out on soil biodiversity at an
unimproved grassland site in the uplands of southern
Scotland (320m above sea level) showed that even soils
with relatively low above-ground vegetation diversity had
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extremely high below-ground biodiversity and were able to
process carbon inputs rapidly'®, this resulted in a soil
ecosystem that was highly resistant to perturbations, in-
cluding the application of lime, nitrogen fertilizer and
biocides. Almost no work has been done to study the
impact of differences between farming systems on soil
biological quality in hill pastures. Given that differences
between organic and conventional management in hill
pasture systems are relatively small, large differences in
soil biological quality are not expected. No significant
differences were seen in bacterial diversity between im-
proved and unimproved grassland despite differences in
grazing intensity, fertilizer use and plant species'®; there
was, however, some indication of an underlying difference
in specific population components. Organic management,
which is likely to reduce stocking density on unimproved
grazing land, may have a negative impact on below-ground
ecology in these areas due to reduced nutrient inputs®®>'.
Soil biota was studied along a fertility gradient in per-
manent pastures in the hills of New Zealand** with a range
of plant species, stocking rates (6—16 ewe equivalents) and
fertilizer applications (to a maximum of 90kgN and
33kgPha™'). Bacteria and nematode populations showed
an increase with increasing fertility; the same trends were
found in both organic and conventional pastures and the
farming systems were not distinguishable®”.

In lowland dairy systems, there are much larger dif-
ferences between organic and conventional practices.
Stocking density is often lower in organic systems.
Conventional systems are generally associated with more
intensive grassland management. Temperate organic dairy
systems are dependent on grass—legume leys, rather than
intensively fertilized predominantly rye-grass swards.
There is some evidence of reduced numbers and activity
of dung beetles where veterinary drugs are used regularly in
lowland grassland systems™; anecdotal evidence suggests
that dung decomposes more slowly where wormers have
been used. Impacts on earthworms are less clear; studies
have shown both no significant differences in earthworm
numbers and species diversity>**> and also reduced earth-
worm numbers”® when comparing grassland management
systems. In a comparison of grassland under conventional
(c. 5-year grass—clover swards receiving NPK fertilizers)
and organic management (>10-year grass—clover swards
with a significant proportion of other grass species, slurry
applied at one site) on three contrasting soil types (silt,
loam and sand), strong interactions were shown between
soil and farming system on soil biological quality. Bacterial
and mite populations tended to increase under organic
management, while fungal and total nematode populations
were significantly increased under organic management at
all sites?®. Detailed analysis of nematode populations under
conventional and organic management showed that fungal
feeders were increased at all sites under organic manage-
ment, whereas bacterial feeders, predatory and plant
feeding species showed strong interactions with site and
no clear effect of management”®. Results from a gradient of
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grassland sites in The Netherlands'” showed higher diversity
of bacterial and fungal feeding nematodes under organic
than intensive grassland management systems—a gradient
of practice related to management intensity including
increasing livestock density, increasing use of mineral
fertilizers and biocides and reducing use of farmyard
manure was studied. A study of nematodes across a
management intensity gradient in Germany and Switzer-
land also showed similar trends?’. The highest nematode
diversity was recorded on an organic farm'’. There was a
strong relationship between higher bacterial populations
and bacterial feeding nematodes, both increasing with
intensity of management. Hyphal feeding nematodes show
much lower resilience than bacterial feeders to increasing
intensity of farming practices in all grassland systems with
lower number of taxa and fewer individuals in general'’.
Arbuscular mycorrhizal fungi have shown greater spore
density and infectivity under organic management (grass-
clover swards) than at paired conventional sites (with
higher rates of fertilizer use and lower proportions of
clover®). Arbuscular mycorrhizal fungi are likely to be
increased as a result of increased plant diversity and
decreasing P availability in organic systems>’; conventional
dairy pastures often have very high P availability*’. Taken
together the data collected in grassland systems suggest that
decomposition pathways in low-intensity and/or organi-
cally managed grassland are likely to be more complex/
diverse than under high-intensity conventional grassland,
with consequent impacts on the higher trophic levels of the
food web. However, there are few studies of the impact of
organic management on predatory meso- and macrofauna
in lowland grassland systems.

