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Foreword

On behalf of the Mexican Society of Soil Science and the International Society of Soil
Science (ISSS) the Organizing Committee (OC) of the 15 tn World Congress of Soil Science
(WCSS), formerly the International Congress of Soil Science, presents hereby the transactions of
the 1994 meeting held in Acapulco, Mexico. The congress program was analyzed and approved by
the Executive Committee of the ISSS especially gathered for this purpose in November, 1992.
The program includes a key note address by Nobel laureated Norman E. Borlaug, 11 stateof-the-art conferences and 45 Symposia with an average of seven papers each one. Conferences
and Symposia lectures will be presented by well known members of the ISSS. In addition to these
oral presentations the attendants will have the opportunity to learn from the voluntary contributions
related to the symposia subjects presented by Society members as posters.
The transactions consist of nine volumes arranged in 16 books. Volume 1 contains the
Inaugural and the State-of-the-Art Conferences. Volumes 2 to 8 contain the papers presented in the
symposia corresponding to ISSS Commissions I to VII, respectively; tomes "a" of the volumes
include the papers in full as presented in the symposia; tomes "b" hold the extended summaries of
those papers presented as posters during the congress. Each extended summary was examined by
the Program Committee and assigned to a particular symposium in agreement with its content.
Volume 9 contains a series of symposia that could not be accomodated in a particular Commission
volume as well as full papers and extended summaries which arrived after the specified dead line.
In addition, the OC is presenting to all attendants a Program and Information Handbook and to
members attending specific activities, some other materials like the Proceedings of Satellite
Symposia and Field Tour Guides.
The OC of the 15th WCSS agreed with the ISSS the change of the form used in presenting
the summaries of the short contributions to be printed in the Proceedings of the 15 tn WCSS. The
new form of the so called extended summary was adopted considering both economical and
strategical reasons. On the one hand, more information could be included at the same or even
lower cost of production and, on the other, relevant information for quotation is available to
potential users of the transactions. An additional advantage of the extended summary policy is
preservation of valuable information that on numerous occasions is never formally published. The
experience of several scientific societies in changing from the publication of traditional summaries
to new extended summaries was considered in making this decision. We hope that you will find
useful the changes introduced.
You are receiving nearly 8000 printed pages of valuable material. The preparation of the
transactions and accompanying documents required a great intelectual effort, long hours of
preparation, and a large money expenditure. We urge you to make an intensive use of these books
and to share them with colleagues not attending the present meeting. Extra copies of all the printed
materials will be available for purchase from an ad hoc office in Acapulco during the congress and
from the OC Headquarters after the congress.
The organization of the 15 tn WCSS would not have been possible without the contribution
from the Federal Government of Mexico through the Secretaria de Agricultura y Recursos
Hidraulicos (SARH), Colegio de Postgraduados (CP), and Universidad Autónoma Chapingo

(UACh). The OC of the 15 th WCSS expresses hereby its appreciation to the support received from
SARH, CP, and UACh.
The publication of the present transactions was possible thanks to grants received from the
Institute Nacional de Geografia, Estadfstica e Informatica (INEGI) and from the Comisión
Nacional del Agua (CNA). The OC of the 15 th WCSS acknowledges with grateful thanks and
appreciation these contributions.
All of us who feel as ours the responsibility of contributing to improve the quality of life on
earth are hoping that this 15th WCSS will be an appropriate forum to learn more about the role of
soils and to voice solutions for present and future problems. For these reasons the theme:
Soil utilization in harmony with nature. Learning from the past to face the future
was selected, hoping to set a motivating stage for a productive meeting.
The OC of the 15 tn WCSS and the Mexican Society of Soil Science encourage you to
actively participate in this important event of Soil Science at world level. Only with your valuable
participation the proposed goals will be achieved.
Jorge D. Etchevers. Chairman Publication Committee
Andres Aguilar S., President ISSS
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Feeding a Human Population That Increasingly Crowds
a Fragile Planet
by
Norman E. Borlaug and Christopher R. Dowswell. Sasakawa
Association (SAA).

Africa

The use of high-yielding varieties, chemical fertilizers to restore soil fertility,
more effective control of weeds, diseases and insects, and a greater reliance on
irrigation and/or improved techniques for conserving moisture have allowed
world food production to increase more rapidly than global population over the
past three decades. Despite these impressive gains, between 1990 and the year
2025 food production must be doubled, and most of these gains must come in
food-deficit developing nations and through higher cereal crop yields on existing
farmlands.
In 1990, had the world's food supply been distributed evenly, it would have
provided and adequate diet (2,350 calories per day, principally from grains) for
6.2 billion people, nearly one billion more than the actual population. However
had the people from developing countries attempted to secure the typical diet of
the industrialized countries a world population of 2.5 people could have been
sustained less than half of the present world population.
These statistics point out two key problems of feeding the world's population.
The first is the complex task of producing sufficient quantities of the desired
foods, and to accomplish this Herculean feat in environmentally and
economically sustainable ways. The second task, equally or even more daunting,
is to distribution is poverty—lack of purchasing power—which, in turn, is made
more severe by rapid population growth.
Only agricultural development can solve the problems of poverty, hunger, and
environmental degradation in the food-deficit, low-income countries. In
particular, agriculture south of the Sahara is in crisis. High rates of population
growth and little application of improved technology has resulted in declining per
capita food production, escalating food deficits, and deteriorating nutrition.
3

Wherever agricultural modernization has occurred, the driving force for
production gains has been new crop management practices based on scientific
research. Fortunately, there are still large "yield gaps" in virtually all lowincome, food-deficit developing countries which can be substantially closed
through the application of improved agricultural technologies already available
or well-advanced in the research pipeline.
The sustained and focused support of governments, international development
agencies, and the private agribusiness sector will be needed to achieve the
required production increases and to distribute the food more equitably. This
task will not--and canoot—be achieved without major new public and private
investments in the agricultural sectors of the low-income, food deficit developing
countries.
Deny developing country farmers access to modern production inputs—such as
improved varieties and fertilizers—and the world will be doomed—not from
poisoning, as some say, but from starvation and social chaos. Peace, prosperity,
and environmental stewardship cannot be built—nor sustained—on empty
stomachs.

