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FOREWORD

The need to produce sufficient food of acceptable quality in the context of an ever-expanding human
population has been recognized as a priority by several international conventions and agreements.
Intensification, rather than expansion of agriculture into new areas, will be required if the goal of food
security is to become a reality. Problems related to the sustainable production of food, fuel and fibre,
both in low input and in high input agricultural systems, are now widely recognized. The over-
exploitation of the natural resource base has led to serious declines in soil fertility through loss of
organic matter, nutrient mining, and soil erosion. The overuse of external inputs of water and
manufactured fertilizers has resulted in salinization and pollution of ground and surface waters.
Nuclear science has a crucial role to play in supporting research and development of sustainable
farming systems.

An FAO/IAEA International Symposium on Nuclear Techniques in Integrated Plant Nutrient, Water
and Soil Management, held in Vienna from 16 to 20 October 2000, was attended by 117 participants
representing forty-three countries and five organizations. The purpose was to provide an international
forum for a comprehensive review of the state of the art and recent advances made in this specific
field, as well as a basis for delineating further research and development needs. The participation of
soil, crop and environmental scientists, as well as isotope specialists, ensured an exchange of
information and views on recent advances in interdisciplinary and multidisciplinary approaches to
addressing problems in sustainable land management.

The symposium was organized around seven themes, each represented by a technical session
introduced by a keynote speaker.

—  Evaluation and management of natural and manufactured nutrient sources

—  Soil organic matter dynamics and nutrient cycling

—  Soil water management and conservation

—  Plant tolerance to environmental stress

—  Environmental and pollution studies

—  Assessment of soil erosion and sedimentation

—  Recent advances in isotope analytical methodologies and related instrumentation

The symposium not only demonstrated the dynamic and evolving role of isotopes in monitoring and
improving the nutrient and water status of soils, and thereby the sustainability of natural resource use
for crop production, but served to increase awareness among the international scientific and
development communities of recent advances in methodologies and approaches. In particular,
attention was drawn to the substantial opportunities now available for improving the sensitivity and
precision of stable and radioactive isotope determination through better instrumentation, and to new
multiple labelling approaches to follow the cycling of two or more nutrients simultaneously and which
illustrated clearly the interdependence between nutrient and carbon fluxes.

The TAEA officer responsible for this publication was P. Chalk of the Joint FAO/IAEA Division of
Nuclear Techniques in Food and Agriculture. A. Eaglesham edited these proceedings for publication.
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OPENING STATEMENTS

W. Burkart
Deputy Director General
Department of Nuclear Sciences and Applications
International Atomic Energy Agency
Vienna

On behalf of the Directors General of the International Atomic Energy Agency and the Food and
Agriculture Organization of the United Nations, I have great pleasure in welcoming you to this
Symposium on Nuclear Techniques in Integrated Plant Nutrient, Water and Soil Management.

At the outset, let me briefly highlight the mandate and objectives of the International Atomic Energy
Agency, and in particular, the mission of my Department, the Department of Nuclear Sciences and
Applications.

The TAEA serves as the world’s intergovernmental organization for scientific and technical co-
operation in the peaceful uses of nuclear technology, safety and verification. The IAEA was
established as an autonomous organization of the United Nations in 1957, with a statutory mandate
“to accelerate and enlarge the contribution of atomic energy to peace, health and prosperity
throughout the world,” as well as to improve nuclear safety and safeguard the non-proliferation of
nuclear weapons. Thus, the IAEA assists its 131 Member States in the use of nuclear technology,
promotes radiological and nuclear safety, and verifies, to the extent possible, that nuclear materials
are not diverted away from legitimate peaceful uses for military purposes.

The IAEA works to foster the role of nuclear science and technology in support of sustainable human
development. In the field of Nuclear Sciences and Applications, this involves both advancing
knowledge through research and disseminating this knowledge to Member States through technical
co-operation to tackle pressing worldwide challenges of mankind—hunger and malnutrition, disease,
degradation of natural resources, and climate change.

The IAEA implements research through its Research Contract Programme. It supports and co-
ordinates research through international networks of scientists from developing countries and senior
advisors from developed countries. There were 159 active co-ordinated research projects at the end of
1999, with 107 (or 67%) within the Department of Nuclear Sciences and Applications in the areas of
food and agriculture, human health, industry, hydrology, and the terrestrial and marine environments.
Expenditure on research contracts and research co-ordination meetings in 1999 amounted to US$7.5
million.

Where appropriate, the IAEA facilitates the transfer of nuclear technology to Member States through
its Technical Co-operation Programme. Interregional, regional and national projects in food and
agriculture, human health and nutrition, industry, environmental studies, and other applications are
implemented in Member States. Many of these projects contribute directly or indirectly to the goals of
sustainable development and protection of the environment as set out in Agenda 21 of the 1992 UN
Conference on Environment and Development.

Two laboratories, located in Monaco and in Seibersdorf, Austria, support the research and technical
co-operation activities. These laboratories provide scientific and analytical services to research
projects and training and quality-assurance services in the area of technical co-operation.

This Symposium, which I have the privilege to open today, is convened by the Soil and Water
Management & Crop Nutrition Sub-programme of the Joint FAO/IAEA Division of Nuclear
Techniques in Food and Agriculture. It will provide an international forum for a comprehensive
review and analysis of the application of nuclear techniques in soil, water and nutrient management. [



am sure that you will take advantage of this important gathering for exchange of information and
ideas in an interdisciplinary setting. I am confident that this meeting, during which forty-eight oral
contributions and some forty posters will be presented, will lead to further developments in
sustainable intensification of agricultural production and conservation of the natural resource base.

In conclusion, I wish you a very successful and scientifically rewarding symposium and a pleasant
stay in Vienna. | now declare the meeting open. Thank you.

W.E.H. Blum
Secretary-General
International Union of Soil Sciences
Vienna

May 1 thank the organizers for inviting me to take part in this International Symposium on Nuclear
Techniques in Integrated Plant Nutrient, Water and Soil Management. It is both an honour and a
pleasure to convey to all of you the best greetings on behalf of the International Union of Soil
Sciences (IUSS).

For those of you who are not familiar with the IUSS, I should like to inform you briefly that it is a
learned society founded in Rome in 1924. About 50,000 members in 143 countries are affiliated to
IUSS through their national soil science societies, or as individual members in countries that do not
have a national soil science organization. The IUSS gained full membership of the International
Council for Science (ICSU) in 1993, acquiring under this aegis linkages with twenty-four
International Scientific Unions such as IUPAC, IUPAP, IUBS, IGU, IUGS, IUGG, IUNS, IUTOX and
their respective organizations, facilitating co-operation with these disciplines. A special co-operation
exists with the International Union of Radioecologists (UIR). Moreover, under the umbrella of ICSU,
we are also linked with ninety-nine National Academies of Science.

Coming back to this international Symposium, I would like to make three comments. Let me start by
informing you, that 30 years ago, the average life expectancy was about 46 years. Today it is about 64
years. This remarkable increase can be considered as one of the most outstanding achievements of
science, not only medical science but also natural sciences such as biology, chemistry, agricultural
sciences, nutritional sciences, and environmental sciences in general, including soil science. In this
context, the role of soil in the functioning of ecosystems is a key issue in two respects. In a positive
sense, soil influences human longevity and well-being through adequate nutrition, including clean
water, clean air and the maintenance of biodiversity. However, there is a negative aspect in cases of
contamination and pollution of soil and the food chain, of drinking water resources and the
environment in which we live, including other biota.