Rainfed arable cropping systems

Most studies comparing the effects of organic, integrated
and conventional systems have been carried out in tem-
perate rainfed arable systems. In these systems, there are
large differences between organic and conventional man-
agement. All systems are permitted to use lime to maintain
an optimum pH. However, there are marked differences in
the use of mineral fertilizer, herbicides and pesticides.
Organic livestock-based ley—arable systems use grass-
clover leys and manures to maintain soil fertility; stockless
organic farms use N fixing green manure crops at the heart
of their rotations”. Tillage intensity varies in both con-
ventional and organic systems, though due to the prohibi-
tion of herbicides, zero-till systems are less common in
organic systems.

Paired farm studies in New Zealand have shown greater
microbial biomass in organic than conventional sys-
tems’"*?. However, where organic management was
compared with conventional systems using reduced tillage,
no differences were found in the size of the microbial
biomass>*. Soil type (sand compared with clay) was shown
to have a larger effect on the size of the microbial biomass
than farming system in a comparison of 13 paired sites".
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Under field conditions in a long-term trial comparing a
conventional system, an organic system based around
animal production using manures, and a stockless organic
system using N fixing cover crops®, there were only very
small differences between the size of the microbial biomass
but significant differences between activity of the popula-
tions®. Larger microbial biomass populations and higher
respiration rates have been measured in the grass—clover ley
phase of organic rotations®’. Increased microbial biomass
in forage compared with arable rotations has also been
found in conventional and integrated systems>®. There was
no equivalent distinction between organic arable and forage
rotation in the same trial; it was proposed that the higher
returns of organic matter, as a result of the inclusion of ley
and green manure crops in the organic arable rotation,
offset the impact of increased tillage®®. In a long-term
comparison of farming systems under the same crop
rotation in Switzerland, soil microbial biomass size and
activity were shown to be more sensitive than the total soil
organic carbon pool to differences in the quantity and
quality of applied animal manure®®. Detailed observations
of microbial population size, composition and dynamics
and populations of other below-ground fauna made in a
long-term multidisciplinary study under irrigation in a
Mediterranean climate*®™* confirm the findings from
temperate climates that the main factors leading to the
increase in microbial populations and activity that are
observed under organic management are the quantity and
quality of the carbon inputs.

There is some indication that organically managed soils
have a larger population of viable but non-culturable micro-
organisms™®’. There is also some indication of increased
diversity of bacterial populations under organic manage-
ment**; however, a large number of factors varied between
the sites studied. Soil properties that regulate microbial
activity may also regulate microbial community composi-
tion*; management practices that modify soil pH and
cycling of dissolved organic matter are most important in
modifying microbial community structure and activity.
Higher functional diversity coupled with higher microbial
carbon efficiency have been measured under organic
management*®, At the same site genotyping approaches
have been used to show that the structural diversity of
bacterial communities was influenced more by the ap-
plication of animal manures than by conventional or
organic management per se*’. This work was extended
using lipid profiling to study microbial phenotypes to
confirm that application of farmyard manure had the
strongest influence on microbial community structure*®;
in addition an influence of conventional versus organic
management could be distinguished, whereas no direct
impact of the immediately previous crop could be iden-
tified. Interaction between tillage and organic matter inputs
within the constraints set by climate and soil texture rather
than management system per se dominantly control the
size and activity of the soil microbial biomass in arable
systems.
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Ergosterol (as an indicator of fungal biomass) was
compared in soils from an organic, a conventional arable
and conventional livestock farm*®. The conventional live-
stock farm had greater ergosterol contents than the con-
ventional arable farm. The biodynamic system that had a
mixed cropping rotation, and intermediate inputs of organic
matter had intermediate ergosterol contents. Spatial hetero-
geneity in ergosterol also increased with increasing pool
size. However, in other cases few (and no consistent)
differences in fungal biomass appear between organic and
conventional systems43; indeed, the variation in fungal
abundance within farming systems has been shown to be as
great (and often greater) than differences between farming
systems>’. Higher arbuscular mycorrhizal colonization has
been shown in organic than conventional paired cropping
systems>' ™3, Using a paired farm approach it was shown
that arbuscular mycorrhizal fungi in organic farms had
a higher infectivity to roots than conventional systems
(compared at the same inoculum levels)™, infectivity also
increased with time since conversion to organic manage-
ment; the largest difference was seen on an inherently
low P status soil. At the Rodale Research Institute in
Pennsylvania, three farming systems (conventional, organic
based around animal production using manures and stock-
less organic system using N fixing cover crops) showed
similar levels of arbuscular mycorrhizal fungi®’; all plots
also had very high levels of available P. A higher diversity
of arbuscular mycorrhizal fungal spores under organic
management regimes has also been shown’'°. Summar-
ized evidence from 13 available studies showed greater root
colonization, larger numbers of spores and greater diversity
of arbuscular mycorrhizal fungi in organically managed
soils*®. However, poor performance of arbuscular mycor-
rhizal fungi was also identified in some organic systems>®;
the causes could not be identified because of differences
in the details of management practices used in organic
systems and contrasting land management at the sites
before conversion.