New Issues and Challenges in Soil Physics Research
M. Th. van Genuchten. U.S. Salinity Laboratory,
Drive, Riverside, CA, 92501, USA.

USDA, ARS,

4500

Glenwood

Abstract. The focus of soil physics research, and that of soil science in general, has gradually
broadened from mostly agricultural production issues to more comprehensive studies of
subsurface water flow and chemical transport geared toward environmental issues. There is an
abundance of ongoing and new challenges in soil physics research, notably in the areas of
subsurface heterogeneity (including preferential flow), multiphase flow, multicomponent
transport, and hydraulic property characterization. Soil heterogeneity at a variety of spatial
scales remains a frustrating problem affecting the measurement, prediction, and management
of subsurface flow and transport processes. More realistic deterministic and stochastic models,
as well as improved sampling methods and instrumental techniques, are slowly becoming
available to make the research more effective. Several examples are given to illustrate soil
physics contributions to the solution" of agricultural and environmental problems.
Introduction
Much evidence exists of increased human-induced stresses on the earth's environment. Many
of these stresses are, directly or indirectly, a consequence of pollutants generated by
agricultural, industrial, and municipal activities. Pesticides and fertilizers used in farming
operations continue to contaminate soil and groundwater systems worldwide. Soil erosion
remains a problem in many areas. The accumulation of salts and toxic elements in irrigation
agriculture is a worsening problem in many arid and semi-arid regions of the world. Acid rain
is a cause of pollution in most or all continents. Chemicals migrating from municipal and
industrial disposal sites are similarly creating hazards to the environment. Especially
challenging are nonaqueous phase liquids including chlorinated hydrocarbons, polychlorinated
biphenyls and related toxic substances. Radionuclides released into the environment (including
those produced by the Chernobyl disaster) are also increasingly becoming a problem. The
much-debated topics of deforestation, biodiversity, and climatic change, are real and must be
of concern to all of us.
Contamination of the subsurface poses special challenges to soil scientists including soil
physicists. Many or most subsurface pollution problems stem directly from activities involving
the unsaturated (vadose) zone between the soil surface and the groundwater table. It is the
unsaturated zone where management will offer the best opportunities for preventing or limiting
pollution, or for remediating ongoing pollution problems. Solute residence times in
groundwater aquifers can range from several years to millennia or more. Hence, once
contaminants have entered groundwater, pollution is in many cases essentially irreversible, or
can be remediated only with extreme costs. Consequently, soil and groundwater pollution
problems are best dealt with, or prevented, through proper management of the unsaturated
zone. Because of our expertise in the measurement and modeling of unsaturated zone flow and
transport processes, soil physicists are in a unique position, and have special responsibilities, to
contribute to the prevention or remediation of subsurface pollution problems.
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This paper addresses some of the opportunities for soil physicists in the continuing effort to
optimize agricultural production, while also contributing to the solution of environmental
problems. It is critical that our research be part of comprehensive efforts involving other soil
scientists, hydrologists, geologists, civil and environmental engineers, and (micro)climatologists.
In this paper I shall concentrate mostly on flow and transport processes in the unsaturated zone.
Areas of research where progress has been obtained, or where progress is particularly needed,
will be emphasized. These areas include, but are not limited to, flow through deep unsaturated
soil profiles, preferential flow, flow and transport in unsaturated fractured rock, multiphase flow,
better methods and instrumentation for measuring model parameters, the need to improve
communication between soil scientists globally, and the educational implications of a broader
soil physics perspective.
Soil, Physics, and Soil Physics
Soil physics may be defined as the application of the principles of physics to the characterization
of soil properties and the understanding of soil processes, especially those involving the
transport of matter or energy (Sposito and Reginato, 1992). This definition implies that soil
physics is a subdiscipline of both physics and soil science. While useful, the definition does not
necessarily reflect the type of research typically carried out by soil physicists. It may be
instructive to briefly consider typical research topics dealt with by soil physicists over the past
several decades.
Early studies of soil physics from the 1900s to the 1940s generally involved such issues as soil
structure and soil aggregation, soil pore space, field soil water status, capillarity and soil water
retention, evaporation, soil mechanics, soluble salts, soil salinity, diffusion, and heat content.
Many of these early studies focused on the physical properties of soils as a medium for crop
production, including the effects of tillage and compaction on root growth and plant water
uptake. More comprehensive theoretical studies by soil physicists on water, heat and solute
movement in soils started in the 1930s with the formulation of the Richards equation for
transient unsaturated water flow (Richards, 1931). Similar differential equations were
introduced for heat and solute movement, and subsequently applied in the 1950s and 1960s to
a flurry of laboratory experiments involving mostly disturbed, homogeneous soil systems.
Laboratory testing of convection-dispersion type solute transport models was especially popular
at that time. Field-scale testing of flow/transport theories and models did not really start until
the mid 1970s, in part spurred by the development of better numerical models and the
increased availability of mainframe and personal computers. Process-based simulation models
were subsequently developed for the purpose of integrating available knowledge, and for
formulating and evaluating alternative agricultural soil, crop, and water management practices.
While most of these simulations initially focused primarily on water quantity issues (irrigation,
drainage, soil erosion), they increasingly also involved agricultural water quality issues
associated with pesticides, fertilizers, soil salinity, and sewage sludge.
Soil physicists must remain concerned about the physical environment of plants. Agricultural
production unquestionably will remain a critical issue as the world's population keeps increasing
in an era of limited soil and water supplies. At the same time, however, soil scientists/physicists
have also a responsibility to address soil and groundwater pollution problems caused by
agricultural and non-agricultural sources at local, regional, and global scales. It is critical that
these environmental problems be addressed in a systematic manner involving efforts which cross |
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disciplinary, institutional, and geographic barriers. The need for a broad multidisciplinary