During the next decades, the increase in human life expectancy will be one of the most important
goals of societies, in order to enjoy acquired social and economic wealth for as long as possible. This
will not be feasible without further basic and applied research, which is the key to future
development.

This brings me to my second remark about the importance of nuclear techniques in the integrated
management of plant nutrients, water and soil, or, in other words, the use of nuclear techniques for the
sustainable management of the soil-plant-water system in order to alleviate worldwide food problems
while protecting natural resources. In this context, isotopes or nuclear-based methods are very
important tools to bridge the gaps between various areas of science, which are becoming increasingly
specialized. The problems and solutions are complex in nature, and innovative approaches and
techniques are required to integrate specializations and complexity.



My last comment refers to the IAEA itself and the joint FAO/IAEA Division of Nuclear Techniques
in Food and Agriculture. I should like to congratulate you on your achievements because you are
proactively contributing to the improvement of food security and the protection of natural resources at
a worldwide level, not only by organizing international conferences and symposia but also by active
research in close co-operation with other institutions, training young scientists at the FAO/IAEA
Agriculture and Biotechnology Laboratory, Seibersdorf, and organizing international symposia in
connection with other international events such as the World Congress of Soil Science. I am grateful
to you for this co-operation with IUSS, and specifically for organizing an international symposium at
the 17" World Congress of Soil Science in August 2002 in Bangkok, Thailand, under the title,
Towards Integrated Soil, Water and Nutrient Management in Cropping Systems: The Role of Nuclear
Techniques—to which I should like to invite all of you.

I am convinced that this International Symposium will allow a comprehensive review of the present
state of the art and recent advances in the use of nuclear techniques in the soil-plant-water system, and
I wish the symposium every success.

C. Hera
President

International Scientific Centre of Fertilizers
Bucharest

The FAO/TAEA International Symposium on Nuclear Techniques in Integrated Plant Nutrient, Water
and Soil Management, convened in Vienna, one of the most beautiful cities in the world, represents a
welcome opportunity for me to be once again officially associated with the Soil and Water
Management & Crop Nutrition Section of the Joint FAO/IAEA Division, from which I retired in June
1997.

For 37 years of a career that spanned 43 years, I collaborated closely with the IAEA, conducting
applied research with nuclear techniques in soil fertility, plant nutrition and fertilizer-use efficiency.

The reputation of the Soil and Water Management & Crop Nutrition sub-programme of the Joint
Division was founded upon the pioneering work on fertilizer-use efficiency by the first Divisional
Director, Dr. M. Fried, and his colleagues H. Broeshart, H. Axman, V. Middelboe and C. Lamm. I am
very fortunate, indeed privileged, to have participated in those activities from their inception in 1963.

The fundamental importance of this work continues to grow, as the use of fertilizers continues to
represent one of the most important inputs in increasing and stabilizing soil fertility, crop
productivity, and food security. A sustainable and productive agriculture cannot be achieved without
the rational use of all possible sources of plant nutrients, using best practices as appropriate to each
farming system under specific ecological, social and economic conditions.

One of the strategic objectives of the FAO/IAEA sub-programme in Soil and Water Management &
Crop Nutrition is to develop and promote the adoption of integrated multidisciplinary approaches to
nutrient and water management practices using nuclear techniques for sustainable intensification of
cropping systems and conservation of the natural resource base. This approach calls for the active
involvement of scientists from different organizations and from different countries in the world, and is
supported by the International Scientific Centre of Fertilizer (CIEC).

For those who are not familiar with the CIEC, I would like to briefly inform you that it is a non-profit
and non-governmental international scientific society, founded in 1933, under the French name:
Centre International des Engrais Chimiques. As an association of scientists, scientific institutions,
fertilizer and trade companies, agricultural consulting services and other fertilizer-minded institutions
or persons, CIEC is a centre for international studies and activities in soil fertility and plant nutrition.



By organizing international meetings, particularly those concerning fertilizers as a means for
improving yield, crop quality, soil fertility, and sustainability of land-use management, CIEC forms a
bridge between science, agriculture services, the fertilizer industry, and practice.

It is well known that the stock of agricultural land will diminish as a consequence of desertification
and urbanization, as well as soil degradation caused by erosion, nutrient mining, acidification, and
salinization. It has been predicted that the arable area per person, which was 0.37 ha in 1981 and now
stands at 0.22 ha, will decline to 0.13 ha by the year 2050. The necessary increase in food production
on an ever-diminishing resource base will require more external inputs of plant nutrients due to their
continued removal in agricultural products, accompanied by unavoidable non-productive losses by
soil erosion, leaching, and gaseous emission into the atmosphere. Furthermore, there needs to be more
emphasis on the recycling of urban solid wastes and wastewater that are rich in plant nutrients. The
CIEC, as well as the Joint FAO/IAEA Division, together with their partners in the CGIAR and other
advanced research institutes should continue to play an important role in arresting soil degradation
and optimizing the use of scarce resources worldwide.

As already mentioned, the organization of international meetings is an important function of the
CIEC. All participants at the present FAO/IAEA Symposium are cordially invited to take part in the
12™ CIEC World Fertilizer Congress to be held in Beijing, China, August 3 to 9, 2001.

I would like to conclude this statement by expressing my wish for better future cooperation and joint
activities between the CIEC and the Soil and Water Management & Crop Nutrition sub-programme of
the Joint Division, and to wish this Symposium and the organizers every success for the benefit of
humanity, especially in the field of food security and environment protection.

P.M. Chalk
Head
Soil and Water Management & Crop Nutrition Section
Joint FAO/TAEA Division of Nuclear Techniques in Food and Agriculture
International Atomic Energy Agency
Vienna

Permit me to add my words of welcome to those already expressed by Mr. Burkart, Deputy Director
General, Department of Nuclear Sciences and Applications.

The Soil and Water Management & Crop Nutrition Sub-programme within the Joint Division is the
convener of this FAO/IAEA International Symposium on Nuclear Techniques in Integrated Plant
Nutrient, Water and Soil Management. Some of you may have been present at our last Symposium,
held during this same week 5 years ago.

I would like to take this opportunity to briefly outline the objectives and rationale of the Sub-
programme. Our strategic objective is to use nuclear-based techniques to support interdisciplinary
research and technical co-operation activities aimed at the development and transfer of sustainable
land-management practices to Member States. This objective is fully consistent with several strategic
objectives of FAO in its strategic framework for 2000-2015, in particular:

— creating sustainable increases in the supply and availability of food and other products from the
agricultural sector, and

—  supporting the conservation, improvement and sustainable use of natural resources for food and
agriculture.

The global agricultural framework within which the Sub-programme operates is strongly influenced
by the outcomes of major international meetings and conventions. Foremost among these are:



—  the UN Conference for Environment and Development (UNCED),
—  the UN Convention to Combat Desertification,
—  the Rome Declaration on World Food Security.

A recurrent theme is the need for improved productivity of land and the rehabilitation, conservation
and sustainable management of land and water resources. Technology transfer and strengthening of
human and institutional capacities to meet national and regional requirements are also stressed. At a
recent meeting of the Board of Governors of the IAEA, the spokesperson for the African Group again
emphasized the need to find practical solutions to the serious problems of land degradation and soil
infertility in that region. However, these problems are not confined to Africa. They are global and
they are common to essentially all systems and agroecological zones.