Protozoans and nematodes are primary consumers of the
soil microbial biomass and may be more sensitive indi-
cators of the microbial dynamics than the measurements
of the microbial biomass itself>*%. No differences were
shown in protozoan populations between organic and
conventional farming systems in Austria®>. The nematode
community structure has been shown to vary with fertilizer
and crop protection systems>”; different components of
nematode biomass responded differently to different man-
agement practices. Overall nematode abundance has been
shown to be higher under organic management than in
comparable conventional systems*®. However, a larger
effect of soil type (sand compared with clay) compared to
farming system was found in The Netherlands on the size of
the total nematode population in a comparison of 13 paired
sites®. It has been observed that organically managed
arable land in a crop rotation maintained nematode species
diversity and species type at a level more similar to low in-

tensity grass than comparable conventional arable systems=°.
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Long-term system studies have found fundamental
differences in soil food web structure between conventional
and less intensive farming systems (The Netherlands®',
USA®? and Sweden63). Microbes, protozoa and nematodes
have been shown to contribute more to the total amount of
N mineralized in a lower-input system, while in the
conventional system mites and enchytraeids made a larger
contribution to mineralization®®. Contribution to miner-
alization is a function of both species abundance and
turnover®. It has been suggested that, as for grassland
systems discussed above, under conventional arable culti-
vation, the bacterial community dominates the microbial
component while, in less intensive systems, the fungal
community is the dominant microbial component. Such
differences influence nutrient cycling and have implications
for the efficient use of nutrient inputs and leaching
potential®>®®. Long-term system studies in The Nether-
lands, USA and Sweden®'~®* have also found that most soil
faunal groups were more diverse or unchanged in less
intensive farming systems (organic and integrated) than
in conventional systems. In addition, no difference in
collembolan population size or species abundance was
evident between conventional systems using reduced tillage
and organic farming systems>>. Many collembolan taxa
have been shown to be ubiquitous in arable farming
systems®’, where the most important source of variation
was local differences between management practices.
However, in general, taxa responded differently to farming
systems; it has been suggested that collembolan species
showing an increase in organic farming systems are those
that prefer increased humidity and hence higher weed
populations®”. Significantly higher carabid populations
have also been reported in organic management regimes®®.
A meta-analysis of all the data collected on comparisons of
carabids in organic and conventional systems in southern
Germany and Switzerland showed that on average there
were 34% more species found in organically managed
winter wheat®’; carabid species also responded to manage-
ment systems differently, with some species showing
increases and some decreases in organic systems. Identifi-
cation of key species traits and requirements is needed if
optimum management practices for any particular species
are to be developed, e.g., Carabus auratus often shows
increased populations in organic farming systems. How-
ever, this effect is not found on very sandy soils, and
shows a strongly negative response to mechanical weeding
in spring due to its long larval stage®. Earthworms are
generally higher in organic than conventional systems>'®,
Within organic rotations earthworm numbers were found
to be highest in the second year of grass—clover ley, the
population declined through the tillage phase of the rotation
with increased time after the ley phase’®. Increases in
earthworm population have been strongly linked to farming
systems with reduced cultivation’".