perspective should be obvious in view of the many physical, chemical and biological processes
known to affect the behavior and transport of water and dissolved constituents in the subsurface
environment. The following examples illustrate the need for a more broadly defined framework
of soil physics research.
First, soil physics research can no longer be confined to the upper soil horizons between the soil
surface and a depth of 2 m traditionally viewed as the lower boundary of the soil medium (e.g.,
the bottom of the root zone). Soil physicists must be concerned with flow and transport
processes in the entire vadose zone between the soil surface and the groundwater table, even
if the vadose zone is hundreds of meters deep as is often the case in arid and semi-arid areas.
We must be able to quantify how flow and transport processes in the vadose zone affect the
quality of underlying or down-gradient groundwater reservoirs. In situations involving shallow
water tables, we must be concerned not only with downward flow and transport, but conversely
also with possible upward flow of water and dissolved constituents. Because of the dangers of
(secondary) soil salinization, shallow water table management is a special concern in arid and
semi-arid regions. An integrated soil/aquifer research approach requires interaction with
hydrologists and geologists.
Second, soil physicists are increasingly becoming participants in global-scale hydrologie research.
Especially needed (e.g., Wood, 1991) are improved models of land-surface hydrologie processes
in general circulation models for predictions at regional, continental, and global scales, as well
as appropriate field studies over a range of scales insofar as these scales impact hydrological
processes at the larger scales. Soil physicists should be especially interested in the land surface
component of global hydrological models, including the development of realistic physicallybased models for biosphere-atmosphere interactions to estimate the transfer of energy, mass,
and momentum between the vegetated surface of the earth and the atmosphere. With their
traditional focus on soil water dynamics and microclimatology, soil physicists should be natural
cooperators in research with hydrologists, climatologists and global climate modelers.
Third, soil physicists must be interested in media other than the weathered and fragmented
outer layer of the earth's terrestrial surface usually referred to as soil (e.g., Hillel, 1980).
Development of realistic models for unsaturated flow and solute transport in fractured rock and
other geologic materials is crucial for establishing suitable subsurface waste disposal sites. For
example, much research in several countries has been, or is being, carried out in connection
with the safe disposal of spent nuclear fuel and high-level radioactive waste in unsaturated
fractured rock (e.g., Evans and Nicholson, 1987). The same is true for the performance of clay
liners as barriers to the migration of contaminants from waste disposal sites. Soil physicists can,
and should, provide much expertise to these projects.
Fourth, soil physicists must be concerned with fluids other than water, which traditionally has
been the main focus in agricultural research. For example, subsurface pollution by nonaqueous
phase liquids (NAPL's) is increasingly becoming a problem in many countries. While
multiphase (air-water-oil) fluid systems pose additional problems, soil physicists have long
worked almost exclusively on the measurement and modeling of two-phase air-water systems;
they must provide sorely needed input into multiphase flow research. Soil physicists have made,
and should continue to make, important contributions to theoretical studies of NAPL transport,
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including the measurement and scaling of multiphase capillary-pressure saturation and
permeability relationships. The same is true for vapor phase transport involving volatile organic
chemicals and other constituents.
Fifth, soil physicists must be equally concerned with agricultural chemicals (fertilizers, pesticides,
soil salinity) as well as with nonagricultural chemicals, including radionuclides, toxic trace
elements, and certain volatile organics. Colloid-facilitated contaminant transport should
similarly be a concern to soil physicists.
The above examples demonstrate that soil physicists are or should be involved in a broad array
of research topics well beyond the traditional boundaries of soil physics. In the remainder of
this paper I will address a few selected topics on flow and transport in the unsaturated zone,
notably on flow and transport modeling, subsurface heterogeneity, and parameter estimation.
I will also briefly discuss the need for more effective communication between soil physicists
globally, and stress the educational implications of a broader soil physics/soil science research
perspective.
Water Flow and Solute Transport
Process-based descriptions of water and solute movement in the unsaturated zone are generally
based on the classical Richards equation for variably-saturated water flow and the convectiondispersion equation for solute transport. These equations, summarized in Table 1, have been
solved for a variety of one- and multi-dimensional applications. This paper focuses primarily
on conceptual issues, and hence no attempt is made to provide an exhaustive review of available
literature on vadose zone flow and transport modeling. Recent reviews of analytical and
numerical modeling are given by Güven et al. (1990) and Sudicky and Huyakorn (1991).
Models based on Eqs. (1) and (2) in Table 1 have provided, and will continue to provide,
indispensable tools in research and management. For example, they may be used for designing
or analyzing specific experiments on water and solute movement; for extrapolating information
gained from a limited number of field studies to different soil, crop, and climatic conditions, as
well as to different tillage and water management schemes; for evaluating the comparative
effects of alternative soil and water management practices and chemical application
technologies on crop production and groundwater pollution; for remediation purposes; and for
risk assessment studies involving specific pollution cases. The importance of model
development and use should not be underestimated: models provide a means for organizing and
integrating knowledge, give guidance to an experimental research program, while also being
helpful for many practical management applications.
While models based on Eqs. (1) and (2) are important tools, they are also subject to a large
number of simplifying assumptions which limit their applicability to many problems in the field.
It my be instructive to list some of these limitations and assumptions. For example, the
equations assume that (a) the air phase plays a relatively minor role during unsaturated flow,
and hence that a single equation can be used to describe the variably-saturated flow process,
(b) Darcy's equation is valid at both very low and very high flow velocities (including those
occurring in structured soils), (c) the osmotic and electro-chemical gradients in the soil water
potential are negligible, (d) the fluid density is independent of the solute concentration, and (e)
matrix and fluid compressibilities are relatively small. The equations are.further complicated
8