The Sub-programme is addressing issues of global significance in crop, soil, water and nutrient
management through its research and technical co-operation activities. The Soil Science Unit at the
Seibersdorf Laboratories provides research support, analytical services, quality assurance and
fellowship training to the co-ordinated research and technical co-operation efforts. At the end of June
2000, five coordinated research projects and twenty-four technical co-operation projects were
operational within the Sub-programme.

The seven themes selected for this International Symposium, each with an invited keynote speaker,
illustrate the breadth of nuclear applications to study the dynamics and balance of nutrients and water
in agricultural systems. Foremost among these applications is the use of isotopes as tracers, with
increasing emphasis on natural variations in the abundance of stable isotopes of the lighter elements
of importance in plant nutrition. I am confident that the state of the art will be revealed by the many
excellent contributions we have included in the programme.

I therefore welcome you to the IAEA and to the city of Vienna, and hope that you will find the
Symposium to be a valuable source of new information and ideas that will assist you in planning and

implementing future activities towards the goal of global food security.

I thank you for your participation in the Symposium and for your kind attention.
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Abstract

The increasing world population and the need to produce more food is putting increasing pressures on soil and
water resources. Increasingly, studies of interactions between nutrients rather than single nutrient studies are
becoming important as systems intensify and a wider range of nutrients is added. The incorporation of isotopes
into these studies will greatly assist in understanding the driving forces that determine system productivity and
sustainability. Studies of N dynamics have been greatly assisted by the use of the stable "°N, and studies of water,
other nutrients, and C have also been assisted by the use of radioactive isotopes such as *H, "¢, P, **S and *Rb.
However, increasing restrictions on the use of radioactive substances are beginning to severely limit their
availability for such studies. Stable isotopes such as °C, "N and **S offer the prospect of replacing radioactive
isotopes, or of their being used in combination with radioactive isotopes, to minimize the perceived risks and/or
to allow the tracing of two components in the system. The innovative use of isotopes in plant-nutrient studies
utilizing direct labelling with stable isotopes, multiple direct labelling with stable and/or radioactive isotopes
and/or utilizing natural abundance, reverse dilution, or a combination of direct labelling and reverse dilution, are
presented.

1. INTRODUCTION

There are ever-increasing pressures for the development of sustainable agriculture. Over the next 25
years, the population of the world will grow by about 40% to over 8 billion [1]. At present, the
number of people in the world who are undernourished is estimated to be between 500 million and 1
billion [2]. The index of gross per capita production compiled by the Food and Agriculture
Organization of the United Nation (FAO), using the 1989-91 period as a baseline of 100, shows that
thirty-eight of sixty-four developing countries dropped below 100 in 1999, with the worst decline in
Swaziland. These create a significant increase in the demand for food and, consequently, feeding the
rapidly growing world population has become a major agricultural development concern for the
world.

High demand for food exerts pressure on the land resources in a number of ways, such as:

—  pressure to increase production on land currently in use through increased yields and cropping
intensity in space and time,

—  pressure to expand the land in production, especially to crops, which inevitably means
expansion to more marginal lands with increasing problems for animal production, and

—  pressure on land through degradation of the resource and competition for non-agricultural uses

[3].

Alexandratos [4] projected that from 1983/1985 to the year 2000, agricultural production in the
developing world would increase by about 60%. Of this increase, 63% would come from increased
yield, 15% from increased cropping intensity and 22% from a net increase in arable land. In many
countries, marginal land or cropping systems are being increasingly relied upon for agricultural
production. As this reliance increases, there will be a greater need to develop sustainable land-
management systems to preserve the natural resource base. Integrated use of inorganic fertilizers and
soil organic matter to provide a balanced source of nutrients and energy (carbon) will play a major
role in solving soil and environmental problems. Thus, the development of systems that preserve the



resource base and avoid degradation of soil requires detailed understanding and monitoring of nutrient
flows in the system.

Soil organic matter is considered a key factor in maintaining soil quality, therefore it is crucial in
determining long-term soil fertility [5]. There is a great deal of evidence that declines in crop yields
with continued production in many temperate and tropical areas are correlated with declines in
organic matter levels [6,7]. Therefore, the maintenance of soil organic matter must be considered as
one of the goals of sustainable land-management systems.

Soil organic matter provides a reservoir of plant nutrients and improves soil structure. In sandy soils,
increased organic matter improves water retention and reduces the leaching of nutrients. In clay soils,
added organic matter can improve soil porosity, reducing water runoff and erosion losses. Organic
matter can protect the soil against increases in acidity and alkalinity, and also provide a better
balanced supply of macro and micronutrients than is available in the most commonly used chemical
fertilizers. Clearing and subsequent cropping affect the organic matter status of soils through changes
in both the input of organic matter and its rate of turnover [8,9].

As a consequence of decreasing crop yields resulting from soil organic matter decline, there is
increasing interest in using plant residues, animal and human excreta, and other organic materials to
improve productivity of agricultural systems. Maximizing the return of crop residues is clearly
important as it both reduces the removal of nutrients and returns organic matter

In the past, organic matter management has been approached via the use of crop residue return and
green manuring [10]. The use of green-manure crops with high potential breakdown rates is
appropriate in regions with cool spring temperatures, which slow decay rates such that nutrients,
particularly N, are released from the green manure at a rate that has some relationship with crop
demands. In tropical systems, where mineralization rates are potentially higher because of high soil
temperatures at the beginning of the growing season [11], and potential leaching losses are greater

because of higher intensity rainfall, a rapid release of nutrients from the residue is inappropriate. The

+

rapid release of nutrients such as N, K, and S can lead to NO3, K" and SO}, and the associated

cations and anions, moving down the soil profile with the wetting front such that the establishing crop
does not have ready access to the released nutrients. In soils of high hydraulic conductivity, such
nutrients may be leached below the rooting zone of the crop. This pattern of nutrient release is clearly
the opposite of that required for sustainable agriculture.

The fate of the carbon and nutrients released during organic matter decomposition is an important
determinant of the short and long-term fertility of the system. The integration of fertilizers with
residues requires a balance between the stimulation of organic matter breakdown by microbial activity
and the demand of nutrients by the crop.

Given the substantial investments already made in fertilizer-manufacturing plants and the forward
commitments to construct new plants, it is unlikely that radical new fertilizers will become available
to farmers in the foreseeable future. Rather, modifications of existing fertilizers will probably emerge.
These will likely be formulated such that they will deliver nutrients to crops at rates to match plant
demands and minimise losses of nutrients to the environment.

Studies using crop residues and/or fertilizers have generally focused on nutrient uptake and yield
responses to various combinations of inputs, with little or no measurement of nutrient cycling. To
accurately assess the sustainability of the system, carbon and nutrient dynamics must be studied
together. It has become apparent that management of residues and fertilizer to optimise the efficiency
of nutrient use by crops can be achieved only on the basis of a detailed understanding of the processes
regulating nutrient transfer and partitioning between the added materials, the soil, plants and animals.
Unequivocal evidence of these processes is obtained only by using isotopic tracers. In these studies
the dynamics of nutrients released from the organic matter and fertilizers have generally been

10
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investigated by measuring the rate or degree of incorporation of applied isotopes into various
components of the system. Studies of N dynamics have been greatly assisted by the use of the stable
N, and studies of water, other nutrients and C have been assisted by the use of radioactive isotopes
such as *H, '“C, *’P, *°S, and *Rb. However, increasing restrictions on the use of radioactive
substances are beginning to severely limit their availability for such research.