Beneficial effects of organic farming on the abundance
and species richness of arable weeds are often reported,
e.g., Roschewitz et al.”?. This clearly has benefits for plant
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species diversity and can therefore impact on above ground
insect diversity’>. The presence of weeds can act as an
important bridge for arbuscular mycorrhizal fungi in non-
mycorrhizal crops’®. It is likely that the presence of
increased weed populations may have broader impacts on
the soil ecosystems. Selected biological indicators of soil
quality have also been associated with potential weed-
suppressive activity in soil. In reduced tillage systems, the
proportion of water-stable soil aggregates was the greatest
in soils with the highest organic matter and was found to be
related to higher enzyme and weed-suppressive activity’>.
Interactions between crops, weed and soil biological quality
are complex and not much studied.

Lowland rice (paddy) systems

Little work has been carried out in paddy systems to
compare biological soil quality between organic and con-
ventionally managed systems. However, differences have
been found in the ground arthropod community structure
and insect pest regulatory mechanisms’®. No consistent
structural differences were found in the abundance of
plant eating and predatory arthropods in comparisons of
organic and conventional rice paddies’’. The same study
also demonstrated that soils under organic management
had lower bulk densities. Improved soil physical quality
(including ease of cultivation) has been shown in organic
rice systems and this has been linked to the larger returns
of organic matter through rice straw and animal manure
typically associated with organic management practices’®.
Given the very different soil processes operating under the
reducing environment in rice paddies, more work is needed
to establish whether these changes in soil physical quality
and organic matter management have any measurable
impact on soil biological quality.

Overall impacts on soil biological quality

Given our limited ability to apply robust taxonomic
classification systems to below-ground groups, it is pro-
bably not surprising that a range of positive and negative
effects on below-ground ecology are observed as a result of
the application of contrasting management systems. The
evidence collected until 1992 on the impacts of organic
management on soil biodiversity showed uncertain results:
‘It is increasingly evident that generalisations like—
conventional farming destroys life in the soil or Eco-
farming stimulates soil life—are only partially supported
by the data’®. More recent reviews have largely shown
positive impacts of organic farming systems on soil bio-
logical quality. A larger number of studies showing positive
impacts of organic farming systems on below-ground
species than studies showing no difference or negative
impacts were reported in a 2005 review'®. As part of a
meta-analysis considering all aspects of biodiversity in
organic farming systems in 2005, it was shown that despite
the considerable heterogeneity amongst studies, soil or-
ganisms were generally more abundant in organic farming
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systems®. Effects on bacterial biomass and activity were
unclear, whereas positive impacts on earthworms, collem-
bolan, mites and fungal populations were confirmed.
For groups that can be resolved to the species level,
e.g., collembola and carabids, differential effects of systems
are found for different species.

Interactions between tillage and management of the
carbon cycle (both the amount and quality of inputs)
dominantly control soil biological quality within the con-
straints set by the particular climate/soil conditions at any
site. Tillage intensity seems to have the most significant
effect in reducing soil biological quality. Impacts of
cropping management (particularly the amount and quality
of organic matter returned to the soil) can moderate the
impact of even quite severe tillage operations and seem
to increase the resilience of below-ground ecosystems.
Increased use of ley—arable rotations and green manures in
organic farming systems tends to increase the amounts and
diversity of organic matter inputs compared to conventional
arable rotations. Consequently, both organic and reduced
tillage systems have positive effects on soil biological
quality, though significant variations are found within any
defined farm management system. Much smaller dif-
ferences in soil biological quality are seen in grassland
systems, where differences in management between organic
and conventional management are also often smaller. For
grassland systems, balancing grazing intensity in space and
time, together with the considered use of drainage, aeration,
fertilizers, lime and organic inputs, all affect the impact of
agricultural management on soil biological quality.