Table 1. Governing equations for one-dimensional variably-saturated water
flow (Eq. 1) and convective-dispersive solute transport (Eq. 2).
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where C is the soil water capacity, i.e., the slope of the soil water retention curve, 8(h); 8 is the
volumetric water content, h is the soil water pressure head (negative for unsaturated conditions), t
is time, Z is distance from the soil surface downward, K is the hydraulic conductivity as a function
of h or 8, s is the solute concentration associated with the solid phase of the soil, c is the solute
concentration of the fluid phase, p is the soil bulk density, D is the solute dispersion coefficient, S
and 4> are sources and sinks for water and solutes, and q is the volumetric fluid flux (Darcy's law):

q = -K(h)Hi+K(h)
dz

(3)

For conditions of steady-state water flow in homogeneous soils, neglecting the source/sink term S
and 4>, and assuming linear sorption such that the adsorbed concentration (s) is linearly related to the
solution concentration (c) through a distribution coefficient, k (i.e., s=kc), Eq (2) reduces to the
standard convection-dispersion equation (CDE):
Rdc=D££.vdc

dt

dz2

(4)

dz

where v = q/8 is the average pore water velocity, and /? = 1 + pk/8 is the solute retardation factor.

by (f) the hysteretic nature of the retention function, 6(h), (g) the extreme nonlinearity of the
hydraulic conductivity function, .£(/;), (h) the lack of accurate and cheap methods for measuring
the unsaturated hydraulic properties, (i) the extreme heterogeneity of the subsurface
environment, and (j) inconsistencies between the scale at which the hydraulic and solute
transport parameters in Eqs. (1) and (2) are usually measured, and the scale at which the
predictive models are being applied. In addition, Eqs. (1) and (2) are formulated for isothermal
soil conditions. In reality, most physical, chemical and microbial processes in the soil are
strongly influenced by soil temperature. This also applies to water flow itself, including the
indirect effects of temperature on the unsaturated soil hydraulic properties. Hence, a complete
description of unsaturated zone transfer processes requires also consideration of heat flow and
its nonlinear effect on most processes taking place in the soil-plant system.
Other limitations in the use of Eqs. (1) and (2) involve the source/sink terms S and 4> in the
flow and transport equations. The term S accounts primarily for water uptake by plant roots.
While widely different approaches exist for simulating water uptake (e.g., Molz, 1981), most
models currently used for water uptake are essentially empirical and contain parameters that
depend on specific crop, soil, and environmental conditions. Much research is still needed to
derive process-based descriptions of root growth and root water uptake as a function of water,
salinity, temperature, and other stresses in the root zone, and to couple these descriptions with
suitable crop growth models. Similarly, the source/sink term 4> in Eq. (2) accounts for nutrient
uptake and/or a variety of chemical and biological reactions and transformations insofar as
9