Stable isotopes such as °C, "N and **S offer the prospect of replacing radioactive isotopes or of their
being used in combination with radioactive isotopes, to minimise the perceived risks and/or to allow
the tracing of two components in the system. The use of '*O to trace the movement of P in biological
systems also offers prospects to replace radioactive P.

Increasingly, studies of interactions between nutrients, rather than single-nutrient studies are
becoming important as systems intensify and a wider range of nutrients is added to systems.

2. INNOVATIONS
2.1. Direct labelling with stable isotopes

An increasing number of reports in the literature concern natural discrimination between *C and "°C,
ranging from studies of water use efficiency to organic matter turnover.

The difference in 8"°C between C3 and C4 plants has been used in many studies to determine C
turnover rates [12]. The different carbon assimilation pathways in C3 and C4 plants results in
different ratios of '>C and C between these two groups of plants. The C3 plants have 3"°C in the
vicinity of —11%o whereas C4 plants have a 5"°C in the vicinity of —26%.. Cerri and coworkers [13]
used the differences in 8"°C between the largely C3 Brazilian rainforest and C4 pasture or C4
sugarcane to show that when a productive pasture was established on cleared forest the soil C pool
contained a higher proportion of reactive (labile) C than the forest. On the other hand, where
sugarcane was grown, both the stable and reactive C pools declined.

In a recent study [14], cows were fed on diets consisting of perennial ryegrass (a C3 species) and
maize (a C4 species). By measurement of total soil C in the 1-5 cm soil horizon, and in leachate, 150
days after applying dung derived from the maize to a C3 pasture, it was possible to calculate the
proportion of dung C in the two components of the system (TABLE I). It was not possible to trace the
fate of the C3 derived dung in the C3 pasture.

Similarly, °'S is being used to ascertain the source of S in rainfall, and §°*S and §'*0 have been
successfully used to determine the source of S in river water in New Zealand [15]. By measuring the
isotope ratio in the fertilizer used in the catchment and using the offset of 5°*S and §'*O from the
bedrock and rainfall, Robinson [15] found that about 20% of the SO, in the Ruamahanga River was
derived from the single superphosphate fertilizer used (Fig. 1).

TABLE I. USE OF DUNG PRODUCED FROM MAIZE
(C-4 PLANT) FED TO CATTLE AND APPLIED TO
A C-3 PASTURE TO FOLLOW THE FATE OF C [14]

% of C-4
13~ (o ()
Parameter 5°C (%o) applied dung
Original soil -28.31

Dung -15.40

0-5 cm soil after 150 d -27.63 12.6
Leachate after 150 d -24.00 4.0
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FIG. 1. Estimation of the contribution of fertilizer SO, to riverwater S in New Zealand using stable
isotopic ratios [15].

In an innovative piece of research [16] that relied on the detection of trace quantities of Mg by an
ICP-MS fitted with a micro-concentric nebulizer, it was possible to establish that ectomycorrhiza is
capable of enhancing the Mg supply to Norway spruce seedlings. Analyses showed that 3 to 4% of the
Mg taken up by the seedlings over a 4-week period came via the mycorrhiza.

The short half-lives of P isotopes have stimulated research on the use of surrogate measures to trace P
through systems. '*O has been used in some studied but problems exist with some of the assumptions
used to interpret the results.

2.2. Multiple direct labelling with stable and/or radioactive isotopes and/or utilising natural
abundance

Fertilizers, organic residues and animal excreta can be multi-labelled with radioactive and/or stable
isotopes. 5N-, 32p-, ¥S-, and "“C-labelled plants have been produced, and the fate of these elements
followed in a pot experiment [17]. After 70 days, the plants had taken up a mean of 2% of the *C
added in the residues, 31% of the "°N, 40% of the **P, and 41% of the *°S, averaged over added tops
and roots.

In a pot study, C4 plant residues labelled with *°S and with §"°C values ranging from —24.91 to —
26.32%o were incorporated into the top 8-cm layer of a soil with a 8"°C of —14.35%.. The time course
of °S and 8"C values was used to show mineralization and movement of C and S through the soil
layers and into the leachate [18]. The difference in 5"°C between the plant residue and the soil was
sufficient to be able to identify the source of C in the leachate (TABLE II).

In a study conducted in Ireland [19], differences in the isotopic ratio of C and N in clover and wheat
were used to determine the feed source for earthworms. The 3"°N values were sufficiently different
between the clover and wheat to determine which food source was being accessed. The small
difference in 8" C between the clover and wheat resulted in non-significant differences between
earthworms in the two systems.

12
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TABLE II. TRACING MOVEMENT OF *S, "N AND &"°C APPLIED IN PLANT RESIDUES
(% OF S, N, AND, C ADDED IN THE RESIDUES RECOVERED IN THE SOIL LAYERS
AND LEACHATE) [18]

Soil S N c

layer Flemingia  Medic Flemingia  Medic Flemingia  Medic
Top 5.2 11.6 79.2 56.9 7.4 2.9
Middle 1.6 4.4 1.6 5.2 1.2 4.5
Bottom 0.7 2.0 0.7 1.1 0.7 0.0
Leached 2.3 7.4 1.0 6.6 1.0 1.5

2.3. Reverse dilution

The use of specifically labelled materials is the best way to evaluate particular pool sizes, pathways
and process rates. However, for reasons such as an inappropriate nuclide half-life or the impossibility
of producing a suitably labelled material, this approach may not be possible.

An alternative approach is ‘Reverse Dilution’ where the system being studied is labelled with an
appropriate tracer, and the effect of the particular unlabelled material is observed by measuring
changes in the isotopic abundance (radioactive and/or stable) in key components of the system. An
example of this technique is its use to compare the nutrient-supplying capacity of diverse materials,
such as various minerals, organic matter, ‘waste products,” and commercial fertilizers. This approach
is versatile and powerful, but has the problem that in complex systems, such as crop and pasture
production, steady-state conditions rarely, if ever, exist and any disturbance may change the relative
interactions between the system components.

The requirements to be met to use reverse dilution [20] are:

— the isotope becomes distributed in the pool which supplies the plant,
— the application of the isotope does not disturb the equilibrium of the soil pools.

If neither requirement is met, it is not possible to get absolute results, but it is possible to get valid
comparisons by using a range of treatment levels for each material being studied.

1.00 -

0.90 Na,SO,

0.80

Specific
Radioactivity
Ratio

0.70 -

0.60

0.50 T T !

0 50 100 150

Days after application

FIG. 2. Plant S uptake from Na,SO, and 0.1-mm diameter elemental S (S°) estimated by reverse
dilution. (NB: the lower the SRR, the more S in the plant from the source).
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In the following example of the technique, the isotopic tracer was applied to the soil in all the pots in
the trial and the specific radioactivity of plants growing in each particular treatment was compared to
that of plants in an untreated control. The ratio of the treated to the control (termed the Specific
Radioactivity ratio, SRR) is used to estimate the nutrient contribution from the added source. A low
value of SRR is obtained when the nutrient contribution is high (Fig. 2).

For example, in the system studied by Shedley et al. [20] it was shown that, irrespective of any
changes within system components, the contribution to plant S from elemental S as 0.1-mm particles
applied at 32 kg/ha was the same as from 0.4-mm particles applied at 240 kg/ha.