Using indicators of soil biological quality
in organic farming systems

Consideration of the current evidence on the impact of
organic farming systems on soil biological quality indicates
that while organic farming practices generally have a
positive impact on soil biological quality, differences
between practices within farming systems have as great
(or often greater) impact on soil biological activity than the
farming system per se. Consequently, even within the
constraints of organic farming practices, it is possible for
farmers to make changes that will improve soil biological
quality. It is, however, by no means clear that distinct
indicators of soil biological quality will be needed for
organic farming. Most of the measurements of soil bio-
logical quality and soil ecology discussed above have used
the same methods for both organic and conventional
systems. Although a greater reliance is placed on chemical
and biological processes within the soil in organic farming
systems to release nutrients in forms available for plant
uptake, the processes controlling nutrient availability are
the same in soils whether under organic or conventional
management’. There is much that can and should be
learned from the literature on soil quality indicators for
conventional farming systems’*® in the search for
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appropriate indicators of biological quality for application
within organic farming systems.

There is currently no reliable method to predict the
impact of management on the soil microbial biomass and
its whole range of activity due to the complex interaction of
site and management factors (both directly and indirectly)
and the ability of the soil microbial biomass itself to alter
the soil habitat in response to management changes®'.
Changes in biological methods, including (but not exclu-
sively) those based on molecular methods, now offer new
ways of examining the size, diversity and activities of the
groups within the soil population. This is an area of intense
research activity and scientific excitement and provides
major opportunities for developing new indicators of
changes in soil relevant to specific activities and functions.
However, in the context of monitoring soils and detecting
trends or problems, caution is required in interpreting the
large amount of data that can now be collected®***. Factors
and management practices that increase resilience are also
likely to vary for different below-ground organisms and
may include management in both cropped and no-cropped
habitats—for insect species the maintenance of a source
of organisms able to re-invade may be critical (i.e., size,
proximity and connectivity with an unaffected community).
In some circumstances, management practices can also
provide a reservoir population, e.g., using intercrops or tree
saplings inoculated with appropriate mycorrhizal fungi.
Where inoculation with mycorrhizal fungi and pseudo-
monads had been used to improve crop yield under organic
management then a modification of the soil microbial
structural diversity can be detected using denaturing
gradient gel electrophoresis®. Such analytical approaches
have not yet been developed to allow definition of target
states or ideal ranges so that their measurement could
guide management, e.g., distinction between sites that
would benefit from inoculation from those with appropriate
existing microbial diversity. Even where the use of bio-
logical inoculation is so far advanced, such as for rhizobia,
the understanding of the soil and environmental factors
necessary to characterize the specific requirements or
limitations in the soil for establishing Rhizobium popula-
tions to ensure optimal nitrogen fixation following in-
oculation of legumes remains incomplete®®. In this case a
simple chemical measurement, pH, was found to be the best
indicator of an aspect of soil biological quality, i.e., the
survival and effectiveness of rhizobial strains®’. A quest for
indicators of soil biological quality should not immediately
reject chemical and physical measurements.

In a search for appropriate indicators of soil biological
quality it is appropriate to note the cautionary comment
made by the late Ted Elliott®®:

The ideal bioindicator of soil health would be simply measured,
work equally well in all environments and reliably reveal what
problems existed where. For the reasons outlined ..., we are
more likely to develop bioindicators for which information is
laboriously obtained, that are specific to a given ecosystem or
environmental problem and only tell us that there is a problem
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and not show us what the problem is. Even with this gloomy
forecast, it is unquestionable that we will continue to seek ways
by which we can determine the health of ecosystems, or their
components, such as soil.