these processes are not already included in the sorption/exchange term dps/dt. These processes
can be highly dynamic and nonlinear in time and space, especially for nitrogen and pesticide
products. For example, among the nitrogen transformation processes that may need to be
considered are nitrification, denitrification, mineralization, and nitrogen uptake by plants
(Stevenson, 1982). For microbially induced organic and inorganic transformations, the
degradation process should also consider the growth and maintenance of soil microbes.
Several simplifying assumptions are often also invoked when defining the sorption/exchange
term dps/dt in Eq. (2). For example, the use of a constant retardation factor R in Eq. (4)
assumes that a linear equilibrium isotherm can be used to describe solute interactions between
the liquid and solid phases of the soil. While the use of a linear isotherm can greatly simplify
the mathematics of a transport problem, sorption and exchange reactions are generally
nonlinear and usually depend also on the presence of competing species in the soil solution.
This, in turn, may require the coupling of Eq. (2) with suitable solution chemistry and/or ion
exchange models (Mangold and Tsang, 1991; Simunek and Suarez, 1994). The equilibrium
assumption itself for sorption or exchange is often also questionable. A number of chemicalkinetic and diffusion-controlled "physical" models have been used to describe nonequilibrium
transport. Attempts to model nonequilibrium transport have usually involved relatively simple
first-order (one-site) kinetic rate equations. More refined nonequilibrium models have invoked
the assumptions of two-site or multi-site sorption, and/or two-region (dual-porosity) transport
involving solute exchange between mobile and immobile liquid transport (e.g., Wagenet, 1983;
Brusseau et al., 1992). Models of this type have resulted in better descriptions of observed
laboratory and field transport data, in part by providing additional degrees of freedom for fitting
observed concentration distributions. It should be noted that similar problems related to
nonlinear and nonequilibrium sorption also pertain to the transport of organic solutes (MacKay
et al., 1985; Pinder and Abriola, 1986). Depending upon the type of chemical involved, models
to predict organic transport in the unsaturated zone may also need to account for volatilization,
microbial, chemical and photochemical transformations, and often multiphase flow with
partitioning between different fluid phases (McCarty et al., 1984; Widdowson et al, 1988;
Kaluarachchi and Parker, 1989).
The above limitations and assumptions regarding Eqs. (1) through (4) in Table 1 provide many
opportunities for research. Unfortunately, there is ample evidence to suggest that solutions of
these classical models, no matter how refined to include the most relevant chemical and
microbiological processes and soil properties, fail to accurately describe transfer processes in
most natural field soils. The one major factor responsible for this failure is the overwhelming
heterogeneity of the subsurface environment. Heterogeneity occurs at a hierarchy of spatial and
time scales (Wheatcraft and Cushman, 1991), ranging from microscopic scales involving timedependent chemical sorption and precipitation/dissolution reactions, to intermediate scales
involving the preferential movement of water and chemicals through macropores or fractures,
and to much large scales involving the spatial variability of soils across the landscape. Several
lines of research are being followed to deal with the different types of soil heterogeneity. On
the one hand, subsurface heterogeneity can be addressed in terms of process-based descriptions
which attempt to consider the effects of heterogeneity at one or several scales (kinetic sorption,
preferential flow, field-scale spatial variability). On the other hand, subsurface heterogeneity
is often also addressed using stochastic approaches which incorporate certain assumptions about
the transport process in the heterogeneous system. Much can be learned from both approaches.
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Preferential flow in structured media will be discussed below as an example of a process-based
approach, followed by a brief overview of stochastic approaches.
Preferential Flow in Structured Media
Most soils contain macropores or other structural features associated with interaggregate pores,
earthworm and gopher holes, decayed root channels, or drying cracks in fine-textured soils.
Water and dissolved chemicals can move into and through such structured media with widely
different velocities, thereby creating highly non-uniform flow fields. This process, often referred
to as preferential flow, macropore flow, or short-circuiting, has been shown to occur not only
in aggregated field soils (Beven and Germann, 1982; Gish and Shirmohammadi, 1991) and
unsaturated fractured rock (Wang, 1991), but also in seemingly homogeneous soils because of
fingering or some other unstable flow process (Hillel, 1993). While preferential flow can
significantly affect infiltration rates at the soil surface, and unsaturated water flow in general,
its main implications are likely the accelerated movement of surface-applied fertilizers,
pesticides or other pollutants into and through the unsaturated zone.
Transport processes in structured media are often described using dual-porosity, two-region, or
bi-continuum models. Models of this type assume that the medium consists of two interacting
pore regions, one associated with the macropore or fracture network, and one with the
micropores inside soil aggregates or rock matrix blocks. Different formulations arise depending
upon how water and solute movement in the micropore region are modeled, and how the
micropore and macropore regions are coupled.
Geometry-Based Models. A rigorous analysis of transport in structured soils can be made when
the medium is assumed to contain geometrically well-defined cylindrical, rectangular or other
types of macropores or fractures. Models may be formulated by assuming that the chemical is
transported by convection, and possibly by diffusion and dispersion, through the macropores,
while diffusion-type equations are used to describe the transfer of solutes from the larger pores
into the micropores of the soil matrix. Table 2 illustrates such a model for transport through
a soil system containing a series of parallel rectangular fractures. Similar models may be
formulated for other aggregate geometries. Geometry-based transport models like those in
Table 2 have been successfully applied to laboratory-scale experiments as well as to selected
field studies involving mostly saturated conditions. As an example, Figure 1 shows calculated
and observed CI effluent curves from a 76-cm long undisturbed column of fractured clayey till.
The extremely skewed (nonsigmoidal) shape of the effluent curve is a direct result of water and
dissolved chemical moving mostly through the fractures and bypassing the soil matrix.
While geometry-based models are conceptually attractive, they may be too complicated for
routine applications since structured field soils usually contain a mixture of aggregates of various
sizes and shapes. More importantly, the problem of macropore and fluid flow continuity is not
easily addressed with geometry-based flow models. The main objective of preferential flow
studies should not be to quantify the macropore or fracture network per se, but rather the fluid
flow network contained in some fashion within the fracture network. The issue of fluid flow
continuity is critical, in part also since the macropore domain itself may be subject to
preferential flow and channeling during unsaturated conditions. Finally, it is to be expected that
the preferential flow paths will change with the degree of saturation during unsaturated flow.
Some of these features are more easily considered using first-order models as discussed below.
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Table 2. Governing equations for transport through soil containing
parallel rectangular voids.
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where the subscripts ƒ and m refer to the interaggregate (fracture/) and intra-aggregate (matrix m)
pore regions, respectively, ca(zj,t) is the local concentration in the aggregate, x is the horizontal
coordinate, and Da is the effective soil or rock matrix diffusion coefficient. Equation (5) describes
vertical convective-dispersive transport through the fractures, while (6) accounts for linear diffusion
in slab of width 2a in the horizontal (x) direction. Equation (7) represents the average concentration
of the immobile soil matrix liquid phase Equations (5) and (6) are coupled using the assumption
of concentration continuity across the fracture/matrix interface:
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The water contents t^and dm in (6) are given in terms of the bulk soil volume, i.e.,
t>/ = w / e /
d„ = (1 - W/)dm

(9)

where wy is the volume of the fracture pore system relative to that of the total soil pore system.
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Fig. 1, Measured breakthrough curve for CI transport through fractured clayey till (open
circles; data from Grisak et al., 1980). The solid line was obtained with the exact solution
(e.g., van Genuchten, 1985) of the model in Table 2 using parameter values given by Grisak
et al. (1980). The dashed line was obtained by ignoring dispersion in the interaggregate
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Table 3. Governing equations for transport in structured media assuming first-order
solute exchange between mobile and immobile liquid regions:

dc,
dc
d X ' +d R —
r
' dt
- n dt

d2c,

= dB,
r t

dc,
l-ti.v'
dz>' dz

dc

nr\„\
(10a)
(10b)

where a is a first-order solute mass transfer coefficient characterizing diffusional exchange of solutes
between the mobile and immobile liquid phases. Notice that (10a) is identical to (5) for the
rectangular geometry-based model. The mass transfer coefficient is of the general form
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a - f^Et

«J

(lU,b)
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where 0 is a geometry-dependent shape factor, and a is the characteristic length of the aggregate
(e.g., the radius of a spherical or solid cylindrical aggregate, or half the width of a rectangular
aggregate). Equation ( l i b ) holds for a hollow cylindrical macropore for which $0 = bla where a now
represents the radius of the macropore and b the outer radius of the cylindrical soil mantle
surrounding the macropore. The value of 0 ranges from 3 for rectangular slabs to 15 for spherical
aggregates [van Genuchten and Dalton, 1990].

