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a b s t r a c t
Requirements for research, practices and policies affecting soil management in relation to global food
security are reviewed. Managing soil organic carbon (C) is central because soil organic matter inﬂuences
numerous soil properties relevant to ecosystem functioning and crop growth. Even small changes in total
C content can have disproportionately large impacts on key soil physical properties. Practices to encourage maintenance of soil C are important for ensuring sustainability of all soil functions. Soil is a major
store of C within the biosphere – increases or decreases in this large stock can either mitigate or worsen
climate change. Deforestation, conversion of grasslands to arable cropping and drainage of wetlands all
cause emission of C; policies and international action to minimise these changes are urgently required.
Sequestration of C in soil can contribute to climate change mitigation but the real impact of different
options is often misunderstood. Some changes in management that are beneﬁcial for soil C, increase
emissions of nitrous oxide (a powerful greenhouse gas) thus cancelling the beneﬁt. Research on soil physical processes and their interactions with roots can lead to improved and novel practices to improve crop
access to water and nutrients. Increased understanding of root function has implications for selection and
breeding of crops to maximise capture of water and nutrients. Roots are also a means of delivering natural plant-produced chemicals into soil with potentially beneﬁcial impacts. These include biocontrol of
soil-borne pests and diseases and inhibition of the nitriﬁcation process in soil (conversion of ammonium
to nitrate) with possible beneﬁts for improved nitrogen use efﬁciency and decreased nitrous oxide emission. The application of molecular methods to studies of soil organisms, and their interactions with roots,
is providing new understanding of soil ecology and the basis for novel practical applications. Policy makers and those concerned with development of management approaches need to keep a watching brief on
emerging possibilities from this fast-moving area of science. Nutrient management is a key challenge for
global food production: there is an urgent need to increase nutrient availability to crops grown by smallholder farmers in developing countries. Many changes in practices including inter-cropping, inclusion of
nitrogen-ﬁxing crops, agroforestry and improved recycling have been clearly demonstrated to be beneﬁcial: facilitating policies and practical strategies are needed to make these widely available, taking
account of local economic and social conditions. In the longer term fertilizers will be essential for food
security: policies and actions are needed to make these available and affordable to small farmers. In
developed regions, and those developing rapidly such as China, strategies and policies to manage more
precisely the necessarily large ﬂows of nutrients in ways that minimise environmental damage are essential. A speciﬁc issue is to minimise emissions of nitrous oxide whilst ensuring sufﬁcient nitrogen is available for adequate food production. Application of known strategies (through either regulation or
education), technological developments, and continued research to improve understanding of basic processes will all play a part. Decreasing soil erosion is essential, both to maintain the soil resource and to
minimise downstream damage such as sedimentation of rivers with adverse impacts on ﬁsheries. Practical strategies are well known but often have ﬁnancial implications for farmers. Examples of systems for
paying one group of land users for ecosystem services affecting others exist in several parts of the world
and serve as a model.
Ó 2010 Queen’s Printer and Controller of HMSO. Published by Elsevier Ltd. All rights reserved.
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Introduction
‘‘The nation that destroys its soil, destroys itself’’.
–Franklin D. Roosevelt.
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1. An environment for seed germination, root growth, and the
functioning of roots to provide anchorage and absorb water
and nutrients.
2. Provision of reserves of nutrients within organic matter and
mineral components, which are released into plant-available
forms at different rates.
3. The pathway through which water and nutrients move to roots,
whether from soil reserves or from external inputs.
4. The matrix in which transformations of nutrients occur through
biological, chemical and physical processes, with major implications for crop uptake and losses.
5. An environment for microorganisms and fauna, which may be
beneﬁcial, harmful or neutral towards crop plants. Many organisms are central to the transformations of organic matter, nutrients and pollutants with major implications for agricultural
production and ecosystem processes.
6. A platform for machinery, humans or animals involved in agricultural operations.
Some functions of wider societal or ecosystem signiﬁcance
include:
1. Not moving: i.e. not being subject to erosion, mudslides or
landslips and thus providing a stable surface for a range of
human or natural activities.
2. Absorbing water and thus retaining it for use by vegetation
and transfer to rivers and streams. The opposite is surface runoff in which water moves rapidly to rivers, and ultimately to
oceans, with little replenishment of soil water storage and
increased risk of soil erosion and transfer of sediment to surface waters.
3. Inﬂuencing water quality, positively or negatively, by regulating
the transformations and movement of nutrients, pollutants and
sediments to surface- or ground-waters.
4. Inﬂuencing the composition of the atmosphere particularly
through acting as source or sink for several greenhouse gases.
5. Providing a habitat for soil biota which represent a vast source
of biodiversity.
6. Providing a basis for natural or semi-natural vegetation
which, in turn, provides habitat and resources for the animal
kingdom.

Fig. 1. Ecosystem services and their links to human well-being, as described in the
conceptual framework of the Millennium Ecosystem Assessment.

‘‘While the farmer holds the title to the land, actually it belongs to
all people because civilisation itself rests upon the soil’’.
–Thomas Jefferson.

These two US Presidents recognised the importance of soil, not
only for food production, but for the future of mankind. This should
come as no surprise as soil functioning is fundamental or contributory to virtually all of the ‘‘provisioning’’, ‘‘regulating’’ and ‘‘cultural’’ services identiﬁed in the Millennium Ecosystem
Assessment – see Fig. 1 (http://www.millenniumassessment.org/
en/Framework.aspx).
Soil functions required by humanity are elaborated in the EU
Soil Thematic Strategy (http://ec.europa.eu/environment/soil/
three_en.htm). Rather than repeat these, we list below some speciﬁc soil functions essential for food production:

Utilising soil for agriculture inevitably leads to changes in soil
properties such as nutrient status, pH, organic matter content
and physical characteristics. In many cases changes that are beneﬁcial for food production are detrimental for other ecosystem services, so there is a tension between the different functions of soils.

Table 1
From Vitousek et al. (2009).
Agricultural region »

Nutrient balances (kg ha

1

yr

1

)

Western Kenya
N
Fertilizer
Biological N ﬁxation
Total agronomic inputs
Removal in grain and/or beans
Removal in other harvested products
Total agronomic outputs
Agronomic inputs minus harvest removals

North China
P

N

Midwest USA
P

N

P
14

23
9

7

8

588

92

7
23
36
59
52

8
4
3
7
+1

588
361

92
39

93
62
155
145

361
+227

39
+53

145
+10

14
23

Inputs and outputs of nitrogen and phosphorus in harvested products in a low-input corn-based system in Western Kenya in 2004–2005 (8), a highly fertilized wheat–corn
double-cropping system in North China (2003–2005) (9–11), and a tile-drained corn-soybean rotation in Illinois, USA (1997–2006) (14). Potential crop yields are similar in
these systems, but realized yields of corn were 2000, 8500, and 3200 kg ha 1 yr 1 per crop in the Kenya, China, and US systems, respectively. Wheat yielded another
5750 kg ha 1 yr 1 in China, and soybeans yielded 2700 kg ha 1 yr 1 every other year in Illinois. (Because the Illinois system represents a 2-year rotation, all nutrient inputs
and removals were adjusted to place them on an annual basis.)

S74

D.S. Powlson et al. / Food Policy 36 (2011) S72–S87

Quite understandably, in many parts of the world maximising food
production at all costs is still the over-riding motivation due to
poverty and the resulting lack of food security; wider environmental impacts and longer-term consequences are easily overlooked,
even though, in academic circles, the inter-relationships between
food production and other ecosystem services are now recognised.
Even on the timescale of several human generations, soils are nonrenewable. So a priority for soils research is to provide the basis for
management practices that avoid irreversible damage to the soil
resource, leading to agricultural systems that are sustainable in
the sense enunciated in the Bruntland Report ‘‘development that
meets the needs of the present without compromising the ability of future generations to meet their own needs’’ (Report of the World Commission on Environment and Development: Our Common Future;
http://www.un-documents.net/wced-ocf.htm).
The aim of this review is to highlight some key issues for soil
functioning that require research if food production is to increase
sufﬁciently to meet the needs of the 9 billion people expected by
2050 (Royal Society, 2009). In some cases we point out that the priority is to implement policies to promote the application of current
knowledge; in other cases new research is required to provide enhanced understanding as the basis for improved management.
Where appropriate we make separate comments on differing priorities in developed and developing regions of the world. Suggestions
for policy or action appropriate for different topics are summarised
in the ﬁnal section and in Table 2.

Managing organic carbon in soil
Soil carbon – quantity, structure and soil functions
After texture, acidity and salinity, organic carbon content is the
variable having the greatest impact on soil properties. Long-term
experiments show that the content of soil organic carbon (SOC)
is the result of a balance between the inputs and outputs of organic
C (e.g. Johnston et al., 2009; Lützow et al., 2006).The main C inputs
are plant roots and root exudates, above-ground plant residues and
manures or other organic by-products. Outputs are the decomposition of organic matter by soil microorganisms and fauna leading to
evolution of CO2 to the atmosphere (or CH4 under anaerobic conditions), leaching of soluble organic C compounds and particulate
losses through erosion. Decomposition is normally the dominant
output process and is controlled by clay content, temperature,
moisture content and oxygen availability within the soil. Soils with
a higher content of clay-sized particles, or higher cation exchange
capacity, normally move towards a higher equilibrium content of
organic C than sandy soil due to their greater capacity for stabilising microbial metabolites. The total SOC content of a soil under
speciﬁed management practices can often be predicted with some
success using several current models (Smith et al., 1997) though
further research is required for some situations including peat
soils, simulating impacts of reduced tillage and the dynamics of
fractions within the total.
Much research has been devoted to elucidating the chemical
structure of SOM and in recent years this has been aided by the
use of a range of spectroscopic techniques (e.g., Mahieu et al.,
1999; Spaccini et al., 2009). From the viewpoint of providing information as a basis for management practices, it is important that
such research is strongly linked to soil functions, rather than seen
as purely academic study. It is thought that the metabolites from
microbial action are further modiﬁed by both exo-cellular enzymes
and physico-chemical processes, including reactions inﬂuenced by
the surface chemistry of soil inorganic particles, and probably free
radicals. Thus, the resulting organic matter is not formed under
purely genetic control, unlike microbial or plant metabolites, so