Till (unpublished) has written an excel spreadsheet that can be used to simulate changes in pool sizes
and flow rates of S in a soil-plant system. By entering parameters for the pool sizes (boxes in Fig. 3)
and flow rates (F-- in Fig. 3), it is possible to calculate the specific radioactivity expected in the
components of the system and to compare direct labelling with reverse dilution.

2.4. Combination of direct labelling and reverse dilution

The rates of transfer of P from plant residues added to an acid soil into various soil-P pools, and the
rates of transfer of inorganic P from the soil solution into the plant and/or other soil-P pools were
studied by simultaneous use of **P-labelled plant matter and **P-labelled soil in the presence and
absence of growing plants [21]. Equilibration of **P-labelled phosphate solution added to soil reached
a steady state with soil Al-P and Fe-P pools within 1 day. The Fe-P pool was much more stable than
the Al-P pool since cropping did not deplete it. This non-labile pool sorbed over 30% of the *’P added
and similar amounts of the *P released from plant residues. About 50% of the **P from plant residues
was found in inorganic P pools 11 days after addition. This rapid release was attributed to the
presence of soluble inorganic P in the residues. A further 10% was released slowly over the remainder
of the experiment. Cropping only marginally slowed rates of transfer of inorganic and released residue
P into non-labile pools. Cropping had no effect on the rates of release of P from crop residues.

Changes in soil-solution concentration, and the time courses of P and K uptake by cotton when
subjected to short-term inundation have been followed by multi-labelling with **P, P and **Rb
(McLeod, unpublished). In this study, **P fertilizer was applied to soil and the time course of P uptake
by the plant and soil solution specific activity were monitored prior to flooding. Immediately prior to
flooding, **P and **Rb were applied. This allowed the separation of P uptake between the equilibrated
soil pools and that in the soil solution at the time of flooding. There was a dramatic reduction in P
translocation into roots, stems, leaves and fruit (Fig. 4) when the plants were waterlogged and uptake
of P did not recover when waterlogging ceased. Similarly **Rb flux to the tops was reduced by
waterlogging. These isotope data provide direct evidence that interference with P and K uptake, when
cotton is irrigated at the boll-filling stage, is the primary cause of premature senescence in cotton,

which occurs throughout the world.
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FIG. 3. Pool-size and flow-rate estimates required to simulate S cycling using reverse dilution or
direct labelling using an Excel spreadsheet model (Till unpublished).
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FIG. 4. Impact of waterlogging on the specific activity of P in parts of a cotton plant at boll fill when
added as P at the time of inundation (McLeod, unpublished).
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FIG.5. Separation of P sources applied in biosolids and fertilizer using a combination of reverse
dilution and direct labelling.

A similar procedure has been used to monitor the effect of Fe-treated biosolids on the availability of P
from the biosolids, soil and added fertilizer [22]. A solution of orthophosphoric acid, labelled with
32p, was added to moist soil and left to incubate for 1 week. After this time, the biosolids from a
Sydney sewage-treatment works were mixed into the soil at application rates equivalent to 0, 7.5, 15,
30 and 60 dry t/ha. Fertilizer was added as KH,*PO, and mixed with the biosolids and soil mixtures,
and maize sown. As the biosolids-application rate increased, there was an increasing proportion of P
in the maize tops derived from the biosolids and less from both the soil and the fertilizer (Fig. 5).

3. CONCLUSIONS

As research moves into more complex areas of nutrient cycling, and pressures on nutrient turnover
rates increase, it will become increasingly necessary to study multi-nutrient interactions. Examples
have been presented in which multiple use of stable and/or radioactive isotopes have been employed
to study nutrient-pool sizes and turnover rates, and nutrient interactions.
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Abstract

The purpose of this study was to compare nitrate reduction, and the responsible microflora, in two soils
contrasting in their potential for dissimilatory nitrate reduction to ammonium (DNRA). A soil from Griffith
(NSW) reduced 14.5% of applied ’N-labelled nitrate to ammonium and organic-N under laboratory incubation
without any exogenous carbon sources. A soil from Yangzhou (China) reduced only 4.7%. Addition of reducing
agents (sodium thioglycollate and L-cysteine) enhanced the DNRA process, with most of the product of nitrate
reduction being ammonium. Additions of glucose also facilitated DNRA, with most of the product being
organic-N. There was a small but measurable amount of nitrous oxide production during nitrate reduction.
Nitrous oxide production accounted for 0.05 to 4.2% of added nitrate by the end of experiments. Nitrous oxide
tended to dissipate as the incubation proceeded in all non-glucose treatments, whereas in glucose treatments it
tended to accumulate. The denitrifier population in the Griffith soil was about a tenth of the size of that in the
Yangzhou soil. The DNRA population in Griffith soil, in contrast, was larger than that in Yangzhou soil. Of
DNRA bacteria and denitrifiers isolated, spore-former dominated.

1. INTRODUCTION

Nitrate (NOs") reduction has been recognized as a major process of the N cycle in soils. Nitrate can be
reduced to nitrogen gas (N;O + N,) (denitrification) or to ammonium (NH,") (dissimilatory nitrate
reduction to ammonium, DNRA) under anaerobic conditions, depending upon ambient conditions and
the microflora present. Intensively reduced and carbon-rich environments usually favour DNRA [1-3].
Bacteria reported to be capable of DNRA include obligate (e.g. Clostridium spp.) and facultative
anaerobes (e.g. Enterobacter) and aerobes (e.g. Bacillus spp.). The population ecology of DNRA in
natural soils is, however, poorly understood.

Laboratory anoxic incubation experiments, with no added C source, have generally resulted in small
fractions (usually less than 5%) of added NO;~ being converted to NH," or organic N [1, 4-5]. It was,
therefore, concluded that DNRA was of little agricultural significance. In an Australian paddy soil,
however, DNRA accounted for 15% of NO; reduction under laboratory conditions without an
exogenous carbon source [6—7], which is, to our knowledge, the highest proportion reported under
similar conditions in agricultural soils. Comparative studies of this soil may help us to understand the
factors affecting the DNRA process. The purpose of the present study, therefore, was to compare
nitrate reduction and responsible microflora in two soils contrasting in their potential for DNRA.

2. MATERIALS AND METHODS
2.1. Soils

The Typic Pelloxerert soil collected from Griffith (34°21°S, 146°02°E), New South Wales, Australia,
contains: organic C 11.2 g kg™'; total N 1.1 g kg, and; clay 500 g kg™, with pH 8.4 (soil:water, 1:1).
The Typic Fluvaquent, an alluvial soil derived from Yangtze River deposit, collected from Yangzhou
(32°15°N, 119°40’E), China, contains: organic C 9.0 g kg™'; total N 0.8 g kg™ and clay 380 g kg, with
pH 7.1. The two soils are herein designated as Griffith and Yangzhou, respectively. A rice crop is
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Research Council (ARC) (S399770).
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grown on Griffith soil once annually followed by fallow and straw mulching whereas a wheat-rice
rotation is practised on the Yangzhou soil. Both soils were submerged when sampled. When not in use,
the samples were kept in polyethylene bags at <5°C (except travelling time of 1 day).