In the literature on soil quality, almost entirely written
by soil scientists rather than soil users, there is a strong
tendency to develop lists of measurements that can be made
on soils and then interpret them as indicators of soil quality,
e.g., Karlen et al®. In part, this tendency to make
measurements reflects the training and mode of working
of reductionist scientists. Consequently, a common ap-
proach, contained in much of the literature summarized in
the consideration of the impact of organic farming systems
on soil quality above, is to measure as many things as
possible in contrasting systems and then use statistical
approaches to identify those showing significant differ-
ences, so that these can be proposed as indicators, e.g., Xua
et al.” This can lead to the identification of a good set of
descriptor measurements which can be used to distinguish
between systems and/or high and yield variants in a
system’'. Some groups favor the development of an index
that normalizes measured soil quality indicator data and
generates a numeric value that can be used to compare
various management practices or to assess management-
induced changes over time®2. However, there has been
much less work showing the added value of using these
approaches predictively and/or to guide management. In
practice, these approaches will often lead to a sensible
analysis of an issue or problem, given that soil scientists
should have a good understanding of the relationships
between soil properties and functions. However, we suggest
that the stakeholders or land managers most concerned in a
given situation should be engaged at an early stage of the
process to define the outcomes or functions they require.
The soil scientists should then, and only then, work along-
side them to develop a set of measurements or observa-
tions that will provide information on these functions. In
practice, the two approaches may often lead to the same set
of measurements—but not always.

Where we are seeking to develop indicators that will
guide changes in farming practice, then farmers must also
be able to manipulate the indicator beneficially and such
manipulation must be cost effective. Consequently, it is
important not just to identify the most appropriate indices
but also to ensure that these can be quantified with the
necessary precision and that farmers and land managers can
understand and relate to them®*. This requires an awareness
of the constraints of a farming system, whether legislative,
as for many organic farming systems, or physical,
economic, etc. For example, the constraints of the organic
principles to on-farm practice may mean that some indi-
cators developed for conventional farming systems there-
fore have little/limited use in organic farming system since
the actions which they are designed to trigger are not
permitted in organic farming management. For example,
while development of a rapid and reliable detection method
for evaluating soil inoculum levels in naturally infested
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soils might trigger the selection of resistant or partly
resistant cultivars (e.g., for Plasmodiophora brassicae®®)
and hence be a useful screening method in organic as well
as conventional systems, a screening method developed
for use within the growing season to trigger a fungicide
application would be of limited use to organic farmers.

Often authors of reviews on soil biological fertility argue
that maintenance and enhancement of soil biological
fertility is generally of benefit within agricultural systems,
e.g., Doran and Smithgs, Beauchamp and Hume®® and
Clapperton et al.””. However their guidance as to monitor-
ing and management of soil biological fertility at a farming
system level is given only in very general way. For
example: ‘Ideally agroecosystems should be managed to
maintain the structural integrity of the [soil] habitat,
increase SOM and optimise the C: N ratios in soil organic
matter using cover crops and/or crop sequence to syn-
chronise nutrient release and plant uptake’.”” But a farmer
might well ask how many cover crops and which ones,
where the right balance (economic as well as ecological) is
between minimizing tillage and optimizing weed control
...and many more pertinent questions. Interactions
between practices, rather than the impact of any single
practice, are often the focus of farm management decisions.
In the development of indicators of soil quality, closer links
to management practices are needed, so that indicators can
support improved quality of soil management.

Conclusions

The legislative requirements placed on organic farming
systems mean that many of the practices which are likely to
maintain or enhance soil biological fertility are at the heart
of this approach to farming. It is a requirement of organic
farming systems that they recycle nutrients within the
farming system, so that total returns of organic materials to
the soil are often higher under organic management. In
addition, organic farming systems develop diverse cropping
patterns in space and time, hence increasing the diversity
of residue quality input to the soil. Consequently, many
organic farming systems have increased biological activity
and increased below-ground biodiversity compared with
conventional farming in the same region. However, within
organic farming systems, weed management is largely
achieved through tillage and perhaps the key remaining
question for organic arable farming systems with regard to
the enhancement of soil biological fertility is to what extent
can minimum tillage approaches can be adopted?

There is no evidence that new distinct indicators are
needed to measure biological soil quality in organic
farming systems. For all farming systems, the key is to
identify indicators that are suitably responsive to changes in
practice and can be readily interpreted by the farmer. More
work is needed, however, to test existing indicator frame-
works (e.g., Idowu et al.”®) to guide management within
organic farming systems, rather than simply to compare
organic and conventional management.
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