is likely to incorporate a degree of randomness in its structure
rather than being true polymers composed of regular repeating
units. Whilst speciﬁc chemical structures are useful as models in
understanding processes, they almost certainly do not exist in a
pure form in nature.
Soils converted from natural vegetation to arable cropping decline in SOC content until a new equilibrium level is reached. From
almost any viewpoint, it is desirable to maintain SOC content at as
high a value as possible for the soil type and environment as this is
beneﬁcial for a wide range of soil physical properties and root
growth. Loveland and Webb (2003) reviewed the literature on
whether ‘‘critical levels’’ of SOC can be deﬁned. They concluded
that there was little quantitative evidence for critical thresholds
for soils in the temperate regions but drew attention to evidence
that certain small fractions of SOC within the total (termed ‘‘fresh’’
or ‘‘active’’ organic matter) were especially important in determining physical properties such as aggregation which are highly relevant to food production and soil responses to human impacts. This
is consistent with observations that small changes in total C content can have disproportionately large effects on a range of soil
physical properties including aggregate stability, water inﬁltration
and energy required for tillage (Blair et al., 2006; Watts et al.,
2006). Without massive supplies of organic materials such as
manure it is extremely difﬁcult to substantially increase SOC content of arable soils. Consequently, developing an understanding of
mechanisms to maximise the beneﬁts of small inputs is of high
priority.
Changes in the organic C content of soil often occur slowly, so
long term experimental sites are an invaluable resource for studies
of the impacts of management and land use; see Richter et al
(2007) for a discussion.
Soil carbon and the global carbon cycle
The world’s soils contain a large stock of C, estimated at 2157–
2293 Pg to a depth of 1 m, comprising 1462–1545 Pg in organic
forms and 695–748 Pg as carbonate (Batjes, 1996). Organic C in
the surface 30 cm, which is most liable to change as a result of
management or climate change, is estimated at 684–724 Pg: about
twice the quantity of C currently in CO2 in the atmosphere. This
large stock of soil C represents both a threat and an opportunity
in the context of the global C cycle and climate change. A serious
current threat is the release of soil organic C as CO2 to the atmosphere, mainly due to deforestation and the drainage of peat. A
particularly perverse example of land use change is clearance of
vegetation on high-C soils in order to grow biofuels as a means
of climate change mitigation. It is estimated to take up to 100 years
to recoup the C lost from soil in the energy gained from biofuel
(and thus fossil fuel saved).
The opportunity is to manage soils in such ways as to sequester
additional C from the atmosphere. This can be achieved by planting
new forests (or other perennial semi-natural vegetation) on land
with a low SOC content (due to past degradation or long-term arable cropping; e.g. Poulton et al., 2003). In principle the quantities of
C that could potentially be sequestered in these ways are large on a
global basis (Smith et al., 2008), but there are signiﬁcant practical
limitations which are sometimes overlooked. In view of the need
for increased food production there are clearly limits to the area
of land that can be taken out of production and the issue of indirect
land use change (Searchinger et al., 2008) must be considered: i.e.
food production lost through taking land taken out of production at
one location being made up by forest clearing elsewhere, with the
concomitant release of C cancelling out the C beneﬁt at the other
location. For soils continuing in agricultural production, some
opportunities for additional C storage do exist but are limited
and sometimes misunderstood. For an increase in SOC to mitigate
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climate change there must be a net transfer of C from atmosphere
to soil; this may either be through: (1) additional photosynthesis
and transfer of photosynthate to soil, or (2) through slower decomposition of organic matter in soil. A common misunderstanding is
that any SOC increase achieved through a change in management
practice can be regarded as climate change mitigation. This is not
the case as some changes in land management (e.g., manure application) are simply a transfer of organic C from one location to another (see Powlson et al., 2010). Many practices likely to genuinely
sequester additional C in agricultural soils would require major
changes in cropping systems or signiﬁcant research. Possible approaches include intercropping with perennials, agroforestry systems, selection or breeding of crops with larger or deeper roots.
Because subsoils generally contain a lower concentration of organic C than topsoil there is, in principle, greater potential for increased storage. There is also some evidence that organic C in
subsoil is stabilised to a greater degree than that in topsoil (Jenkinson and Coleman, 2008), though the mechanisms involved are still
poorly understood and debated (Fontaine et al., 2007; Salomé et al.,
2010). Plant roots provide an obvious means of delivering organic C
into subsoil; it may be possible to exploit different rooting depths
or exudation characteristics between arable crop cultivars to
achieve this. Carter and Gregorich (2010) investigated this for
perennial grasses. For a critical review of such possibilities see:
http://sciencesearch.defra.gov.uk/Document.aspx?Document=
SP1605_9703_FRP.pdf.
Minimum or zero tillage are often claimed to deliver C sequestration through decreased SOC decomposition. However recent reevaluation of data (Baker et al., 2007; Angers and Eriksen-Hamel,
2008) indicates that the net accumulation of C under reduced tillage,
whilst measurable in the long term, is much less than previously
claimed. Much of the effect is a concentrating of SOC nearer the soil
surface than in tilled soil. In many soil types and environments,
though not all, this can have numerous beneﬁcial effects including
improved soil structure near the surface which is beneﬁcial for seedling emergence increased water inﬁltration. Reduced soil disturbance can also lead to decreased evaporation – of great importance
in areas of low rainfall. Thus reduced tillage can often deliver a range
of beneﬁts for crop production; its rapid expansion in many areas
such as South America has generally been led by farmer initiatives
rather than research. It often forms part of a system termed
‘‘Conservation agriculture’’ (CA) which combines minimum soil disturbance, permanent soil cover by plants, beneﬁcial crop rotations
and return of residues such as straw – see http://www.fao.org/ag/ca.
A negative impact of zero tillage is that, in moist environments,
it can lead to increased emission of nitrous oxide (N2O; Rochette,
2008; Baggs et al., 2003; Ball et al., 2008). Thus, in relation to climate change mitigation, the small SOC beneﬁt from C sequestration under reduced tillage could easily be outweighed by
increased N2O emissions. But in view of the many practical beneﬁts
of the system, research is needed to investigate whether this disadvantage can be overcome.
Emerging topics for research or action
1. Assessments of realistic quantities (rather than potential) for
soil C sequestration as a climate change mitigation option in a
variety of environments and land uses worldwide.
2. Policy responses to the current losses of soil C from land clearance, especially where this is justiﬁed by use of cleared land for
biofuel production.
3. Research to better deﬁne interactions between components of
soil organic matter and inorganic materials in soil, including
nutrient and pollutant ions or molecules, as a basis for better
informed management of nutrient and pollutant availability
or immobilisation.
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4. Identifying speciﬁc fractions of soil organic matter as substrate
for different groups of microorganisms in order to better understand the factors inﬂuencing the ecology of microbial populations and, potentially, inﬂuencing populations for the beneﬁt
of crop production.
5. Deﬁning the mechanisms by which speciﬁc components of SOC
inﬂuence soil physical properties through altering interactions
between mineral particles that inﬂuence aggregate formation
and stability, and pore size distribution. This knowledge will
underpin development of management practices to improve
soil functioning whilst using only limited and realistic supplies
of organic matter.
6. The possibility of reducing CO2 emissions from agricultural soils
by replacing agricultural lime with waste silicates (Renforth
et al., 2009).
Optimising soil physical conditions for crop growth in a range
of environments
A soil physical environment conducive to root growth is a basic
requirement for productive agriculture. Extreme weather conditions, predicted to become more prevalent under climate change,
both wetter and drier, cause stresses that exacerbate any underlying soil physical problems.
Water availability to crops and the phenomenon of ‘‘strong soils’’
In drought environments it is usually assumed that the key soil
stress limiting crop growth is water availability. However, as soil
dries there is evidence to show that increased soil strength can signiﬁcantly reduce root and shoot elongation in relatively well-watered situations, not associated with droughts (Whalley et al.,
2006; Whitmore and Whalley, 2009). This phenomenon is commonly overlooked as a yield limiting problem, although it has long
been recognised (Masle and Passioura, 1987). Solutions require research involving interactions between plant genetics and physiology and soil properties during drying. Much research on the
effects of water stress on plant growth has used model systems
where water potentials are adjusted independently of all other
stresses (e.g. Verslues et al., 1998); thus the inﬂuence of soil
strength on crop access to water, and its interactions with other
stresses, is overlooked. To make progress of practical value to crops
under realistic ﬁeld conditions, it is essential that soil and plant
factors, and their interactions, are integrated in future research
(Mittler, 2006).
A key issue is understanding how root length distribution and
root architecture interact with soil proﬁle properties to confer
drought tolerance (Manschadi et al., 2006, 2008). While it is often
assumed that simple access to water at depth limits yield in
drought, Blum et al. (1991) concluded that surface drying rather
than a lack of access to water at depth was responsible for yield
loss in wheat. The effect of surface drying in limiting yield is attributed to signals from the root that determine the growth of the crop
canopy (Dodd, 2005). Recently it has been demonstrated that different parts of the root system can contribute to speciﬁc signals
present in the xylem according to the relative degree of stress
and hydration in different regions of the root system (Dodd et al.,
2008). Research to provide mechanistic understanding of such signalling is an essential building block for designing soil and crop
management practices that optimise efﬁciency of use of water
and nutrients, thus decreasing the carbon footprint of agriculture.
Organic matter and soil physical properties
Although empirical evidence shows that bulk density decreases
with increasing organic matter content (Whalley et al., 2007),
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mechanistic understanding of organic matter inﬂuences on soil
physical conditions is lacking. The water release characteristic (or
the saturation at a given matric potential) and bulk density are
key factors that determine the mechanical impedance to root
growth. (Matric potential is a measure of the suction due to capillary action within soil pores.) The relationships between soil water
content, matric potential, and mechanical impedance are non-linear. This is consistent with the observation that small differences
in organic carbon content can have a disproportionally large effect.
In essence, properties at the microscopic scale are likely to have a
large impact on the ﬁeld scale behaviour of soil. However, the
microscopic behaviour and structure of soil is poorly understood:
basic research is required to provide understanding for developing
improved management practices.
Managing nutrients in diverse environments and cropping
systems
Together with water, managing the supply of nutrients to crops
is probably the greatest challenge in securing world food supply
without causing unacceptable environmental impacts. The vast
range of conditions worldwide with respect to nutrient supply
has been characterised as ranging ‘‘from feast to famine’’ (Brookes
et al., 2010), indicating chronic deﬁciency in some regions and vast
over-supply in others. This is summarised in Table 1 showing
nitrogen (N) and phosphorous (P) budgets for maize-based cropping systems in three regions of the world. In western Kenya removal of N in crops exceeds inputs – clearly an unsustainable
situation leading to depletion of nutrients in soil and inevitably
declining yields. Outputs of P are small because maize yield is constrained to only 2 t ha 1 due to N deﬁciency compared to >8 t ha 1
in the two other regions. The North China Plain shows the opposite: inputs of N and P from fertilizer and manure greatly exceed
removals in crop and lead to wastage of resource and cause environmental pollution as they escape from soil to the wider
environment.
Situations of nutrient shortage
In regions such as Africa where shortage of nutrients is a major
constraint to food production the following are key issues:
1. Policy and economic approaches to increase access to fertilizers
for resource-poor farmers (Sanchez, 2002). Improving transport
infrastructure or establishing local manufacture is obviously a
long-term undertaking, but in the short term, packaging of fertilizer in small quantities suitable for smallholder farmers,
probably at a subsidised price, is a policy with great potential
for an immediate impact – especially if combined with other
agronomic packages (new crop varieties, technical advice) and
development of marketing opportunities. This is part of the
strategy of the Alliance for a Green Revolution in Africa, AGRA;
see
http://www.agra-alliance.org/section/about.
Harrigan
(2008) reviewed the beneﬁts and limitations of a ‘‘starter pack’’
scheme used in Malawi comprising free handouts of packs containing improved maize seed, legumes and fertilizer. This
author concluded that, whilst the scheme was not a panacea
for eliminating poverty, it provided a platform on which to
build rural growth strategies.
2. Technical approaches to making small quantities of fertilizer
make a large impact. Examples include placement of fertilizer
granules close to individual plants, which is entirely practical
for widely spaced crops such as maize grown on small areas,
and small ‘‘starter’’ doses of fertilizer to increase early growth
of roots giving the plant access to a larger volume of soil (e.g.
Ncube et al., 2007).