2.2. Soil incubation

Five-gram (oven dry basis) samples of fresh soil were placed in 210-mL bottles. Both ’N-labelled
KNO; (8.766 "°N atom %) and non-labelled (NH,),SO, were added at the rate of 100 mg N kg™'. Non-
labelled (NH,4),SO, was added so as to inhibit nitrate assimilation [8]. The bottles were sealed with
rubber septa and filled with oxygen-free gas (24.5% N, balanced with Ar) by evacuating and refilling
three times. Treatments in triplicates included full combination of two levels of glucose (0 and 1,440
mg C kg') and reducing agents (none, 0.05% sodium thioglycollate, or 0.025% L-cysteine). The
reducing agents were prepared as described by Kaspar and Tiedje [9]. The final volume of soil slurry
was 20 mL. The bottles were incubated at 28°C. At intervals, the bottles were vigorously shaken by
hand, the air pressure measured with a pressure transducer and the gas in the headspace was sampled
for measurement of "N, +'°N,O. Separate gas samples were used for measuring N,O contents only by
GC. Mineral N was extracted from the soil slurries by adding 1.49 gram of KCl (1 M) to the slurry,
then shaking for 30 min. The samples were then centrifuged and washed twice with 10 mL of 1 M KCl
solutions. The supernatant was collected for analyses of NH4—15N, NO3—15N and NO,-"’N. The washed
residual soils were dried at 60°C and ground to pass through a 60 mesh. Residue °N in the washed
soils was considered to be in an organic form.

2.3. Microbial study

Denitrifier and nitrate-reducer populations were estimated by the Durham tube method on the basis of
most probable number procedures [10]. The medium used was nitrate broth (NB, per liter: beef extract
3 g, peptone 5 g, KNO; 1 g, 5 mL of 1% bromthymol blue, pH 7.0). Soil suspensions were prepared
by a ten-fold series dilution technique in sterile water plus ten glass beads and one drop of Tween-80.
One-mL suspensions from each dilution were transferred to each of five tubes containing 9 mL of NB.
The tubes were put into a desiccator, which was evacuated and filled with O,-free Ar gas three times.
The air pressure in the container was 0.01-0.03 bar higher than atmosphere. The tubes were then
incubated at 28°C for 2 weeks. Bubbles formed in the inverted small tubes were considered to be the
consequence of denitrification. Colour change of the medium from green to dark blue indicated pH
increase and was considered as the consequence of NO;™ reduction (net consumption of protons).

For bacterial isolation, a soil suspension inoculum of 0.1 mL from each dilution was spread on the
surface of NB agar and NB agar plus 10 g L glucose (NBG) in Petri dishes (70-mm diameter), which
were placed in a desiccator and incubated anaerobically at 28°C. Anaerobiosis was achieved by the
procedure described above. Colonies on the plates that showed appropriate numbers (usually 40—100)
were all streaked on NB agar and incubated aerobically. Colonies from NB and NBG were pooled.
Purification was repeatedly done by series-dilution technique. The colonies that grew on the medium
anaerobically but not aerobically were considered to be obligate anaerobes; they were recorded but not
studied further. A few isolates that showed sluggish growth on either medium were omitted because of
difficult management.

Purified isolates were characterized for their denitrification and DNRA potentials. The medium (NH, -
free) for DNRA confirmation consisted of (per liter of deionized water) Na,HPO,4 3.904 g, KH,PO,
2.721 g, MgS0,.7H,0 30 mg, KNO; 1 g, glucose 10 g, I mL of microelement solution (per liter:
EDTA 500 mg, FeSO,.7H,0 200 mg, ZnSO,.7H,O 10 mg, MnCl,.4H,O 3 mg, H,BO; 30 mg,
CoCl,.6H,0) 20 mg, CuCl,.2H,0 1 mg, NiCl.H,O 2 mg, NaM00O4.2H,0 3 mg) and 2 mL of vitamin
solution (biotin 0.75 mg L™, thiamine 0.75 mg L', pantothenic acid 0.75 mg L") [11]. For a few
isolates that did not show satisfactory growth in the medium, an autoclaved soil extract medium
(consisting of Na,HPO, 3.904 g, KH,PO, 2.721 g, MgSO, 7H,0 30 mg, KNO; 1 g, glucose 10 g, 100
mL soil extract and 900 mL of water) was used instead. Each isolate was inoculated into three tubes
containing 10 mL of the required medium and incubated anaerobically at 28°C for 3 days. Non-
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inoculated media were used as checks. An increase of NH,' in the media that was statistically different
from the check was considered as the consequence of DNRA and the respective isolates as DNRA
bacteria. Non-DNRA isolates were further characterized for their NO; ™ reduction by the Durham-tube
method. Each non-DNRA isolate was inoculated into Durham tubes containing 10 mL of NB (without
bromthymol blue) and incubated anaerobically at 28°C for 2 weeks. Presence of nitrite (NO, ) was
periodically checked by spot tests with sulphanilamide reagent. For the tubes that were absent of NO,",
presence of NO;~ was checked by adding zinc powder and spot-testing again. By the end of incubation,
the isolates that consumed all NO;™ present (neither NO, nor NOs~ detectable) and/or showed bubble
formation in the inverted small tubes, were considered as denitrifiers. Those that showed presence of
NOj; or NO, but no gas production were regarded as NO, accumulators.

The denitrifiers were further reconfirmed by their linear growth with regard to the amount of NO;5~
added to NB medium. Tracking the patterns of NO; reduction during growth in the NH, -free
medium reconfirmed DNRA isolates.

Isolates were identified at genus level by characters such as Gram stain, sporulation, motility and
standard tests on the reaction to sugar (F-O test), catalase, litmus milk, citrate, gelatin, and indole.

2.4. Analytical methods

NH,;"-N and NO; -N+NO, -N in soil extracts were measured by steam-distillation procedures with
MgO and MgO plus Devarda’s alloy, respectively. Distillates were acidified and dried for measuring
N abundances on a VG Isogas (Sira 10) mass spectrometer. NO, -N was measured separately by
Griess-Ilosvay colour reaction. The quantity of N and "N contents in the washed residue soil was
measured with a CNS Autoanalyzer (Varian NA1500) coupled with the mass spectrometer. Nitrogen-
15-labelled N, + N,O were determined with the same mass spectrometer. The gas inlet system for the
mass spectrometer was the same as that described by Chen et al. [12]. The amount of N,+N,O derived
from ""N-labelled nitrate was calculated based on the equation derived by Mulvaney and Boast [13],
using the ratio of PN, 2N, and *°N,:*N,. The natural abundance of N in atmospheric N,
(0.3663+0.0004 atom %) was taken as the time-zero value.

In bacterial characterization experiments, optical density at 530 nm was monitored as the indication of
cell growth. For measurement of various N forms in media, cells were harvested by centrifuging at
15,000 rpm for 5 min at 5°C. Ammonium in the supernatant was determined manually by the
indophenol blue reaction [14]. Nitrite was measured by the Griess-llosvay method. Nitrate was
reduced to NO, by passing the supernatant through a Cd column and measured colourimetrically. A
detailed description is given by Daniels et al. [14].