First-Order Models. Rather than using geometry-based transport models, many of the
preferential flow features can also be accounted for using models which assume first-order
exchange of solutes by diffusion between the macropore (mobile) and micropore (immobile)
liquid regions. Table 3 summarizes the governing equations for such an approach. Models of
this type have been popularly used in petroleum and chemical engineering studies; they lump
the effects of aggregate size, geometry, and the diffusion coefficient in the quasi-empirical mass
transfer coefficient, a. Because of their simplicity, first-order mobile-immobile models can be
included in one- and multi-dimensional numerical models with only minimal changes in the
computer codes. The applicability of first-order rate models to transport processes at the scale
of laboratory soil columns has been demonstrated in a large number of studies in the soil
physics literature (Niels'en et al., 1986; van Genuchten et al, 1990).
Extension to Variably-Saturated Flow. One limitation of mobile-immobile transport models
such as those described in Tables 2 and 3 is the assumption that water flow is limited to the
macropore region. This assumption is inconsistent with experimental observations which
indicate that water in the soil matrix is generally also mobile. Different types of models have
been proposed to simulate transport in variably-saturated structured media. As an example,
Table 4 summarizes the dual-porosity model developed by Gerke and van Genuchten (1993).
This model assumes that the Richards equation for transient water flow and the convectiondispersion equation for solute transport can be applied to each of the two pore systems.
Similarly as for the first-order mobile-immobile transport models, water and solute mass
transfer between the two pore systems is described with first-order rate equations. The model
in Table 4 contains two water retention functions, one for the matrix and one for the fracture
pore system, but three hydraulic conductivities functions: K;(hf) for the fracture network, Km{hm)
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for the matrix, and Ka(h) for the fracture/matrix interface. The KJiJi^) function is determined
by the structure of the fracture pore system, i.e., the size, geometry, continuity and wall
roughness of the fractures, and possibly the presence of fracture fillings. Similarly, Km{hm) is
determined by the hydraulic properties of single matrix blocks, and the degree of hydraulic
contact between adjoining matrix blocks during unsaturated flow. Finally, Ka{h) is the effective
hydraulic conductivity function to be used in Eq. (14) for describing the exchange of water
between the two pore systems.

Table 4 . Governing equations for variably-saturated flow and solute transport
in a dual-porosity medium [Gerke and van Genuchten, 1993]

Flow equations for the fracture (subscript,/) and matrix (subscript m) pore systems are, respectively,
C '
= ± (K> - K,) - —
' dt
dz
dz
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(12a)

C.*5s*«.££-*,)• J i .
m

(12b)
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where Vw describes the rate of exchange of water between the fracture and matrix regions:
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in which a w is a first-order mass transfer coefficient for water:
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where /3 and a are as defined in Table 3, K„ is the hydraulic conductivity of the fracture/matrix
interface, and yw ( = 0.4) is a dimensionless scaling factor. Solute transport for the fractures and
matrix are given by, respectively:
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where V, is the solute mass transfer term given by
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w

in which a is the same as used in the first-order mobile-immobile model (Table 3). The first term
on the right-hand side of (16) specifies the diffusion contribution to r „ while the second term gives
the convective contribution. The above variably-saturated dual-porosity transport model reduces to
the first-order model (Table 3) for conditions of steady-state flow in the fracture (macropore) region
and no flow in the matrix pore system (qm = Tw =0).
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Several important features of preferential flow are illustrated here by using the model in Table
4 to calculate the infiltration of water at a constant rate of 50 cm/day into a 40-cm deep
structured soil profile having an initially uniform pressure head of -1000 cm. Water is allowed
to infiltrate exclusively into the fracture pore system, thus assuming that the matrix pore system
at the soil surface is sealed. The hydraulic properties of the fracture and matrix pore systems
(Fig. 2) are indicative of relatively coarse- and fine-textured soils, respectively. The simulations
assume a macroporosity of 5% (w,,= 0.05), and rectangular aggregates (0 = 3) having a width of
2 cm (a = 1 cm). The hydraulic parameters for Ka{h) were assumed to be the same as those for
K„{hm), except for the saturated hydraulic conductivity which was decreased by a factor of 100.
Figure 3 shows simulated pressure head and water content distributions during infiltration. The
results indicate a rapid increase in the pressure head of the fracture pore system, but a
relatively slow response of the matrix (Fig. 3a). The resulting pressure head gradient between
the two pore systems causes water to flow from the fracture into the matrix pore system (Fig.
3b), thus increasing the water content of the matrix (Fig. 3c). Significant pressure head
differences between the two pore systems are still present when the infiltration front in the
fracture system reaches the bottom of the soil profile after approximately 0.08 days (Fig. 3a).
Notice that the water transfer rate, I\, is highest close to the infiltration front, and gradually
decreases toward the soil surface (Fig. 3b). The shapes of the recurves reflect the combined
effects on r„ of the pressure head difference between the two pore regions (which decreases
in time) and the value of Ka (which increases in time) at any point behind the wetting front.