3. Innovative agronomic managements to better utilise nutrients
from sources other than fertilizers including soil reserves, recycling from crop residues, manures or household wastes, and
biological nitrogen ﬁxation, and management of intercropping
or agro-forestry to maximise different rooting patterns (e.g.
Sanchez et al., 2007). Although the principles underlying such
approaches are generic and often simple, their application
requires much region-speciﬁc research and participation of
farmers. Even when such innovations are introduced, the introduction of fertilizers is still vital as shown in the Millennium
Villages project (Sanchez et al., 2007). This is emphasised by
estimates of global food production assuming that N from biological ﬁxation by legumes were the only N input. Using plausible but optimistic assumptions, Connor (2008) estimated that
such systems could feed 4.2 billion people at best. A more realistic assumption is that 50% of the land would need to grow a
legume as part of a rotation thus reducing productivity to one
crop in two; this might feed 3.1 billion. With world population
at 6.7 billion and likely to reach about 9 billion by 2050, it is
clearly impossible for legumes to meet even the current N
requirement for food security. Worse, Jones and Crane (2009)
found that yields of wheat from a legume-based system in the
UK would be one third of that from wheat grown using nitrogen
fertilizer. This is because the need for a fertility-building phase
in the rotation eliminates some years of production. Thus the
GHG emission per tonne of grain is three time greater in a
legume-based system than one relying on fertilizer N, at least
under UK conditions, and almost outweighs the emissions from
manufacture and use of N. This assumes that there are no N2O
emissions from legume-derived N; almost certainly not the case
(Jensen et al., 2010).
Situations with adequate or excess nutrients
In these regions it is helpful to distinguish between mature
intensive agricultural systems that have developed over many
years with farmers now having a high level of education (broadly
Europe, North America, Australasia) and regions of current rapid
development (China and parts of India, southeast Asia and South
America). For example, in China there is overwhelming evidence
of over-use of fertilizers (Table 1), especially N, with major environmental impacts such as eutrophication of surface waters,
exceeding limits for nitrate in drinking water and the acidiﬁcation
of soils (Guo et al., 2010). In part this is due to (understandable)
government policies to increase food production, virtually at all
costs, combined with a lack of understanding by relatively poorly
educated farmers. The situation can be regarded as an ‘‘over-shoot’’
with fertilizer use increasing from almost zero to the highest in the
world over a period of about 40 years.
In regions favourable to grain production annual yields in excess of 10 t grain ha 1 (wheat, maize or rice in either single or multiple cropping) are commonly attained. If future food security is to
be achieved such yields will need to be sustained and increased
through a combination of improved crop varieties and agronomic
management. Such yields inevitably require large inputs of nutrients. For example, winter wheat crops in north-west Europe yielding about 10 t grain ha 1 typically remove about 200 kg N ha 1
annually: this N needs to be supplied from a variety of sources of
which fertilizers necessarily form a large part. With the large inputs of N required for high yield the risk of loss increases, representing an economic and resource waste and also causing
environmental damage. Fig. 2 illustrates this for winter wheat in
the long-term Broadbalk Experiment at Rothamsted, UK. When
the rate of fertilizer N applied exceeds that required to achieve
maximum yield, unused nitrate remains in the soil and is at risk
of leaching in the following winter. Similar relationships exist for
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other mechanisms of N loss. There is continued need for research
on N cycle processes so that management strategies can be designed or further reﬁned that minimise the risk of N loss in highly
productive systems that necessarily require high N inputs. Some
key issues include the following:
1. Decreasing emissions of nitrous oxide (N2O) from soils, from N
supplied as fertilizer, organic manures or from biological N ﬁxation: N2O is a very powerful greenhouse gas, with 296 times
greater global warming potential than CO2. Although N2O losses
(from both nitriﬁcation and denitriﬁcation) are often relatively
small in agronomic terms, even small losses represent a significant contribution to the overall greenhouse gas footprint of
agriculture. The IPCC default value for direct loss is 1% of
applied N, though this is greatly inﬂuenced by environmental
and management factors. Research to better deﬁne these controlling factors for a range of environments and cropping systems is a major priority. Nitriﬁcation inhibitors appear to offer
a promising approach (Richardson et al., 2009; Di and Cameron,
2006; Watson et al., 2009), but are not universally successful
(Saggar et al., 2008).
2. In addition to direct emissions of N2O at the point of N application, indirect losses are recognised as being signiﬁcant and possibly even greater (Crutzen et al., 2008). These can arise from (a)
denitriﬁcation of nitrate leached from soil to waters such as rivers, lakes and estuaries, (b) ammonia volatilised from the soil
surface subject to nitriﬁcation, and potentially denitriﬁcation,
after redeposition.
3. Decreasing ammonia volatilisation from urea fertilizer and from
animal manures through improved understanding of the controlling factors and design of application techniques to decease
losses. In addition to representing a serious agronomic and economic waste, ammonia deposited on soil or water causes acidiﬁcation (Goulding et al., 1998) and contributes to indirect N2O
emissions.
In addition to research on the transformations and fate of N
added to soil in fertilizer research is also required to better predict
the amount and timing of N becoming available to crops from
mineralisation of soil organic matter and manures. This is vital
for several reasons. First, soil derived N makes a signiﬁcant contribution to total crop N supply, commonly at least 30% of total supply in temperate regions (Macdonald et al., 1997) and averaged
79% in crops growing in tropical climates in nine countries (Dourado-Neto et al., 2010). If this quantity can be estimated more
accurately in advance, fertilizer N applications can be adjusted
downwards accordingly. Second, production of inorganic N from
mineralisation is often poorly synchronised with crop N uptake,
leading to inefﬁcient utilisation. Intensive agricultural systems,
with inevitably large inputs of nutrients, are required in regions
where conditions are favourable to crop growth in order to deliver
sufﬁcient food production to make food security a reality. But for
this level of production to be environmentally sustainable, more
precise management of nutrient inputs to match outputs is essential. This requires progress in two areas – an ability to predict
nutrient transformations and monitoring methods that are practical and usable in a wide range of situations. These requirements
are valid for all nutrients but especially for N because its transformation processes occur rapidly and leakages of N to the environment are particularly problematic. Prediction of N fertilizer
requirements are already aided by simple computer models of N
cycle processes in some regions though these need to be greatly
improved.
An ability to monitor N transformations in ﬁelds at timescales
of days in periods of rapid change would greatly aid N management, helping the farmer to steer a course between avoiding yield
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loss through inadequate N supply and risking unnecessarily large N
losses through over-supply. Whilst sampling soil to measure nitrate content is practiced in some advisory systems this is normally
limited to one sampling per year before the start of the main growing period because of the labour and expense required, and typically waiting several days or weeks for the results of analyses.
Two novel approaches are now becoming feasible and could be
developed through further research.
(a) Monitoring of nitrate in soil: The development of robust and
low cost solid-state ion speciﬁc electrodes that can be set
in the soil and monitored as frequently as desired, certainly
hourly (Miller et al., 2003). With further developments an
array of such sensors could be monitored remotely using a
wireless connections. If used alone the mass of data from
such a system would be difﬁcult to interpret for practical
management purposes, but if combined with the use of an
appropriate N cycle model such data could become invaluable, particularly if combined with other measurements
such as temporal changes in soil water However, the spatial
variability of such data poses challenges that have to be
addressed through research to deﬁne the volume of soil
inﬂuencing each measurement in addition to the general
variability of soil-related data at ﬁeld scale (Clark et al.,
2005).
(b) Monitoring supply of N or other nutrients through plants: This
is already practiced in some advisory systems, using light
reﬂectance to measure chlorophyll concentration in plants
(e.g. Lopez-Bellido et al., 2004) often with a monitor
mounted on the tractor. Optimal N rates have been found
to vary by > 100 kg N ha 1 at locations within a single maize
ﬁeld, permitting very substantial savings of N fertilizer
(Kitchen et al., 2010). A far more speciﬁc and sensitive possibility is based on changes in gene expression as a plant
moves from nutrient sufﬁciency to deﬁciency (Clark et al.,
2005). If such nutrient-sensitive genes can be identiﬁed it
is possible to introduce, by genetic modiﬁcation, a construct
that is inﬂuenced by promoters for the appropriate genes
that control formation of reporter proteins that can easily
be measured, for example by ﬂuorescence. Hammond et al.
(2003) give a proof-of-concept example for detecting P deﬁciency in Arabidopsis. Such ‘‘smart plants’’, distributed
among natural versions of the same crop in the ﬁeld, could
be sensitive indicators of nutrient deﬁciency showing their
signal before classical nutrient deﬁciency symptoms become
visible. The ‘smart’ plants must have the same root architecture as the crop to ensure that they are accessing the same
soil nutrient pools. Their development presupposes the public acceptance of at least a small number of genetically modiﬁed plants within ﬁelds.
Phosphate nutrition of crops is a clear case of ‘‘feast to famine’’.
In regions with well developed agriculture soils sometimes contain
considerably more readily available P than is required by crops.
Even small losses of P to water can cause the growth of algal
blooms. Such losses are often due to surface runoff, and associated
with applications of animal manure. At the other extreme many
soils worldwide are extremely low in plant-available P and this is
a major constraint to food production (Sanchez, 2002). In soil, P
is held in chemical forms having a wide range of solubilities; in
general the equilibria between these forms are well understood.
For practical fertilizer advice the concept of ‘‘critical values’’ has
proved extremely valuable is. This is the soil content of plant-available P below which plant growth is inhibited when all other nutrients are non-limiting; Fig. 3 shows some examples. It has been
established that maintaining P at above the critical value has no
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additional beneﬁt, but for sustainable production it is essential to
ensure that the soil concentration does not fall below this. Fig. 3
is based on data from long-term experiments in the UK, but there
is a dearth of such data. A valuable research effort with great practical value would be to establish such sites for a range of major
food crops, environments, soil types and climates worldwide.
Perennial versions of current food crops have been suggested as
a contribution to more sustainable food production (Cox et al.,
2006), albeit one that would require very considerable effort in
plant breeding. From the viewpoint of nutrient acquisition this is
likely to be beneﬁcial: each growing season some roots would already be in place to begin absorption of nutrients. The stable root
system of a perennial crop may well deliver more organic C to soil
than an annual crop and, combined with elimination of annual tillage, would be expected to lead to C sequestration and improved
soil physical quality. However, much plant breeding effort is required to ensure that yields currently achieved with annual crops
are at least maintained.
Another possibility based on plant breeding and genetic modiﬁcation is the transfer of biological nitrogen ﬁxation into non-legume crops such as cereals. Superﬁcially this is an attractive
option, with the prospect of eliminating the need for N fertilizer.
However caution is needed regarding the quantity of N likely to
be ﬁxed in relation to that required to produce large grain yields.
Unkovich and Pate (2000) reviewed the amounts of N ﬁxed by
numerous legumes globally. Although there was a wide range of
values, with occasional reports of 300 kg N ha 1 ﬁxed within a season by soybean, values of 100 kg N ha 1 or less were most common. This is far less than that required for a cereal to yield in
excess of 10 t ha 1 of grain. And presumably the N supply to such
a modiﬁed crop could not be supplemented by fertilizer N as this
would inhibit N ﬁxation. In addition, it is almost certain that the
diversion of photosynthate from crop growth to supplying energy
to Rhizobia would lead to some yield penalty.

Understanding and optimising soil biological processes
Soil biological processes and populations
Biological processes are fundamental to many soil functions.
The processes mediated through biological action include:
 Decomposition of organic matter (notably plant and animal residues, and organic contaminants)
 Transformation of nutrient elements, releasing them in plantavailable, soluble or volatile forms, which predispose them to
loss from soil (most notably nitrogen, but also phosphorus
and sulphur to lesser extents)
 Mixing and formation of channels within the soil matrix by soil
fauna
 Stabilisation of soil structure through the production of extracellular peptides and enmeshing ﬁlaments
 Biocontrol of soil-borne plant pathogens and pests
Organisms from a vast range of taxonomic groups are responsible for numerous transformations, though the functions and even
the identities of many are unknown. The numerical size of the populations are immense; for example 109 bacteria g 1of soil is typically quoted. But the total biomass is small, typically only a few
hundred kilogramme per hectare, so living organisms are enormously ‘‘diluted’’ within the matrix of non-living mineral material.
This dilution plus the vast taxonomic and functional diversity and
complex chemical and physical interactions with non-living soil
components present signiﬁcant difﬁculties for studying soil biology. Despite these challenges, the application of conceptual models

from ‘‘macroecology’’, and the application of modern molecular
techniques have contributed to increased realisation of the massive diversity, increased understanding of the roles of individual
groups of organisms, and opportunities to address how soil organisms interact to perform soil processes.
Despite the small biomass of the soil population in relation to
the mass or volume of soil, it is far larger than would be predicted
from knowledge of microorganisms growing under substrate-rich
conditions in the laboratory. In soil the amount of energy from substrate (mainly plant roots) is extremely limited, so the organisms
must be surviving under near-starvation conditions. Despite this
it has been shown that the soil population maintains a high degree
of ‘‘metabolic alertness’’, with concentrations of ATP and high values of adenylate energy charge that are typical of organisms growing exponentially in vitro. This is presumed to be a survival strategy
developed for the harsh conditions of soil (Brookes et al., 1983;
Contin et al., 2000), but is poorly understood.

Diversity-function relationships
The majority of published literature on soil biodiversity refers to
semi-natural ecosystems. A search of Web of Science showed that
of almost 4000 publications including soil biodiversity as key
words in the last 10 years, less than one ﬁfth were on agricultural
soils. Even so, with the vast biodiversity present in all soils, a valid
question posed by Wall et al. (2010) is ‘‘How much can we lose?’’
whilst still maintaining necessary functions. It is clear that when
primary tropical forest is converted to agriculture, many groups
of organisms (especially macro- and micro-fauna) are dramatically
reduced in diversity in addition to population size (Wall et al., 2010
and references therein). Clearly there is potential for functions to
be lost, but whether this actually occurs is less clear. Currently
there is interest in linking functional traits of different groups of
organisms (above- and below-ground) with different ecosystem
services they may underpin as a rational means of assessing the
functioning of different ecosystems (de Bello et al., 2010). This approach is promising, but it can be extremely difﬁcult to predict impacts of population shifts resulting from management changes due
to the complex interactions between biotic and abiotoic factors
(e.g., Cole et al., 2008). In some cases inferences can be drawn from
observed changes; for example, in a manipulative experiment in
grazed pasture, Parﬁtt et al. (2010) concluded that population
changes associated with intensiﬁcation could be interpreted as
leading to increased risk of N losses (Parﬁtt et al., 2010). However
Symstad et al. (2003) warn of the dangers of extrapolating biodiversity/function relationships from short-term and small-scale
studies.