3. RESULTS
3.1. Nitrate reduction in soils

The two soils were considerably different in their potential for DNRA. In Griffith soil, 14.5% of
applied "NO;” was reduced to NH," plus organic-N after 4.5 days incubation, whereas only 4.7% was
reduced in the Yangzhou soil (Table I). These data are comparable to those previously reported by
Chen et al. [6] and Yin et al. [5] with Griffith and Yanzhou soils, respectively. Nitrate reduction
proceeded more rapidly in Griffith soil than in Yangzhou soil, as was indicated by large amounts of
®NO; remaining as NO; plus NO, in the latter after 4.5 days incubation. Prolonged incubation up to
7.5 days gave a little more NH," production, but produced significantly more gaseous N. This implies
that DNRA proceeded more rapidly than denitrification under the incubation conditions.
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TABLE I. RECOVERY OF "“N-LABELLED NITRATE IN TWO SOILS UNDER ANAEROBIC
INCUBATIONS WITHOUT GLUCOSE

Soil Incubation (NO;+NO,)-N NH,-N  Organic-N (N, + N,0)-N Total
time (h) (mg N per bottle) recovery (%)
Yangzhou 36 0.427 0.0176 0.0059 0.0509 101
(0.007)* (0.0002) (0.0005) (0.0008)
108 0.355 0.0192 0.0042 0.102 96.9
(0.006) (0.0002) (0.0007) (0.0104)
180 0 0.0209 0.0041 0.479 102
(0.0003) (0.0007) (0.0191)
Griffith 36 0.412 0.0364 0.0089 0.0498 102
(0.010) (0.0006) (0.0011) (0.0011)
108 0 0.0621 0.0097 0.347 84.4
(0.0002)  (0.0004) (0.0520)
180 0 0.0595 0.0146 0.446 105
(0.0007)  (0.0028) (0.029)

*Standard deviations in parentheses

Reducing agents significantly increased DNRA (Fig. 1A). This was particularly the case for L-cysteine
added to Griffith soil, which made the partitioning of NO; to DNRA (56%) more than to
denitrification (44%). Ammonium was the main product. The actual Eh of soil slurry, measured at the
end of experiment, was —38+8 mV for non-reducing agent (Ehl), —64£11 mV for sodium
thioglycollate (Eh2) and —171+16 mV for L-cysteine (Eh3) treatments. Eh fluctuations during the
experiment, although not monitored, were expected because NOs , a strong poising agent for high Eh
(Eh® =420 mV at pH 7) [15], kept decreasing.

90 90
A . B O Organic-N
0 Organic-N _
75 CINH4-N 75 . DNI—?4N
3 60 4 ;\? 60 -
= <
0 45 4 E 45 4
<) 3
Q 5]
Q o)
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0 0 L L
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FIG. 1. "N-labelled nitrate recovered as NH, -N and organic-N in two soils incubated for 7.5 days
under different Ehs with (B) without (A) glucose (Griffith soil: hatched; Yangzhou soil: non-hatched).
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The final Eh values measured, however, indicated that different reducing status were achieved in the
treatments by the reducing agents.

Glucose treatments showed again the contrasting DNRA potential capabilities of these soils (Fig. 1B).
>N-labelled N recovered as NH,"-N and organic-N accounted for 65 to 73% of NO; reduction in
Griffith soil and 26 to 35% in Yangzhou soil. Glucose resulted in an additional increase of DNRA (Fig.
1B) for both soil, as compared to non-glucose treatments (Fig. 1A). The additional increase was more
pronounced in high-Eh treated samples than in low-Eh treated ones. In the glucose-treated samples,
organic-N was the main product, in contrast to the non-glucose treatment (Fig. 1A), indicating that
ammonium assimilation was stimulated by glucose. Glucose addition appeared to decrease the effect
of reducing agents on DNRA because the differences among three Eh treatments for the total "N
recoveries in NH,"-N and organic-N pool were small (Fig. 1B), while significantly different in non-
glucose treatments (Fig. 1A). This is also consistent with finding that the Eh differences among
reducing-agent treatments (Fig. 1B) was also narrowed by glucose [-152+17 mV for non-reducing
agent (Ehl), 175421 mV for sodium thioglycollate (Eh2) and —208+19 mV for L-cysteine (Eh3)
treatments, as measured at the end of experiment].

Small amounts of N,O were produced during NO;™ reduction (Table II). N,O production by the end of
the experiments accounted for 0.05 to 4.2% of NO;™ added. It was interesting to note that N,O in non-
glucose treatments tended to disappear as incubation proceeded, whereas in glucose treatments it
tended to accumulate. These trends were most obvious in L-cysteine treatments and in L-cysteine plus
glucose treatments, respectively (Table II). This effect was more obvious in Griffith than in Yangzhou
soil.

3.2. Nitrate-reducer populations and characterization
The denitrifier population in Griffith soil was approximately one order of magnitude smaller than that
in Yangzhou soil (Fig. 2), as estimated by the most probable number method. The size of the NO; -

reducer populations in the two soils were similar in numbers. The denitrifier population accounted for
0.5% and 17% of NO; ™ reducers in Griffith and Yangzhou soils, respectively.

TABLE II. NITROUS OXIDE PRODUCTION AS AFFECTED BY SOIL Eh

1.5 days incubation 4.5 days incubation 7.5 days incubation
Soil Treatment N,O-N Recovery N,O-N Recovery N,O-N Recovery
(mg)* (%) (mg) (%) (mg) (%)
Yangzhou Check 0.0005 0.103 0.0004 0.076 0.0002 0.049
(0.00007)° (0.00010) (0.00003)
L-cysteine 0.0007 0.134 0.0002 0.054 0.0002 0.049
(0.00013) (0.00003) (0.00002)
Griffith Check 0.0041 0.828 0.0002 0.049 0.0003 0.056
(0.00061) (0.00001) (0.00001)
L-cysteine 0.0228 4.595 0.0003 0.052 0.0003 0.052
(0.00152) (0.00007) (0.00001)
Yangzhou Glucose 0.0004 0.072 0.0003 0.062 0.0003 0.062
(0.00009) (0.00009) (0.00001)
L-cysteine 0.0003 0.060 0.0017 0.333 0.0028 0.561
+glucose  (0.00003) (0.00012) (0.00016)
Griffith Glucose 0.0014 0.274 0.0004 0.072 0.0003 0.053
(0.00008) (0.00005) (0.00002)
L-cysteine 0.0003 0.069 0.0003 0.069 0.021 4.229
+glucose (0.00002) (0.00002) (0.00001)

“mg N/bottle. ®Standard deviations in parentheses.
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From Griffith soil, of the 220 isolates that were able to grow anaerobically on the media used (NB and
NB plus glucose), 129 were obligate anaerobes, forty-one were nitrite accumulators, forty-seven were
DNRA bacteria and six were denitrifiers (Table III). From Yangzhou soil, 113 isolates were able to
grow anaerobically, among which fifteen were obligatory anaerobes, forty-nine nitrite accumulators,
six DNRA bacteria and thirty-four denitrifiers. DNRA bacteria accounted for 21% of total isolates in
Griffith soil and 5.3% in Yangzhou soil, whereas denitrifiers accounted for 2.7% and 30% of total
isolates in the two soils, respectively. Most of the DNRA and denitrifying isolates were spore-formers
(Table IID).

Growth of all of the denitrifying isolates increased linearly with increasing NO; addition to NB
medium, while growth of most of the DNRA isolates did not. A few examples are shown in Fig. 3.
The growth patterns met the criteria proposed by Mahne and Tiedje [16]. The pattern of NO;5~
reduction during cell growth of a DNRA isolate (Bacillus sp. C24) in NH, -free medium is shown in
Fig. 4. This pattern was similar to those reported for other DNRA bacteria [11,17-19].

4. DISCUSSION
Two soils significantly differed in their potential for the DNRA process. Griffith soil converted 14.5%

of NO; to NH,'-N plus organic-N without an exogenous C source (Table I), which is, to our
knowledge, the highest value reported in an agricultural soils under similar experimental conditions.