3.0

0.1

0.2

0J

0.4

0.5

0.6

0.7

0.8

-10*

-10'

-10"

-10"

-10*

-10*

Pressure Head, h (cm)

Volumetric Water Content, 8
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Figure 4 shows the simulated concentration distributions. Results are for the infiltration of
solute-free water into a structured medium having a relative initial concentration of 1. The
calculations show that the solute concentrations in the fracture pore system initially decrease
rapidly as solute-free water infiltrates (Fig. 4a). Water with relatively low solute concentration
subsequently flows from the fracture into the matrix pore system (see also Figure 3b). At fhe
same time, however, solutes begin to diffuse back from the matrix into the fracture pore system
because of the large concentration gradients which develop between'the two pore systems (Fig.
4a). The net solute transfer rate, Ts, eventually becomes negative, indicating a net transfer
from the matrix into the fracture pore system (Fig. 4b). The solute mass in the matrix pore
system (dmcm) initially decreases only slightly (f = 0.01 days in Figure 4c), but starts to decrease
more rapidly at later times (f>0.04 days). The results in Figure 4 illustrate the extremely
transient and complicated nature of transport in a structured medium involving vertical
convective transport and dispersion, and horizontal mass transfer by convection and diffusion.
Simulations such as those shown in Figures 3 and 4 may be used to explain previously observed
effects.of several parameters on solute leaching during transient flow, including soil surface
boundary condition (Bond and Wierenga, 1990), water application rate (White et al„ 1986;
McLay et al.. 1991), and initial condition (Kluitenberg and Horton, 1990).
The potential value of process-based preferential flow simulations is further illustrated in Figure
5 which shows the sensitivity of the infiltration process to changes in the hydraulic conductivity
Kt of the fracture/matrix interface. Results obtained with a relatively large saturated
conductivity, Kia, of 1 cm/day (equal to the matrix conductivity) closely approximate the
limiting case of pressure head equilibrium (Fig. 5a) with little or no preferential flow. The
equilibrium moisture front reaches a depth of only 5 cm after 0.02 days. The water transfer
rates shown in Figure 5b are so high that the two pore systems quickly approach equilibrium
when K,a = 1 cm/day. However, for the smallest Ksa (0.001 cm/day) water percolated rapidly
downward through the fracture pore system to a depth of 35 cm during the same time period
(f = 0.02 days or 29 minutes). This last situation represents an extreme case of preferential flow
with significant pressure head differences between the two pore systems (Fig. 5a).
The results in Figure 5 are important since they indicate that equilibrium between the fracture
and matrix pore systems should be expected when the hydraulic conductivity, Ksa, of the matrix/
tracture interface is equal to the conductivity of the soil matrix (assuming a fracture spacing of
2 cm). For preferential flow to initiate, K!a must be much less than Ks„ of the matrix. This
conclusion is consistent with experimental studies which suggest that a soil aggregate may have
a higher local bulk density (and hence lower conductivity) near its surface than in the aggregate
center, presumably because of the deposition of organic matter, fine-texture mineral particles,
or various oxides and hydroxides on the aggregate exteriors or macropore walls. For example,
Wilding and Hallmark (1984) noted that ped argillans have been demonstrated to markedly
reduce rates of diffusion and mass flow from the ped surface to the soil matrix. Cutans,
consisting of coatings with modified physical, chemical or biological properties, may have
preferred orientations parallel to the aggregate surfaces', they are common in many clayey
horizons as a consequence of both natural and tillage-induced deformation. Unsaturated
fractured rock formations may exhibit similar features, i.e., fracture skins (Moench, 1984), or
other types of coatings (Wang and Narasimhan, 1985; Pruess and Wang, 1987; Thoma et al.,
1992) made up of fine clay particles, calcite, zeolites, or silicates, which may reduce the
hydraulic conductivity. Preferential flow within the macropores or fractures themselves also
17

i—H
-ir
10.-

x^

'""1

(o);

1

y

4

•r
-

ƒ

-

! '

W'
'

!

•
)

•

•

- -

20.-

Fracture Matrix
*—* *--*
s—o 0 - - 0

1.0
ai
B ~ o B — a 0.01
1
0.001

Ks

a

•

f

em/d
/
on/d
/
em/d /
em/d/

•

- •

• •

40.

-1000.

!

^

——^^ /

\ t
i

30.-

]"

•

-100.

-10.

Pressure Head, h (cm)

J

* — * 1.0 em/d
0—O 0.1 cm/d
a—o 0.01 cm/d
.001 cm/d

1

-

i

, , , , . .

i
'
' i ï I N 1., ,
100.H25
0JO
0.35
0.«
0.45
0.50
10.
Water Transfer Rate, V, (1/day) Volumetric Water Content, 6

o.