Fig. 2. A nitrogen response curve and corresponding leaching losses from the
Broadbalk Experiment at Rothamsted Research, in which N treatments have been
repeated on the same plots since 1843 (From Goulding (2000).
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Several of the soil processes that operate to beneﬁt crop production are carried out by a wide range of organisms and there is believed to be a high degree of functional redundancy in the
community. These processes may be described as ‘‘broad’’ processes; they include decomposition of organic matter, some of
the associated transformation of nutrient elements such as nitrogen mineralisation (releasing organic N in plant-available forms),
and biological contributions to the stabilisation of soil structure
(e.g., Ritz and Young, 2004). Even under harsh environmental conditions (e.g. extremes of coldness or dryness, metal contamination)
leading to depressed total soil biomass, these processes can be
maintained because the functions are distributed amongst a sufﬁciently large range of soil organisms. A recent example of resilience
of organisms performing ‘‘broad’’ functions is a study of biodiversity in a ﬁeld soil kept bare of plants for 50 years (Hirsch et al.,
2009). In the absence of plant inputs the size of the microbial population measured by a variety of methods was, as expected, far
smaller than in adjacent cropped soil. However, functional and genetic microbial diversity as assessed by a range of methods (substrate decomposition using Biolog; PLFAs, DNA and RNA-based
analyses) was the same in the 50 year fallow and in cropped soils.
Unlike the microbial population, diversity as well as abundance of
soil invertebrates (mites and collembola) was sharply decreased.
By contrast to the ‘‘broad’’ processes, ‘‘narrow’’ processes are
those for which the functions necessary are distributed amongst
limited groups of soil organisms or only operate under a speciﬁc
set of conditions. Examples include mycorrhizal associations, symbiotic nitrogen ﬁxation, methane oxidation, nitriﬁcation, the
decomposition of selected xenobiotic compounds, and antagonist
interactions with plant pathogens and pests. These processes are
much less resilient and more easily decreased or lost through conditions adverse to the limited groups of organisms performing
them (Bardgett et al., 2005).
Not all soil processes are necessarily beneﬁcial to crop production or soil management. For example, nitriﬁcation, a narrowlydistributed function amongst bacteria, predisposes plant-available
nitrogen to loss from soil. Also, highly speciﬁc soil-borne plant
pathogens can cause major economic losses. Based on macroecological concepts, there is a widely held assumption that high soil
biodiversity contributes to high resilience. This probably holds
for the ‘‘broad’’ functions, but does not necessarily hold for the
‘‘narrow’’ functions. It is necessary to consider the speciﬁc functions and its distribution across different groups of organisms: a
trait based assessment of diversity is more informative than a taxonomically based one.
Opportunities from new methodologies
Only a small proportion (perhaps 1–10%) of the organisms in
soil can be cultured under laboratory conditions, thus making
studies of the population extremely difﬁcult. Extraction of DNA
and RNA from soil, and their subsequent study using molecular
methods circumvents this problem. DNA gives an indication of
the organisms present, though care is required as DNA can be obtained from non-viable organisms. Extraction and analysis of ribosomal RNA (rRNA) indicates the dominant active population. A
large electronic database of nucleotide base sequences from the
small sub-unit of rRNA, 16S for prokaryotes and 18S for eukaryotes,
is expanding exponentially and provides the means to identify
organisms in soil without the need for isolation and culture. There
is also a rapidly increasing body of sequence data for genes encoding functions relevant to soil processes. Comparison of data with
information in this growing database provides a powerful tool for
identifying many soil bacteria, archaea and fungi, with varying degrees of certainty, to the genus, species or sub-species level. More
precise information on which functional genes are active can be
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obtained from messenger RNA (mRNA), although this is technically
more difﬁcult with current methods. Methods exploiting these approaches (Hirsch et al., 2010) such as direct sequencing of nucleic
acids extracted from soil and the use of microarrays could almost
be regarded as a new way of classifying soils according to the range
of organisms they contain, complementing traditional classiﬁcations based on particle size distribution (texture) or soil forming
processes (pedogenesis). In some respects they are likely to reveal
data that is uninformative: for example, conﬁrming known trends
such as certain organisms favouring certain types of soil environment (e.g. acid or alkaline, aerobic or anaerobic). However the potential is immense – some possibilities are indicated below.
Research questions of central relevance to sustainable food production and becoming amenable to elucidation using emerging
understanding and new techniques
1. Molecular basis for nitrous oxide emissions: Bacterial reduction of
nitrate is a key process leading to emissions of nitrous oxide
from agricultural soils. Reduction can lead to the emission of
two gases, nitrous oxide (N2O) and dinitrogen (N2). Whilst both
represent a loss of an important nutrient, N2O is a powerful
greenhouse gas so even small changes in emission resulting
from a change in agricultural management have signiﬁcant
environmental impacts. Some populations of denitrifying bacteria lack the nosZ gene that controls conversion of N2O to N2 and
there are preliminary indications that the proportions of the different populations vary between soils and can be quantiﬁed
using molecular techniques (Henry et al., 2006; Morales et al.,
2010). If this is conﬁrmed, it would appear to be a signiﬁcant
development, providing a basis for designing more effective
management practices, speciﬁc for different situations, for minimising N2O emissions from agricultural soils.
2. Stabilisation and turnover of organic matter: As discussed earlier,
at the global scale soils contain a large fraction of the carbon in
the terrestrial biosphere in the form of soil organic matter and
have a crucial role as a carbon reservoir and a buffer against
changing atmospheric carbon dioxide. From the viewpoint of
increasing soil C storage, slowing down organic matter decomposition is a desirable objective. By contrast, organic matter
decomposition is essential for recycling nutrients from plant
and animal residues. Therefore, there is a conﬂict in objectives:
stable and possibly increased organic matter reserves in soils
are desirable, while breakdown of soil organic matter and the
release of nutrients are simultaneously desirable. The research
objective here is to discover ways of stabilising the organic skeletons of organic materials in soil organic matter, whilst allowing the release of plant nutrients.
3. Elucidating then manipulating soil and rhizosphere populations to
maximise natural biological suppression of soil-borne pathogens
and pests: Studies of naturally suppressive soils offers a potentially powerful approach to developing effective ‘‘biological
control’’ approaches, thus decreasing reliance on pesticides.
van Elsas et al. (2008) give an overview of some opportunities
and Atkins et al. (2003) give a speciﬁc example of using molecular techniques in the practical application of a fungal biocontrol approach for controlling nematode pests of coffee and
vegetables in Cuba.
4. Soil ecological effects of modiﬁed plants: Genetic modiﬁcation
(GM) of crops is one technique with potential to contribute to
increased food security in some situations – though it is clearly
not a panacea. However, there are valid questions to be
addressed about the impacts on ecosystem functioning of crops
having herbicide resistance or which produce insecticidal toxins. The farm-scale evaluations undertaken in the UK addressed
a range of above-ground ecological questions, and found no
unforeseen deleterious effects of the genetic modiﬁcations
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and other phospholipids associated with plant cell membranes
(Chaboud, 1983; Ostle et al., 2003; Read et al., 2003).
Structure formation
The root–soil interface is a key region for the development of
soil structure through mechanisms including dispersion and aggregation of soil particles under the inﬂuence of organic carbon compounds from roots, wetting and drying, and root penetration
(Dexter, 1988). This results in a more distinct and physically stable
structure than in the bulk soil including the formation of rhizosheaths which adhere to the roots (Watt et al., 1994; Czarnes et al.,
2000). Root hairs also play an important role in bonding soil to root
surfaces (Czarnes et al., 1999; Moreno-Espindola et al., 2007),
which increases contact and hence the potential uptake of water
and nutrients (Pierret et al., 2007). One of the major drivers of
structure formation in the rhizosphere is secondary metabolites
from soil microbes. Studies using sterile soil have found that inoculation with rhizosphere colonizing microbes results in a much larger volume of soil adhering to roots that is also more structurally
stable. Arbuscular mycorrhizal fungi, in part due to their ﬁlamentous structure, also inﬂuence the development of soil structure
both in the rhizosphere and bulk soil (Amellal et al., 1998; Miransari et al., 2008).
Nutrients in the rhizosphere

Fig. 3. Concentrations of plant-available P in soils in relation to crop yields. Data is
taken from long-term ﬁeld experiments in UK and illustrate the concept of ‘‘critical
values’’. From Syers et al. (2008).

tested (Haughton et al., 2003). By contrast, to date, there have
been few studies reported of below-ground ecological effects
of genetically modiﬁed crops, and those effects that have been
reported have been either short-lived and or lack a direct causal
link between the modiﬁcation and the effect. A systematic
assessment of the below-ground ecological effects is needed
(Lilley et al., 2006).

Root–soil interactions
Release of carbon compounds
Roots are the main driving force for all below-ground ecosystem
processes because they are usually the major source of substrates
and energy for microbial processes (Gregory, 2006a; Killham and
Yeomans, 2001). Consequently, the microbial population density
in the rhizosphere is far larger than in bulk soil and its functional
diversity is subject to alteration through any shifts in the ﬂow of
C from roots. Besides the contribution to soil organic matter from
senesced roots, living roots release a variety of compounds into
the soil including soluble compounds (exudates), actively secreted
enzymes and metallophores, and sloughed root cells (Paterson and
Sim, 1999). Root exudates constitute the majority of these rhizodeposits, and are mainly composed of carbohydrates, amino acids,
and organic acids together with smaller quantities of glycolipids