TABLE III. NUMBER OF ISOLATES CHARACTERIZED FOR THEIR NITRATE REDUCTION
AND ANAEROBIOSIS

Type of isolate
Soil Nitrate accumulator ~DNRA bacterium  Denitrifier Obligatory anaerobe
Griffith soil 41 (38)" 47 (46) 6(4) 129
Yangzhou soil 49 (43) 6 (6) 34 (26) 15

*Number of spore-forming isolates in parentheses.
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FIG. 4. Growth and nitrate reduction by Bacillus sp. C24 in ammonium-free medium (© : NH,'; 4 :

nitrite; ® : nitrate; x: optical density).

Data reported by others are listed in Table IV it is noteworthy that the data of Stanford et al. [20] were
higher than those obtained in the present study, but those experimental conditions involved pre-
incubation with glucose. The high recovery, 21%, reported by Chen et al. [6] for the same soil was due
to pre-incubation (3 days) and the very low NO; concentration used in that study (2.5 mg N kg),
probably giving a high C:N ratio that would be expected to favour DNRA [2,21,22]. The remarkably
high DNRA activities in the Griffith soil may have agronomic importance, warranting further study.

TABLE 1V. REPORTED RECOVERIES OF "“N-LABELLED NITRATE AS NH,-N AND
ORGANIC-N IN ANAEROBICALLY INCUBATED SOILS WITHOUT EXOGENOUS CARBON

Recovered  Recovered  Highest

Brief description of experimental conditions asNH,-N  as organic-N recovery Sources
(%0) (%0) (%)

Three soils including one used in this study,

fresh, pH 6.8-8.4, 2.5 mg N kg™ nitrate added, 5.5-14.5 5.0-7.8 211 [6]

incubated at 30°C for 6-54 h

Two air-dried soils, pH 5.5-8.0, 300 mg N kg’ 1.2-13 1.0-5.6 6.8 [7]

nitrate added, incubated at 30°C for 6 d
Three soils, heat-shocked or not, fresh and air-

dried, pH 6.8, 80 mg N kg' nitrate added, 1.1-4.8 [4]
incubated at 28°C for 5 d

One soil, fresh, pH 7.4, 200 mg N kg™ nitrate 0.13 6.8 6.9 [23]
added, incubated at 25°C for 3 d

One soil, air-dried and 1 d preincubated Below

anaerobically without glucose, 100 mg N kg 0.9-1.8 detection 3.1 [1]
nitrate added, incubated at 30°C for 4 d limit of 1.3

Two soil, pre-incubated with glucose, pH 6.2—

6.5, 185 mg N kg nitrate added, incubated at g 5-19 4 17.2—-18.2 37.6 [20]
35°C for 1 d, tube stoppered under normal

atmosphere
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Reducing agents increased the partitioning of NO; to DNRA (Fig. 1A) in Griffith soil, which is
generally to be expected and is consistent with results reported by others [1]. This effect, however,
was not observed in Yangzhou soil. The reason is not clear. Fazzolari et al. [22] reported that DNRA
activity was, in fact, less sensitive than denitrification to inhibitory effects of O,. The effects of
reducing agents on DNRA may, therefore, vary with soil and bacterial species.

Glucose significantly affected DNRA (Fig. 1B), as previously reported [1,4,22,23]. The main effect
was increase in recovery of applied *N-nitrate in the organic-N pool. For Griffith soil with L-cysteine,
"N recovery in the NH," pool was lower with glucose treatment than in non-glucose-treated samples
(Fig. 1A), indicating that NH," assimilation occurred. Nitrate assimilation was unlikely to occur
because 100 mg N kg of non-labelled NH," were added, both in pure culture of bacteria [24] and in
soils [8]. Therefore, the '°N recovered in the organic-N pool must have come from the DNRA pathway.
Mole ratio of glucose-C:NOs-N in the present study was 12:1. At this C:N ratio, denitrification was the
dominant process in Yangzhou soil, but was not in the Griffith soil In all non-glucose treatments, N,O
oxide accumulated within 1.5 days incubation, and decreased thereafter. The opposite was true for
glucose treatment. The consumption of N,O is explained only in terms of denitrification.

Straw mulching is a common practice in the Griffith locality. In Yangzhou, however, soils receive
little organic materials except crop residues, mainly roots. The soil at Yangzhou is cropped all year.
Continuous straw mulching not only provides more available carbon for DNRA, but also supports
large populations of heterotrophs, including denitrifiers and DNRA bacteria. Straw management might
partially explain the higher DNRA activity in Griffith soil.

The microbial study indicated that abundance (Fig. 2) and type (Table IV) of NO;™ reducers in the two
soils were very different, although it was difficult to assign specific ecological roles. Most DNRA and
denitrifying bacteria isolated and characterized (a few examples are shown in Figs. 3 and 4) were
spore-formers, consistent with previous reports [4,25,26].

ACKNOWLEDGEMENTS

The authors express appreciation to Dr. Elizabeth Humphreys (CSIRO Land and Water—Griffith
Laboratory) for her assistance in sampling Griffith soil; Ron Teo and Raffael Timpano for their
technical assistance; Dr. Peter Janssen for comments and providing culture medium; Professor Z.M.
Yan (Yangzhou Environment Monitoring Station, Jiangsu, China) for his friendly help; and the Open
Laboratory of Crop Physiology, Yangzhou University, for the GC and other facilities.

REFERENCES

[1] BURESH, R.J., PATRICK, W.H., Nitrate reduction to ammonium in anaerobic soils. Soil Sci.
Soc. Am. J. 42 (1978) 913-918.

[2] TIEDIJE, J.M., et al., Denitrification: ecological niches, competition and survial, Antonie van
Leeuwenhoek J. Microbiol. 48 (1982) 569-583.

[3] TIEDIJE, J.M., “Ecology of denitrification and dissimilatory nitrate reduction to ammonium”,
Biology of Anaerobic Microorganisms (ZEHNDER, A.J.B., Ed.), John Wiley & Sons, Inc. New
York (1988) 179-244.

[4] CASKEY, W.H., TIEDJE, J.M., Evidence for Clostridia as agents of dissimilatory reduction of
nitrate to ammonium in soils, Soil Sci. Soc. Am. J. 43 (1979) 931-936.

[5] YIN, S.X., et al.,, Reduction of nitrate to ammonium in selected paddy soils of China,
Pedosphere 8 (1998) 221-228.

[6] CHEN, D.L., et al., Estimation of nitrification rates in flooded soils, Microbial Ecol. 30 (1995)
269-284.

[7] CHEN, D.L,, et al., Distribution of reduced products of '*N-labelled nitrate in anaerobic soils,
Soil Biol. Biochem. 27 (1995) 1539-1545.

[8] RICE, C.W., TIEDJE, J.M., Regulations of nitrate assimilation by ammonium in soils and in
isolated soil microorganisms, Soil Biol. Biochem. 21 (1989) 579-602.

24



[26]

KASPAR, H.F., TIEDJE, J.M., “Anaerobic bacteria and processes”’, Methods of Soil Analysis,
Part 2, Microbiological and Biochemical Properties (WEAVER, R.W., et al., Ed.), Soil Science
Society of America, Madison (1994) 223-243.

TIEDJE, J.M.,. “Denitrifiers” Methods of Soil Analysis, Part 2, Microbiological and
Biochemical Properties (WEAVER, R.W., et al., Ed.), Soil Sc