Many studies have shown that nutrient concentrations in the
rhizosphere are substantially different to those in the bulk soil as
a consequence both of plant demand for nutrients and of chemical,
biological and physical modiﬁcations of soil by roots (Gregory,
2006b). The selective uptake of ions at the root surface results in
the frequent accumulation of some ions (e.g. calcium) and the
depletion of others (e.g. nitrogen and phosphorus). Root-induced
changes to the chemical environment of the rhizosphere are crucial
to the nutrient acquisition of many plant species and include modiﬁcations to pH, reduction/oxidation conditions, complexation of
metals and enzyme activity (Hinsinger, 1998). pH changes of
0.5–1 unit have frequently been reported within 1–2 mm of the
root surface as a result of cation/anion imbalance in the uptake
of plants, release of organic acids, root respiration, and microbial
production of acids from root exudates (Hinsinger et al., 2003,
2005). Rhizosphere acidiﬁcation by plants is common and often
associated with increasing P availability and uptake. However,
there are complications in interpreting the signiﬁcance of this as
an adaptive strategy for nutrient acquisition (Darrah, 1993; Hinsinger et al., 2005).
Some plant species (e .g. Tithonia and Crotolaria) demonstrate
increased activity of acid phosphatases in the rhizosphere either
directly by secretion or indirectly by stimulation of microbial activity and/or depletion of soil inorganic phosphorus (George et al.,
2002). Manipulating this mechanism may provide a means for
crops to access phosphate that would otherwise be unavailable,
especially in regions with soils very low in plant-available P. However, some caution is needed as both the enzymes and released
phosphate are subject to adsorption on mineral surfaces and competition from microbes so the beneﬁt for the plant may be greatly
decreased (George et al., 2005).
Management of the rhizosphere
There is widespread evidence for genotypic diversity in the root
characteristics and compounds released from roots of many crop
species (O’Toole and Bland, 1987; Gregory, 2006b). The main impetus to date for exploring root traits that might improve resource
use has largely come from the need to ﬁnd superior genotypes in
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unfavourable environments especially drought-prone regions. The
traits required will differ depending on soil type and rainfall distribution. For example, Sponchiado et al. (1989) demonstrated the
importance of deep rooting in common bean as an effective means
of drought avoidance in the humid tropics while Brown et al.
(1987) demonstrated that for barley grown in a Mediterranean climate such an approach was inappropriate because the depth of
rooting was determined by the depth of wetting and the early proliferation of roots throughout the wetted proﬁle to use water before it could evaporate from the soil surface was a more useful
trait (see also Gregory et al., 2000). Ho et al. (2004) developed a
quantitative model to investigate the effects of root architecture
of common bean on phosphate uptake in soils of low P status. Substantial genetic variability exists for root gravitropic traits inﬂuencing the distribution of roots in the soil proﬁle and the
acquisition of resources such as P that are largely conﬁned to moist
surface layers in the tropics. This approach has been successfully
used to develop improved bean genotypes for tropical soils with
low P status (Lynch, 2007).
Roots are an effective means of delivering chemical compounds
into soil, with possible beneﬁcial results. One example with potential for exploitation is the release of nitriﬁcation inhibitors, with
the possibility of decreasing losses of N from agricultural soils by
nitrate leaching or gaseous loss. Some plants, including grasses,
release natural nitriﬁcation inhibitors, resulting in biological
nitriﬁcation inhibition (Subbarao et al., 2009). Delivery of nitriﬁcation inhibitors in this way may be more effective, in some situations, than the addition of chemicals to fertilizers. Given the
genetic diversity found within cereal species, there is scope for further investigation of this approach.
Minimising soil erosion from agricultural land
Soil erosion presents a threat to agricultural productivity, particularly but not exclusively, in regions where agronomic inputs
are low, vegetation cover is poor, soils are not resilient and where
intense rainfall sometimes occurs. Highest erosion rates are often
in semi-arid and tropical regions. Soil erosion is strongly affected
by human impact: owing to agricultural activity, rates of soil erosion on many areas with rolling topography are 1–2 orders of magnitude greater than under natural conditions, and are now similar
to those occurring in mountain areas (Montgomery, 2007).
The main agents of soil erosion are wind, water and tillage.
Water erosion is most often initiated by rainfall impact degrading
the surface structure of exposed soil, reducing permeability and
causing the generation of surface runoff leading to sheet, rill and
gully erosion. Tillage erosion refers to the redistribution of soil
due to the mechanical action of tillage implements, whereas wind
erosion is characteristic for lighter organic or sandy soils. Globally
it is estimated that water erosion mobilizes 28 Pg yr 1 of soil,
which together with 5 Pg yr 1 and 2 Pg yr 1 of sediment mobilized
by tillage and wind erosion, respectively, gives a total ﬂux of about
35 (±10) Pg yr 1 (Quinton et al., 2010): approximately 5 Mg yr 1 of
soil for every person on our planet. Erosion does not always involve
loss of soil from the land as eroded material is deposited elsewhere. Some is deposited in the terrestrial landscape, thus altering
and perhaps improving soil conditions at the site of deposition.
However, that which reaches surface water bodies often has serious impacts on ecosystem functioning.
In addition to obvious destruction of crops by severe rill or gulley erosion following intense rainfall, gradual erosion over long
periods also causes decreased crop yields. Stocking (2003) reported
yield losses ranging from 10% to 95% per 10 cm of soil loss at sites
in Argentina, Brazil and Kenya. In addition to the loss of soil as a
rooting medium, erosion selectively removes smaller sized particles which are enriched in nutrients and organic matter. This leads
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to poorer soil structure and decreased water and nutrients available to plants, reducing primary productivity. There are also significant indirect impacts of erosion on the food supply system: the
destruction of infrastructure, such as rural roads, which affects access to markets and the distribution of seed and fertilizer; the contamination of rivers, impacting on ﬁsheries and biodiversity; and
the reduction of reservoir capacity due to sedimentation, which
may reduce the availability of water for downstream uses including irrigation.
The mechanisms involved in soil erosion are reasonably well
understood (see for example the text books, Morgan, 2005; Kirby
and Morgan, 1980) and much effort has been devoted to developing models to predict erosion rates (Wischmeir and Smith, 1978;
Nearing et al., 1989; Morgan et al., 1998; Wainwright et al.,
2008). For many situations management practices to control or decrease erosion are well documented and demonstrated to be effective – yet they are frequently not applied. Although methods suited
to local conditions are still being developed (see for example Nefzaoui and Ben Salem, 2002; Gyssels et al., 2007; Silgram et al.,
2010), it is the adoption of erosion control methods rather than
their availability that is lacking. The reasons for non-adoption are
numerous and often complex and inter-related. They include land
rights, lack of awareness of soil and water conservation, properties
of the physical environment, neighbours’ perceptions, poverty and
the availability of labour (Gebremedhin and Swinton (2003). Facilitating change in farmer behaviour may be a matter of providing
adequately resourced and effective extension services, access to
appropriate technologies or funding supplies of fertilizers or other
inputs or materials required for soil conservation or improved crop
growth. The importance of engaging with local farmers, and learning from their knowledge, is clear especially for resource-poor subsistence farmers (e.g. Stocking, 2003). However, in many cases, the
immediate beneﬁts may be more for other land users such as those
affected by sediments or lack of water downstream – or the protection of the soil resource for the sake of future food security for the
wider community. This is an example of paying one group of land
users for ecosystem services that primarily beneﬁt others and
raises complex policy and implementation issues. One example is
making additional water available for agriculture by decreasing
water losses from surface runoff, which is inexorably linked to soil
erosion. It is estimated that to feed the world’s population in 2030,
water use in agriculture will need to be approximately doubled to
8700 km3 yr 1 (Falkenmark and Rockstrom, 2006). Surface and
groundwater sources will not be able to supply this volume of
water; maximising inﬁltration and minimising water losses
through runoff could provide an estimated 1200 km3 yr 1 of water,
which could double crop yields in Africa’s semi-arid and dry subhumid savannah zone (Falkenmark and Rockstrom, 2006).
One scheme with potential for facilitating soil conservation
practices is the use of Green Water Credits (GWCs) (Falkenmark
and Rockstrom, 2006). These recognise the beneﬁts of farmers
retaining water in the soil rather than letting it run off, causing
ﬂooding and pollution downstream. Advice and incentives for
farmers in erosion-prone upstream regions are made possible by
contributions from downstream users who have a vested interest
in an improved water supply. Thus one group of land users are
paid for ecosystem services (increased water for irrigation) facilitated by altered land management by another group. Another
example of policies to change farmer behaviour is China’s ambitious ‘‘grain for green’’ programme. This addresses serious soil erosion in the area feeding the Yellow River by removing from annual
cropping the steepest slopes which are most prone to soil erosion
and establishing perennial semi-natural vegetation. Farmers are
compensated for loss of production by being paid in grain and
with assistance to develop alternative cropping practices on less
erosion-prone land. This has been successful in decreasing sedi-
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ment loading of streams (Cao et al., 2009), but has resulted in reduced water availability and a reduction in biodiversity in some
areas.
A key issue in soil conservation is robust monitoring to chart the
success or otherwise of speciﬁc conservation measures. Such information is required so that governments or other funders of
schemes, and farmers, can be informed on whether or not the measures are being successful and deliver value for money or whether
changes in policy or practice are required. At the local scale monitoring tools do exist (Stocking and Mumaghan, 2001), although
they are rarely applied. Current methods for monitoring at regional
scale have limitations; advances in satellite-derived information
(Vrieling, 2006) and in new tracer technology (Zhang et al., 2001)
offer potential for quantifying erosion, but further development
is needed before they can be used with conﬁdence.
To summarise, major needs in either practice or research are:
1. Provision of evidence for farmers and policy makers that controlling soil erosion leads to better crop yields and a more
secure food supply, either directly or indirectly and in both
the short- or longer-term.
2. The development and testing of locally funded mechanisms for
investing in soil and water conservation and evaluating and
learning from successes and failures.
3. Developing new remote sensing technologies for the targeting
and monitoring the success (or failure) of soil and water conservation programmes at regional scales.
Possible beneﬁcial impacts of biochar on soil properties and
crop growth
Producing bioenergy from biomass pyrolysis offers an opportunity to genuinely sequester a portion of C in agricultural by-products as the recalcitrant char material, now termed biochar, whose
natural analogues have a residence time of 1000–10,000 yrs. There
is circumstantial evidence from archaeological sites in Amazonia
and elsewhere that adding biochar to soil leads to the stabilisation
of additional organic carbon (Liang et al., 2010). There is also some
evidence, though as yet limited, that adding biochar to soil improves crop growth through increased retention of nutrients and
possibly of water (Major et al., 2010). Biochar therefore has the potential to signiﬁcantly alter the greenhouse gas balance of arable
agriculture, whilst simultaneously maintaining physical beneﬁts
usually associated with more labile organic matter fractions. Research that demonstrates whether or not these beneﬁts exist
and, if they do, delivers a mechanistic understanding of the processes behind them, are essential if the use of biochar is to be
adopted as part of an enhanced carbon offsetting strategy, in parallel to fossil fuel substitution from bioenergy (Lehmann et al.,
2008; Sohi et al., 2010). But caution is required as the land use
implications of widespread production and use of biochar have
yet to be fully evaluated (Sutherland et al., 2010). And the evidence
base for beneﬁcial impacts of recent biochar applications, as opposed to historical applications in Amazonia, is still very small
(Verheijen et al., 2009). Also, biochar can be a source of pollutants,
especially persistent organic pollutants produced during pyrolysis
(Shrestha et al., 2010) although when added to polluted soils it can
also decrease the bioavailability of some pollutants through
adsorption (Beesley et al., 2010).

Developing practices and policies
‘‘We know more about the movement of celestial bodies than about
the soil underfoot’’.
Leonardo da Vinci.

Great progress in the understanding of soil and its functioning
has been made in the 500 years since this was stated. But many
damaging mistakes in soil management have also been made,
and will continue to be unless evidence-based practices are developed to meet the challenges of ‘‘sustainable intensiﬁcation’’ (Royal
Society, 2009), essential to feed the 9 billion people expected to inhabit the planet by 2050. A related challenge is to devise more
effective communication and partnership approaches such that
information is utilised by land managers worldwide, making it
possible to produce food without causing unacceptable environmental damage, especially not worsening climate change. And
without causing irreversible damage to the soil on which mankind
depends.
This review has concentrated on research needs and opportunities because this was the remit of the Foresight Programme on
‘‘Global Food and Farming’’ of which it is a part. At various points
in the review we have suggested ways to act on research ﬁndings,
either through policy interventions or practical actions. Table 2
summarises these and includes suggestions of the types of action
required for different aspects of knowledge and soil management.
In some cases the main action is to provide information to farmers
but in others speciﬁc ﬁnancial incentives or regulations will be
required, but the list is not deﬁnitive and new suggestions will
continue to arise.
Findings from biophysical research have to be combined with
knowledge of social, economic and governance issues which differ
widely between nations and regions. Some applications of research
are only suitable for developed regions with well-educated and/or
economically prosperous farmers and a certain level of infrastructure. Others are highly relevant to small resource-poor subsistence
farmers where a small change in practice could have a signiﬁcant
impact on livelihoods. In some instances it is possible to ‘‘jump’’
stages of development, e.g. the use of mobile phones to deliver
market or technical information to farmers in rural regions in
developing countries. Some ﬁndings are so obviously beneﬁcial
to the farmer that no particular incentive is required to promote
a new practice. An example is minimum tillage in many regions
of South America where innovations have often been farmer-led
and the beneﬁts to the farmer such as saving of labour, increased
economic returns or soil improvement are obvious, at least for larger farmers. For small farmers there may be barriers due to the cost
of changing machinery. At the other extreme, the main beneﬁciaries from improved nutrient management or reduced soil erosion
may be people other than the farmer due to ‘‘off-site’’ impacts on
the sediment or nutrient load in a river (as discussed in previous
sections). In such cases there is likely to be a need for more concerted action at a catchment or regional scale, whether delivery
of information, economic incentives or regulation. In some cases
a policy action that has been beneﬁcial for a period needs to change
to reﬂect altered conditions. For example, in China policies including subsidies and information delivery to farmers, aimed at promoting the use of fertilizers as a contribution to national food
security, have been so successful that the country now has a serious problem of nitrogen fertilizer over-use. It is clear that different
policies regarding economic incentives, and perhaps regulation, are
now required in order to combat serious water pollution and
excessive greenhouse gas emissions.
Some areas of research covered in this review are mature and
the priority is to ﬁnd effective means of putting ﬁndings into practice, rather than conducting more detailed research: this is the case
for controlling soil erosion. By contrast, understanding of soil biological processes is in a phase of rapid expansion due to the potential of new molecular tools when combined with more traditional
understanding. From the perspective of policy and practice, the
action in this area is probably to keep a ‘‘watching brief’’. In many
cases it is likely to be some years before research ﬁndings lead to
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Table 2
Summary of policies and practical actions required to develop improved soil management practices based on current knowledge and emerging research.a
Issue

Actions required

(a) Organic matter, climate change, physical properties and water
 Encourage practices to maintain or
1. Increased soil organic matter content
increase SOC content in agricultural
is beneﬁcial for almost all soil
soils including return of crop resiproperties and functions. Even small
dues, animal manures, other organic
changes in SOCb can have
residues (if commensurate with
disproportionately large impacts on
human
and
animal
health
soil physical properties
considerations).
c
 In LDCs actions to provide energy in
rural areas to decrease use of straw,
dung or ﬁrewood as fuel.
 Promote collection
of organic
‘‘wastes’’ for re-use especially in
peri-urban areas
 Encourage minimum tillage where
2. Reduced tillage practices (including
appropriate.
zero tillage) can deliver improved
soil structure and functioning in
many (but not all) soil types and
cropping systems. Beneﬁts Include
improved water inﬁltration and
decreased erosion through increased
soil C near surface and improved
faunal activity

3. Soils contain large stocks of C in
organic matter – can either mitigate
or worsen climate change depending
on whether management practices
increase or decrease soil C stock

4. Perennial versions of current annual
arable crops could deliver
improvements in efﬁciency of use of
water and nutrients, increase inputs
of organic C to soil and decrease
erosion
5. Maintaining food production with
decreasing water resources –
recognising water limitation to crops
caused by ‘‘strong’’ soilsd in addition
to water shortage per se

6. Minimise soil erosion through effects
of water, wind and tillage

(b) Crop nutrients
7. More appropriate use of nutrients –
will increase production (especially
in LDCs), improve livelihoods and
decrease risks of water pollution and
decrease greenhouse gas emissions
from agriculture. Issues generic to
developed and developing countries

Policies or practices to achieve
desired action

Comments

Information to farmersIf necessary,
economic incentives or regulations to
promote speciﬁc practices

Increasing SOC content (depending how
it is achieved) can contribute to C
sequestration, thus mitigating climate
change. See point 3 below

Government actions and/or ﬁnancial
incentives

Information to farmersPossible
economic assistance to smallest
farmers to purchase new machinery

Use local data to assess applicability of
reduced tillage – not always
appropriate.Reduced tillage often
claimed to deliver climate change
beneﬁts through soil C sequestration Be
aware that these claims may be
exaggerated and assess balance of soil C
increase with possible increased N2O
emissions using locally relevant data

 Minimise changes in land use (especially deforestation, ploughing of
grasslands, drainage of wetlands)
for agricultural development – these
changes cause large emissions of
CO2.
 Establish new areas of forest or other
perennial plants on land that would
otherwise be derelict or unused provided the change does not conﬂict
with food production.
 Management practices to maintain
or increase C stocks in agricultural
soils.
 Practices to increase C content of
subsoils.
 Long term commitment to research

International agreements and actions
by individual governments

Recognise conﬂict with provision of
extra land for food production

 Include consideration of roots
(length,
distribution,
signalling
within plant as inﬂuenced by root/
soil interactions) in crop breeding
 Maintain good soil physical conditions through maintenance of soil C
and appropriate tillage
 Implement soil management and
land use practices to decrease erosion – speciﬁc practices being appropriate for different situations

Funding of research and crop
breeding by governments or industry

Information to farmers, economic
incentives or regulation – depending
whether main impacts are on farmers
with practices favouring erosion or
on others

Learn from successful schemes already
implemented in some regions

 Develop practical nutrient planning
and management practices based on
emerging research and technologies
and suitable for different regions.
Likely to include nutrient budget
approaches, recommendation tables,
simple computer-based decision
support systems, sensors for measuring nutrient status of soil or crop in
the ﬁeld

Information to farmers

Involvement of farmers, farmer
organisations and NGOs essential. In
LDCs nutrient management should be
part of other agronomic innovation
packages

Recognise limitations and potential
conﬂicts with N2O emissions

Results from actions in points 1 and 2
above
Research required
Funding of research and crop
breeding by governments or industry

Long term goal Considerable research
necessary to obtain yields currently
achieved by annual crops

As points 1 and 2 above

Promotion of new approaches by
industry
Possible ﬁnancial assistance from
governments, NGOs or industry to
start use of new methods in LDCs
Regulation required to reduce over-

Some lessons learned from N
(continued on next page)
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Table 2 (continued)
Issue

8. For P and K fertilization, determining
‘‘critical levels’’ of plant-available
forms of these nutrients in soil is a
priority. Will assist with increasing
food production in LDCs and reduce
over-supply and P pollution of water
in well supplied areas. Beneﬁcial for
farmer incomes in all regions
9. Increasing nutrient supply to crops in
LDCs where deﬁciency is key
constraint to food production

Actions required

Policies or practices to achieve
desired action

Comments

 For N, apply management practices
that will decrease N2O emissions as
major agricultural contribution to
cutting greenhouse gas emissions
 Include consideration of root characteristics in breeding and selection –
different root architectures favour
increased nutrient and water uptake
in different environments
 Set up long-term ﬁeld experiments
in a range of locations worldwide to
establish critical soil P and K concentrations for maximum yields or relevant crops

use or inappropriate use of fertilizers
and manures in regions of nutrient
sufﬁciency (e.g. Nitrate Vulnerable
Zones as in EU)
Funding of research by governments
or industry

management practices and regulatory
approaches in developed countries (e.g.
EU, USA) can be adapted for use in LDCs.
Especially relevant in rapidly developed
regions (e.g. China, India, Brazil)

Could be industry led or public/
private partnership

Such experiments become a valuable
long-term resource for wider issues of
sustainability

 Apply current knowledge of nutrient
recycling,
intercropping
with
legumes to introduce N and deep
rooted plants to capture nutrients
leached to subsoil
 Make fertilizers available in small
quantities and at affordable prices

Information to farmers and ﬁnancial
assistance to change practices if
necessary

Learn lessons regarding holistic delivery
of information from Millennium
Villages Project and AGRA

(c) Soil biological processes and root/soil interactions
 Keep ‘‘watching brief’’ on research,
10. Manage soil biological processes
especially opportunities from use of
through increasing knowledge of
new molecular techniques. May proprocesses and organisms
vide new insights into decreasing
N2O emissions. Beginning to provide
new approaches to identiﬁcation of
soil borne pests and diseases and
biocontrol
 Apply management practices to
11. Maintain soil biodiversity to protect
maintain organic matter content
resilience of soil services provided by
biological functions

12. Using crop roots to inﬂuence soil
processes offers new opportunities.
E.g. increasing availability of P from
soil sources; inhibiting nitriﬁcation;
biocontrol applications utilising root
exudates
(d) Biochar
13. Utilise inﬂuence of biochar to retain
nutrients and water in soil, sequester
C or beneﬁcially alter microbial
populations Possible synergy with
bioenergy developments – biochar
may be a low cost co-product

Schemes ﬁnanced by governments,
NGOs or industry – at least as a start
Funding of research – mainly
government By industry for some
practical applications or new
products

Be aware of potential for unintended
effects on non-target organisms; need
for monitoring
Be aware of spurious microbial
additives being marketed – seek
evidence of efﬁcacy

As for point 1

Be aware that population abundance
and diversity in agricultural soil is
usually less than under natural
vegetation. But functional redundancy
means ‘‘more is not necessarily better’’
Includes studies of root architecture,
nutritional quality of root exudates (to
inﬂuence rhizosphere organisms) and
speciﬁc signal molecules

 Research to identify beneﬁcial traits
followed by transfer to breeding/
selection programmes or novel practices such as intercropping

Public or industry funding of research

 Testing of emerging research results
to assess whether suitable as basis
for practical management strategies

Public and industry funding of
research

Interesting research ﬁndings but need
to critically assess evidence before
committing to large scale action
Evidence base is still very small

a

Evidence and discussion regarding each issue is presented in the text under appropriate sections.
SOC = soil organic carbon content, a measure of soil organic matter content.
c
LDC = Less developed countries.
d
Strong soils are deﬁned as soil in which drying leads to impeded root growth – see section entitled ‘‘Optimising soil physical conditions for crop growth in a range of
environments’’.
b

new management practices but it is important that policy makers
and those concerned with the development of agricultural practices are alert to the potential from a rapidly developing research
ﬁeld. For example, molecular approaches to detecting soil borne
diseases and developing biocontrol strategies are beginning to become practical, as discussed in the section on soil biological processes. Other ﬁelds of research, such as soil organic matter and
nutrient management are intermediate: some aspects are mature
and have already led to the development of evidence-based management practices (well applied in some instances, not at all in others) whilst other aspects (such as close monitoring of nitrate levels
in soil during a crop growing season) are not yet at a practical stage
for ﬁeld use but could be very powerful if suitably developed.

In the near future it is likely that most rapid progress can be
made at the interface between disciplines. An example is plant
and soil scientists working together to develop approaches to maximise productivity in water-limited environments. There will be
many other examples were progress at the interface between current traditional disciplines will be exciting and in turn these may
become new disciplines in them themselves. Given the scale of
the problems we face in attempting to achieve global food security
it is incumbent on all concerned to look beyond our own areas to
seek input from colleagues in different disciplines. Furthermore,
it is essential that researchers, policy makers and practitioners in
all aspects of land management and food production to communicate with each other. A key challenge is to develop effective ways
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of facilitating this cross-disciplinary communication, at different
scales from global to local, and in a range of fora including government and inter-governmental negotiations and also discussions in
local communities. It also essential that the wider environmental
impacts of agricultural production, whether for food, fuel or ﬁbre,
are fully assessed in an integrated way. In view of the seriousness
of the challenges of food production and numerous environmental
issues such as climate change, special efforts are needed to elucidate the complex interactions and avoid unintended consequences
of any course of action.
References
Amellal, N., Burtin, G., Bartoli, F., Heulin, T., 1998. Colonization of wheat roots by an
exopolysaccharide-producing Pantoea agglomerans strain and its effect on
rhizosphere soil aggregation. Applied and Environmental Microbiology 64,
3740–3747.
Angers, D.A., Eriksen-Hamel, N.S., 2008. Soil Science Society of America Journal 72,
1370–1374.
Atkins, S.D., Hidalgo-Diaz, L., Clark, I.M., Morton, C.O., Montes de Oca, N., Gray, P.A.,
Kerry, B.R., 2003. Approach for monitoring the release of Pochonia
chlamydosporia var. Catenulata, a biocontrol agent of root-knot nematodes.
Mycological Research 107, 207–212.
Baggs, E.M., Stevenson, M., Pihlatie, M., Regar, A., Cook, H., Cadisch, G., 2003. Nitrous
oxide emissions following application of residues and fertiliser under zero and
conventional tillage. Plant and Soil 254, 361–370.
Baker, J.M., Ochsner, T.E., Venterea, R.T., Grifﬁs, T.J., 2007. Tillage and soil carbon
sequestration – What do we really know? Agriculture. Ecosystems and
Environment 118, 1–5.
Ball, B.C., Crichton, I., Horgan, G.W., 2008. Dynamics of upward and downward N2O
and CO2 ﬂuxes in ploughed or no-tilled soils in relation to water-ﬁlled pore
space, compaction and crop presence. Soil & Tillage Research 101, 20–30.
Bardgett, R.D., Usher, M.B., Hopkins, D.W., 2005. Biodiversity and Function in Soils.
British Ecological Society Ecological Reviews, Cambridge University Press,
Cambridge, UK.
Batjes, N.H., 1996. Total carbon and nitrogen in the soils of the world. European
Journal of Soil Science 47, 151–163.
Beesley, L., Moreno-Jiminez, E., Gomez-Eyles, J.L., 2010. Effects of biochar and
greenwaste compost amendments on mobility, bioavailability and toxicity of
inorganic and organic contaminants in a multi-element polluted soil.
Environmental Pollution 158, 2282–2287.
Blair, N., Faulkner, R.D., Till, A.R., Poulton, P.R., 2006. Long-term management
impacts on soil C, N and physical fertility. Part 1: Broadbalk experiment. Soil
and Tillage Research 91, 30–38.
Blum, A., Johnson, J.W., Ramseur, E.L., Tollner, E.W., 1991. The effect of a drying
topsoil and possible non-hydraulic signal on wheat growth and yield. Journal of
Experimental Botany 42, 1225–1231.
Brookes, P., Lin, Q., Ayaga, G., Wu, J., 2010. Soil phosphorus – from feast to famine.
World Agriculture 1, 29–36.
Brookes, P.C., Tate, K.R., Jenkinson, D.S., 1983. The adenylate energy charge of the
soil microbial biomass. Soil Biology and Biochemistry 15, 9–16.
Brown, S.C., Keatinge, J.D.H., Gregory, P.J., Cooper, P.J.M., 1987. Effects of fertilizer,
variety and location on barley production under rainfed conditions in northern
Syria. 1. Root and shoot growth. Field Crops Research 16, 53–66.
Cao, S.X., Chen, L., Yu, X.X., 2009. Impact of China’s grain for green project on the
landscape of vulnerable arid and semi-arid agricultural regions: a case study in
northern Shaanxi Province. Journal of Applied Ecology 46, 536–543.
Carter, M.R., Gregorich, E.G., 2010. Carbon and nitrogen storage by deep-rooted tall
fescue (Lolium arundinaceum) in the surface and subsurface soil of a ﬁne sandy
loam in eastern Canada. Agriculture, Ecosystems and Environment 136, 125–
132.
Chaboud, A., 1983. Isolation, puriﬁcation and chemical composition of maize root
cap mucilage. Plant and Soil 73, 395–402.
Clark, L.J., Gowing, D.J.G., Lark, R.M., Leeds-Harrison, P.B., Miller, A.J., Wells, D.M.,
Whalley, W.R., Whitmore, A.P., 2005. Sensing the physical and nutritional status
of the root environment in the ﬁeld: a review of progress and opportunities.
Journal of Agricultural Science, Cambridge 143, 347–358.
Cole, L., Buckland, S.M., Bardgett, R.D., 2008. Inﬂuence of disturbance and nitrogen
addition on plant and soil animal diversity in grassland. Soil Biology &
Biochemistry 40, 505–514.
Connor, D.J., 2008. Organic agriculture cannot feed the world. Field Crops Research
106, 187–190.
Contin, M., Corcimaru, S., De Nobili, M., Brookes, P.C., 2000. Temperature changes
and the ATP concentration of the soil microbial biomass. Soil Biology and
Biochemistry 32, 1219–1224.
Cox, T.S., Glover, J.D., van Tassel, D.L., Cox, C.M., DeHaan, L.R., 2006. Prospects for
developing perennial grain crops. Bioscience 56, 649–659.
Crutzen, P.J., Mosier, A.R., Smith, K.A., Winiwarter, W., 2008. N2O release from agrobiofuel production negates global warming reduction by replacing fossil fuels.
Atmospheric Chemistry and Physics 8, 389–395.
Czarnes, S., Hiller, S., Dexter, A.R., Hallett, P.D., Bartoli, F., 1999. Root: soil adhesion
in the maize rhizosphere: the rheological approach. Plant and Soil 211, 69–86.

S85

Czarnes, S., Dexter, A.R., Bartoli, F., 2000. Wetting and drying cycles in the maize
rhizosphere under controlled conditions. Mechanics of the root-adhering soil.
Plant and Soil 221, 253–271.
Darrah, P.R., 1993. The rhizosphere and plant nutrition: a quantitative approach.
Plant and Soil 155 (156), 3–22.
De Bello, F., Lavorel, S., Diaz, S., et al., 2010. Towards an assessment of multiple
ecosystem processes and services via functional traits. Biodiversity and
Conservation 19, 2873–3893.
Dexter, A.R., 1988. Advances in characterization of soil structure. Soil and Tillage
Research 11, 199–238.
Di, H.J., Cameron, K.C., 2006. Nitrous oxide emissions from two dairy pasture soils as
affected by different rates of a ﬁne particle suspension of nitriﬁcation inhibitor,
dicyandiamide. Biology and Fertility of Soils 42, 472–480.
Dodd, I.C., 2005. Root-to-shoot signalling: assessing the roles of ‘up’ in the up and
down world of long-distance signalling in planta. Plant and Soil 274, 251–270.
Dodd, I.C., Egea, G., Davies, W.J., 2008. Accounting for sap ﬂow from different parts
of the root system improves the prediction of xylem ABA concentration in
plants grown with heterogeneous soil moisture. Journal of Experimental botany
59, 4083–4093.
Dourado-Neto, D., Powlson, D.S., Abu Bakar, R., Bacchi, O.O.S., Basanta, M.V., Thi
Cong, P., Keerthisinghe, G., Ismaili, M., Rahman, S.M., Reichardt, K., Safwat,
M.S.A., Sangakkara, R., Timm, L.C., Wang, J.Y., Zagal, E., van Kessel, C., 2010.
Multiseason recoveries of organic and inorganic nitrogen-15 in tropical
cropping systems. Soil Science Society of America Journal 74, 139–152.
Falkenmark, M., Rockstrom, J., 2006. The new blue and green water paradigm:
breaking new ground for water resource planning and management. Journal of
Water Resources Planning and Management – Asce 132, 129–132.
Fontaine, S., Barot, S., Barré, P., Bdioui, N., Mary, B., Rumpel, C., 2007. Stability of
organic carbon in deep soil layers controlled by fresh carbon supply. Nature
450, 277–280.
Gebremedhin, B., Swinton, S.M., 2003. Investment in soil conservation in northern
Ethiopia: the role of land tenure security and public programs. Agricultural
Economics 29, 69–84.
George, T.S., Gregory, P.J., Wood, M., Read, D., Buresh, R.J., 2002. Phosphatase
activity and organic acids in the rhizosphere of potential agroforestry species
and maize. Soil Biology and Biochemistry 34, 1487–1494.
George, T.S., Richardson, A.E., Simpson, R.J., 2005. Behaviour of plant-derived
extracellular phytase upon addition to soil. Soil Biology and Biochemistry 37,
977–988.
Goulding, K.W.T., 2000. Nitrate leaching from arable and horticultural land. Soil Use
and Management 16, 145–151.
Goulding, K.W.T., Bailey, N.J., Bradbury, N.J., Hargreaves, P., Howe, M., Murphy, D.V.,
Poulton, P.R., Willison, T.W., 1998. Nitrogen deposition and its contribution to
nitrogen cycling and associated soil processes. New Phytologist 139, 49–58.
Gregory, P.J., 2006a. Roots, rhizosphere and soil: the route to a better understanding
of soil science? European Journal of Soil Science 57, 2–12.
Gregory, P.J., 2006b. Plant Roots: Growth, Activity and Interaction with Soils.
Blackwell Scientiﬁc Publishing, Oxford. 318pp.
Gregory, P.J., Simmonds, L.P., Pilbeam, C.J., 2000. Soil type, climatic regime, and the
response of water use efﬁciency to crop management. Agronomy Journal 92,
814–820.
Guo, J.H., Liu, X.J., Zhang, Y., Shen, L.J., Han, W.X., Zhang, W.F., Christie, P., Goulding,
K.W.T., Vitousek, P.M., Zhang, F.S., 2010. Signiﬁcant acidiﬁcation in major
Chinese croplands. Science 327, 1008–1010.
Gyssels, G., Poesen, J., Knapen, A., Van Dessel, W., Leonard, J., 2007. Effects of double
drilling of small grains on soil erosion by concentrated ﬂow and crop yield. Soil
and Tillage Research 93, 379–390.
Hammond, J.P., Bennett, M.J., Bowen, H.C., Broadley, M.R., Eastwood, D.C., May, S.T.,
Rahn, C., Swarup, R., Woolaway, K.E., White, P.J., 2003. Changes in Gene
Expression in Arabidopsis shoots during phosphate starvation and the potential
for developing smart plants. Plant Physiology 132, 578–596.
Harrigan, J., 2008. Food insecurity, poverty and the Malawian Starter Pack: fresh
start or false start? Food Policy 33, 237–249.
Haughton, A.J., Champion, G.T., Hawes, C., Heard, M.S., Brooks, D.R., Bohan, D.A.,
Clark, S.J., Dewar, A.M., Firbank, L.G., Osborne, J.L., Perry, J.N., Rothery, P., Roy,
D.B., Scott, R.J., Woiwod, I.P., Birchall, C., Skellern, M.P., Walker, J.H., Baker, P.,
Browne, E.L., Dewar, A.J.G., Garner, B.H., Haylock, L.A., Horne, S.L., Mason, N.S.,
Sands, R.J.N., Walker, M.J., 2003. Invertebrate responses to the management of
genetically modiﬁed herbicide-tolerant and conventional spring crops. II.
Within-ﬁeld epigeal and aerial arthropods. Philosophical Transactions of the
Royal Society of London, Series B - Biological Sciences 358, 1863–1877.
Henry, S., Bru, D., Stres, B., Hallet, S., Philipott, L., 2006. Quantitative determination
of the nosZ gene, encoding nitrous oxide reduction, and comparison of the
abundance of 16s rRNA narG, nirK and nosZ genes in soil. Applied and
Environmental Microbiology 72, 5181–5189.
Hinsinger, P., 1998. How do plant roots acquire mineral nutrients? Chemical
processes involved in the rhizosphere. Advances in Agronomy 64, 225–265.
Hinsinger, P., Plassard, C., Tang, C., Jaillard, B., 2003. Origins of root-mediated pH
changes in the rhizosphere and their responses to environmental constraints: a
review. Plant and Soil 248, 43–59.
Hinsinger, P., Gobran, G.R., Gregory, P.J., Wenzel, W.W., 2005. Rhizosphere geometry
and heterogeneity arising from root-mediated physical and chemical processes.
New Phytologist 168, 43–59.
Hirsch, P.R., Gilliam, L.M., Sohi, S.P., Williams, J.K., Clark, I.M., Murray, P.J., 2009.
Starving the soil of plant inputs for 50 years reduces abundance but not diversity
of soil bacterial communities. Soil Biology and Biochemistry 41, 2021–2024.

S86

D.S. Powlson et al. / Food Policy 36 (2011) S72–S87

Hirsch, P.R., Mauchline, T.H., Clark, I.M., 2010. Culture-independent molecular
techniques for soil microbial ecology. Soil Biology and Biochemistry 42, 878–
887.
Ho, M.D., McCannon, B.C., Lynch, J.P., 2004. Optimization modeling of plant root
architecture for water and phosphorus acquisition. Journal of Theoretical
Biology 226, 331–340.
Jenkinson, D.S., Coleman, K., 2008. The turnover of organic carbon in subsoils. Part 2.
Modelling carbon turnover. European Journal of Soil Science 59, 400–413.
Jensen, E.S., Peoples, M.B., Hauggaard-Nielsen, H., 2010. Faba bean in cropping
systems. Field Crops Research 115, 203–216.
Johnston, A.E., Poulton, P.R., Coleman, K., 2009. Soil organic matter: its importance
in sustainable agriculture and carbon dioxide ﬂuxes. Advances in Agronomy
101, 1–57.
Jones, P., Crane, R., 2009. England and Wales under Organic Agriculture. How much
Food could be Produced? Centre for Agricultural Strategy Report 18, University
of Reading, 66pp.
Killham, K., Yeomans, C., 2001. Rhizosphere carbon ﬂow measurement and
implications from isotopes to reporter genes. Plant and Soil 232, 91–96.
Kirby, M., Morgan, R., 1980. Soil Erosion. Wiley, Chichester.
Kitchen, N.R., Sudduth, K.A., Drummond, S.T., Scharf, P.C., Palm, H.L., Roberts, D.F.,
Vories, E.D., 2010. Ground-based canopy reﬂectance sensing for variable-rate
nitrogen corn fertilization. Agronomy Journal 102, 71–84.
Lehmann, J., Skjemstad, J., Sohi, S., Carter, J., Barson, M., Falloon, P., Coleman, K.,
Woodbury, P., Krull, E., 2008. Australian climate-carbon cycle feedback reduced
by soil black carbon. Nature Geoscience 1, 832–835.
Liang, B., Lehmann, J., Sohi, S.P., Thies, J.E., O’Neill, B., Trujillo, L., Gaunt, J., Solomon,
D., Grossman, J., Neves, E.G., Luizao, F.J., 2010. Black carbon affects the cycling of
non-black carbon in soil. Organic Geochemistry 41, 206–213.
Lilley, A.K., Bailey, M.J., Cartwright, C., Turner, S.L., Hirsch, P.R., 2006. Life in
earth: the impact of GM plants on soil ecology? Trends in Biotechnology 24,
9–14.
Lopez-Bellido, R.J., Shepherd, R.J., Barraclough, P.B., 2004. Predicting post-anthesis N
requirements of bread wheat with a Minolta SPAD meter. European Journal of
Agronomy 20, 313–320.
Loveland, P., Webb, J., 2003. Is there a critical level of organic matter in the
agricultural soils of temperate regions: a review. Soil & Tillage Research 70, 1–
18.
Lützow, M.v., Kögel-Knabner, I., Ekschmitt, K., Matzner, E., Guggenberger, G.,
Marschner, B., Flessa, H., 2006. Stabilization of organic matter in temperate
soils: mechanisms and their relevance under different soil conditions – a
review. European Journal of Soil Science 57, 426–445.
Lynch, J., 2007. Roots of the second green revolution. Australian Journal of Botany
55, 493–512.
Macdonald, A.J., Poulton, P.R., Powlson, D.S., Jenkinson, D.S., 1997. Effects of season,
soil type and cropping on recoveries, residues and losses of 15N-labelled
fertilizer applied to arable crops in spring. Journal of Agricultural Science,
Cambridge 129, 125–154.
Mahieu, N., Powlson, D.S., Randall, E.W., 1999. Statistical analysis of published
carbon-13 CPMAS NMR spectra of soil organic matter. Soil Science Society of
America Journal 63, 307–319.
Major, J., Rondon, M., Molina, D., Riha, S.J., Lehmann, J., 2010. Maize yield and
nutrition during 4 years after biochar application to a Colombian savanna
oxisol. Plant and Soil 333, 117–128.
Manschadi, A.M., Christopher, J., deVoil, P., Hammer, G.L., 2006. The role of root
architectural traits in adaptation of wheat to water-limited environments.
Functional Plant Biology 33, 823–837.
Manschadi, A.M., Hammer, G.L., Christopher, J.Y., deVoil, P., 2008. Genotypic
variation in seedling root architectural traits and implications for drought
adaptation in wheat (Triticum aestivum L.). Plant & Soil 303, 115–129.
Masle, J., Passioura, J.B., 1987. The effect of soil strength on the growth of young
wheat plants. Australian Journal of Plant Physiology 14, 643–656.
Miller, A.J., Wells, D.M., Braven, J., Ebdon, L., Le Goff, T., Clark, L.J., Whalley, W.R.,
Gowing, D.J.G., Leeds-Harrison, P.B., 2003. Novel sensors for Measuring Soil
Nitrogen, Water Availability and Strength. In The BCPC International Congress –
Crop Science and Technology, vol. 2. Alton, UK: The British Crop Protection
Council, pp. 1107–1114.
Miransari, M., Bahrami, H.A., Rejali, F., Malakouti, M.J., 2008. Using arbuscular
mycorrhiza to alleviate the stress of soil compaction on wheat (Triticum
aestivum L.) growth. Soil Biology and Biochemistry 40, 1197–1206.
Mittler, R., 2006. Abiotic stress the ﬁeld environment and stress combination.
Trends in Plant Science 11, 15–19.
Montgomery, D., 2007. Soil erosion and agricultural sustainability. Proceedings of
the National Academy of Sciences of the USA 104, 13268–13272.
Morales, S.E., Cosart, T., Holben, W.E., 2010. Bacterial gene abundances as indicators
of greenhouse gas emissions in soils. The ISME Journal 4, 1–10.
Moreno-Espindola, I.P., Rivera-Becerril, F., Ferrara-Guerrero, M.D., de LeonGonzalez, F., 2007. Role of root-hairs and hyphae in adhesion of sand
particles. Soil Biology and Biochemistry 39, 2520–2526.
Morgan, R.P.C., 2005. Soil Erosion and Conservation. Blackwell, Oxford.
Morgan, R.P.C., Quinton, J.N., Smith, R.E., Govers, G., Poesen, J.W.A., Auerswald,
K., Chisci, G., Torri, D., Styczen, M.E., 1998. The European Soil Erosion Model
(EUROSEM): a dynamic approach for predicting sediment transport from
ﬁelds and small catchments. Earth Surface Processes and Landforms 23,
527–544.
Ncube, B., Dimes, J.P., Twomlow, S.J., Mupangwa, W., Giller, K.E., 2007. Raising the
productivity of smallholder farms under semi-arid conditions by use of small

doses of manure and nitrogen: a case of participatory research. Nutrient Cycling
in Agroecosystems 77, 1314–1385.
Nearing, M.A., Foster, G.R., Lane, L.J., Finckner, S.C., 1989. A process based soil
erosion model for USDA water erosion prediction technology. Transactions of
the American Society of Agricultural Engineers 32, 1587–1593.
Nefzaoui, A., Ben Salem, H., 2002. Cacti: efﬁcient tool for rangeland rehabilitation,
drought mitigation and to combat desertiﬁcation. In: Proceedings of the Fourth
International Congress on Cactus and Pear Cochineal. Acta Horticulturae, 581, p.
295-315.
Ostle, N., Whiteley, A.S., Bailey, M.J., Sleep, D., Ineson, P., Maneﬁeld, M., 2003. Active
microbial RNA turnover in a grassland soil estimated using a 13CO2 spike. Soil
Biology and Biochemistry 35, 877–885.
O’Toole, J., Bland, W.L., 1987. Genotypic variation in crop plant root systems.
Advances in Agronomy 41, 91–145.
Parﬁtt, R.L., Yeates, G.E., Ross, D.J., Schon, N.L., Mackay, A.D., Wardle, D.A., 2010.
Effect of fertilizer, herbicide and grazing management of pastures on plant soil
communities. Applied Soil Ecology 45, 175–186.
Paterson, E., Sim, A., 1999. Rhizodeposition and C-partitioning of Lolium perenne in
axenic culture affected by nitrogen and defoliation. Plant and Soil 216, 155–164.
Pierret, A., Doussan, C., Capowiez, Y., Bastardie, F., Pages, L., 2007. Root functional
architecture: a framework for modeling the interplay between roots and soil.
Vadose Zone Journal 6, 269–281.
Poulton, P.R., Pye, E., Hargreaves, P.R., Jenkinson, D.S., 2003. Accumulation of carbon
and nitrogen by old arable land reverting to woodland. Global Change Biology 9,
942–955.
Powlson, D.S., Whitmore, A.P., Goulding, K.W.T., 2010. Soil carbon sequestration for
mitigating climate change: distinguishing the genuine from the imaginary. In:
Hillel, D., Rosenweig, C. (Eds.), Handbook of Climate Change and
Agroecosystems, ICP Series on Climate Change Impacts, Adaptation, vol. 1.
Imperial College Press., London, pp. 393–402.
Quinton, J.N., Govers, G., Van Oost, K., Bardgett, R.D., 2010. The impact of agricultural
soil erosion on biogeochemical cycling. Nature Geoscience 3, 311–314.
Read, D.B., Bengough, A.G., Gregory, P.J., Crawford, J.W., Robinson, D., Scrimgeour,
C.M., Young, I.M., Zhang, K., Zhang, X., 2003. Plant roots release phospholipid
surfactants that modify the physical and chemical properties of soil. New
Phytologist 157, 315–326.
Renforth, P., Manning, D.A.C., Lopez-Capel, E., 2009. Carbonate precipitation in
artiﬁcial l soils as a sink for atmospheric carbon dioxide. Applied Geochemistry
24, 1757–1764.
Richardson, D., Felgate, H., Watmough, N., Thomson, A., Baggs, E., 2009. Mitigating
release of the potent greenhouse gas N2O from the nitrogen cycle–could
enzymic regulation hold the key? Trends in Biotechnology 27, 388–397.
Richter, D.deB., Hofmockel, M., Callaham, M.A., Powlson, D.S., Smith, P., 2007. Longterm soil experiments: keys to managing earth’s rapidly changing ecosystems.
Soil Science Society of America Journal 71, 266–279.
Ritz, K., Young, I.M., 2004. Interactions between soil structure and fungi. Mycologist
18, 52–59.
Rochette, R., 2008. No-till only increases N2O emissions in poorly-aerated soils. Soil
& Tillage Research 101, 97–100.
Royal Society, 2009. Reaping the Beneﬁts: Science and the Sustainable
Intensiﬁcation of Global Agriculture. Royal Society Policy Report 11/09.
Saggar, S., Tate, K.R., Giltrap, D.L., Singh, J., 2008. Soil–atmosphere exchange of
nitrous oxide and methane in New Zealand pastures and their mitigation: a
review. Plant and Soil 309, 25–42.
Salomé, C., Nunan, N., Pouteau, V., Lerch, T.Z., Chenu, C., 2010. Carbon dynamics in
topsoil and in subsoil may be controlled by different regulatory mechanisms.
Global Change Biology 16, 416–426.
Sanchez, P.A., 2002. Soil fertility and hunger in Africa. Science 295, 2019–2020.
Sanchez, P.A. et al., 2007. The African Millennium Villages. Proceedings of the
National Academy of Sciences of the United States of America 104, 16775–
16780.
Searchinger, T., Heimlich, R., Houghton, R.A., Dong, F., Elobeid, A., Fabiosa, J., Tokgoz,
S., Hayes, D., Yu, T.-H., 2008. Use of US croplands for biofuels increases
greenhouse gases through emissions from land-use change. Science Express
319, 1238–1240.
Shrestha, G., Traina, S.J., Swanston, C.W., 2010. Black carbon’s properties and role in
the environment: a comprehensive review. Sustainability 2, 294–320.
Silgram, M., Jackson, D.R., Bailey,A., Quinton, J., Stevens, C., 2010. Hillslope scale
surface runoff, sediment and nutrient losses associated with tramline
wheelings. Earth Surface Processes and Landforms. doi: 10.1002/esp.1894.
Smith, P., Smith, J.U., Powlson, D.S., Mcgill, W.B., Arah, J.R.M., Chertov, O.G.,
Coleman, K., Franko, U., Frolking, S., Jenkinson, D.S., Jensen, L.S., Kelly, R.H.,
Klein-Gunnewiek, H., Komarov, A.S., Li, C., Molina, J.A.E., Mueller, T., Parton, W.J.,
Thornley, J.H.M., Whitmore, A.P., 1997. A comparison of the performance of nine
soil organic matter models using datasets from seven long-term experiments.
Geoderma 81, 153–225.
Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H.H., Kumar, P., McCarl, B., Ogle, S.,
O’Mara, F., Rice, C., Scholes, R.J., Sirotenko, O., Howden, M., McAllister, T., Pan, G.,
Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M., Smith, J.U.,
2008. Greenhouse gas mitigation in agriculture. Philosophical Transactions of
the Royal Society B 363, 780–813.
Spaccini, R., Sanning, D., Piccolo, A., Fagnano, M., 2009. Molecular changes in organic
matter of a compost-amended soil. European Journal of Soil Science 60, 287–296.
Sponchiado, B.N., White, J.W., Castillo, J.A., Jones, P.G., 1989. Root growth of four
common bean cultivars in relation to drought tolerance in environments with
contrasting soil types. Experimental Agriculture 25, 249–257.

D.S. Powlson et al. / Food Policy 36 (2011) S72–S87
Stocking, M.A., 2003. Tropical soils and food security: the next 50 years. Science
302, 1356–1359.
Stocking, M., Mumaghan, N., 2001. Handbook for Field Assessment of Land
Degradation. Earthscan Ltd, London.
Subbarao, G.V., Kishii, M., Nakahara, K., Ishikawa, T., Ban, T., Tsujimoto, H., George,
T.S., Berry, W.L., Hash, C.T., Ito, O., 2009. Biological nitriﬁcation inhibition (BNI)–
is there potential for genetic interventions in the Triticeae? Breeding Science 59,
529–545.
Sutherland, W.J. et al., 2010. A horizon scan of global conservation issues for 2010.
Trends in Ecology and Evolution 25, 1–7.
Syers, J.K., Johnston, A.E., Curtin, D., 2008. Efﬁciency of Soil and Fertilizer
Phosphorus Use: Reconciling Changing Concepts of Soil Phosphorus Behaviour
with Agronomic Information (FAO Fertilizer and Plant Nutrition Bulletin 18).
FAO, Rome. 108pp.
Symstad, A.J., Chapim, F.S., Wall, D.H., Gross, K.L., Huenneke, L.F., Mittelbach, G.G.,
Peters, D.P.C., Tilman, D., 2003. Long-term and large-scale perspectives on the
relationship between biodiversity and ecosystem functioning. Bioscience 53,
89–98.
Unkovich, M.J., Pate, J.S., 2000. An appraisal of recent ﬁeld measurements of
symbiotic N2 ﬁxation by annual legumes. Field Crops Research 65, 211–228.
Van Elsas, J.D., Costa, R., Jansson, J., Sjöling, S., Bailey, M., Nalin, R., Vogel, T.M.,
van Overbeek, L., 2008. The metagenomics of disease-suppressive soils–
experiences from the METACONTROL project. Trends in Biotechnology 26,
591–601.
Verheijen, F.G.A., Jefferey, S., Bastos, A.C., van der Velde, M., Diafas, I. 2009. Biochar
Application to Soils – A Critical Scientiﬁc Review of Effects on Soil Properties,
Processes and Functions. EUR 24099 EN, Ofﬁce for the Ofﬁcial Publications of
the European Communities, Luxembourg, 149pp.
Verslues, P.E., Ober, E.S., Sharp, R.E., 1998. Root growth and oxygen relations at low
water potentials. Impact of oxygen availability in polyethylene glycol solutions.
Plant Physiology 116, 1403–1412.

S87

Vitoutsek, P.M., Naylor, R., Crews, T., et al., 2009. Nutrient imbalances in agricultural
development. Science 324, 1519–1520.
Vrieling, A., 2006. Satellite remote sensing for water erosion assessment: a review.
Catena 65, 2–18.
Wainwright, J., Parsons, A.J., Müller, E.N., Brazier, R.E., Powell, D.M., Fenti, B., 2008. A
transport-distance approach to scaling erosion rates: 1. Background and model
development. Earth Surface Processes and Landforms 33, 813–826.
Wall, D.H., Bardgett, R.D., Kelly, E.F., 2010. Biodiversity in the dark. Nature
Geoscience 3, 297–298.
Watson, C.J., Laughlin, R.J., McGeough, K.L., 2009. Modiﬁcation of nitrogen fertilizers
using inhibitors: opportunities and potentials for improving nitrogen use
efﬁciency. In: Proceedings 658, International Fertiliser Society, York, UK, 39pp.
Watt, M., McCully, M.E., Canny, M.J., 1994. Formation and stabilization of
rhizosheaths of Zea mays L. – effect of soil–water content. Plant Physiology
106, 179–186.
Watts, C.W., Clark, L.J., Poulton, P.R., Powlson, D.S., Whitmore, A.P., 2006. The role of
clay, organic carbon and long-term management on mouldboard plough
draught measured on the Broadbalk wheat experiment at Rothamsted. Soil
Use and Management 22, 334–341.
Whalley, W.R., Clark, L.J., Gowing, D.J.G., Cope, R.E., Lodge, R.J., Leeds-Harrison, P.B.,
2006. Does soil strength play a role in wheat yield losses caused by soil drying?
Plant and Soil 280, 279–290.
Whalley, W.R., To, J., Kay, B., Whitmore, A.P., 2007. Predicting the penetrometer
resistance of soil. Geoderma 137, 370–377.
Whitmore, A.P., Whalley, R.W., 2009. Physical effects of soil drying on roots and
crop growth. Journal of Experimental Botany 60, 2845–2857.
Wischmeir, W.H., Smith, D.D., 1978. Predicting Rainfall Erosion Losses: A Guide to
Conservation Planning. USDA Agricultural Handbook.
Zhang, X.C., Friedrich, J.M., Nearing, M.A., Norton, L.D., 2001. Potential use of rare
earth oxides as tracers for soil erosion and aggregation studies. Soil Science
Society of America Journal 65, 1508–1515.