Fig. 5. Simulated distributions versus depth of (a) the pressure head, h, (b) the water
transfer rate, T^ and (c) the total volumetric water content, 0, for different values of the
interface hydraulic conductivity, K,a (r = 0.02 days, a- 1 cm).
contributes to a lower effective Ka(h). Such a situation would restrict water and solute exchange
between the two pore systems (notably infiltration into the matrix) to only a small portion of
the total interface area (Hoogmoed and Bouma, 1980), even in capillary-size pores (Omoti and
Wild, 1979). Hydrophobic fracture surfaces can similarly restrict the exchange between the two
pore systems.
Application of the model in Table 4 requires several hydraulic and other parameters which are
not easily measured. Estimates for the Kf- and ^„-functions (Fig. 2) may be obtained by
assuming that Kf is primarily the conductivity function in the wet range, while Km is the
conductivity in the dry range (Othmer et al, 1991; Durner, 1992; Peters and Klavetter, 1988).
Obtaining accurate estimates for the hydraulic properties of the fracture pore system from the
composite curves requires that the hydraulic functions be very well defined in the wet range.
This problem is indirectly demonstrated by Figure 2a which was obtained by assuming that the
fracture pore system comprises 5% of the porous medium. Notice that the retention function
of the matrix differs only minimally from that of the composite medium. Hence, it may be very
difficult in practice to estimate separate soil water retention curves of the fracture and matrix
pore systems using bulk soil measurements which generally contain some noise. By contrast,
it appears more promising to assess the contributions of macropores from an accurately
measured bulk hydraulic conductivity function near saturation (e.g., Smettem and Kirby, 1990).
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Finally, we note that the dual-porosity model in Table 4 assumes applicability of the Richards
equation, and hence of Darcy's law. This assumption may not be strictly correct for the fracture
pore system. However, given the uncertainties in all of the physical and chemical processes
related to preferential flow, the real issue is not necessarily the validity of Darcy's law as such,
but whether Darcy's law - even if formally invalid - can provide a useful description of the
preferential flow process. Alternative descriptions of the flow regime in fractures, such as
Manning's equation for turbulent overland flow, kinematic wave theory, or simple gravity-flow
models, may be too elaborate for routine use. Moreover, some of these approaches do not have
provisions for flow to occur from the micropores back into the fractures, e.g., at or near the
bottom boundary of a coarse-textured soil horizon overlaying a fine-textured horizon.
Stochastic Approaches
Dual-porosity type preferential flow models represent attempts to deal with pore structure
heterogeneity at spatial scales somewhere intermediate between laboratory-scale measurements
and the larger field scale. As such they are useful for predicting predominantly vertical
transport in structured but areally homogeneous field soils. Unfortunately, few soils are areally
homogeneous. This is illustrated in Figure 6 which shows measured bromide concentrations
some 400 days after application of an areally uniform instantaneous bromide pulse to the
surface of a field soil in Switzerland. The unequal distribution of the tracer, especially
horizontally along the transect, raises important questions about how to design effective field
sampling programs, which field instrumental methods to use for sampling, and how to simulate
the heterogeneous field-scale transport process.
The enormous variability of the subsurface environment, and the imprecision with which
parameters and processes can be measured, has led to the adoption of stochastic models and
geostatistical procedures to assist in the prediction and monitoring of contaminant transport in
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Fig. 6. Observed gravimetric bromide concentrations (mg per kg dry soil) 399 days after
application of a bromide tracer pulse to the soil surface (after Schulin et.al., 1987).
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the unsaturated zone. A large number of stochastic approaches are currently available (Dagan,
1989; Jury and Roth, 1990), including scaling theories, Monte Carlo methods, and stochasticcontinuum models. A common assumption of most stochastic transport models is that
parameters are treated as random variables with values assigned according to a given
probability distribution. In practice, the stochastic approach is often used with several
simplifying assumptions, including (1) the stationarity hypothesis which assumes that a random
parameter has the same probability density function (pdf) at every point in the field, and (2)
the ergodicity hypothesis which states that ensemble averages can be replaced by spatial
averages, and that spatial replicates can be used to construct the appropriate pdfs for the
transport parameters.
Current scaling theories applied to field-scale flow and transport problems have evolved from
the early work of Miller and Miller (1956) on microscopic geometric similitude. The approach
considers different regions of a heterogeneous field soil to be similar if their microscopic
geometric structures are scale magnifications of each other. Transport parameters at any point
within a given field soil are related to the parameters at an arbitrary reference point through
iength scale ratios, or scaling factors. Hydraulic conductivity and soil water retention
parameters at a particular location in the field are then calculated from those of the reference
soil by means of prescribed equations (Nielsen et al, 1983; Sposito and Jury, 1985). Recent
work (Jury et al., 1987; Vogel et al., 1991) suggests that two or more scaling factors may be
needed for soils which are not strictly similar. Most previous applications of scaling theory to
field problems assumed that the scaling factor is a random variable characterized by a certain
probability density function. The method has been a central part of the stochastic flow and
transport models of Bresler and Dagan (1983) and Dagan and Bresler (1983).
Monte Carlo simulations assume that the flow and transport parameters are random variables
with values assigned from a joint pdf. The water flow or solute transport equations are
repeatedly solved using coefficient values from the assumed pdf until a large number of possible
outcomes has been generated. These outcomes are then used to calculate sample means and
variances of the underlying stochastic transfer process. The method may be used to
demonstrate, among other things, that macrodispersion in field soils is affected primarily by
pore-water velocity variations, and much less by local dispersion phenomena (AmoozegardFard et al. 1982; Persaud et al., 1985).
Stochastic continuum models were initially used primarily in groundwater studies (e.g., Gelhar
et al., 1979; Gelhar and Axness, 1983). In these models all random variables are represented
by the sum of their mean values plus random fluctuations which, when substituted into the
convection-dispersion equation (Eq. 4), lead to a new mean transport model with additional
terms. The modified model may be evaluated by deriving first-order approximations for the
fluctuations and solved by means of Fourier transforms. The approach leads to, among other
things, a macro-scale dispersion coefficient whose value is reached asymptotically as distance
and/or time increase. Spatial correlations of solute velocity variations characterized by its
autocorrelation function, have been shown to play important roles in the derivation of the
asymptotic convection-dispersion equation (Sposito et al., 1986).
A different continuum approach was followed by Simmons (1982) who neglected the dispersion
coefficient D in Eq. (4), and developed a formal theoretical approach using the pore-water
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velocity and the travel time as random variables. Jury (1982) initially also neglected D in his
development of the transfer function model (TFM) of solute transport. The TFM involves the
use of a probability density function, fL(t), of travel times from the soil surface down to some
reference depth L. The travel time probability density function for many transport experiments
is given by a lognormal distribution. The flux concentration in the profile is represented with
a convolution integral oifL(t) and the imposed flux concentration at the soil surface. Transfer
function models are expected to find increasingly wider applications in subsurface solute
transport as the underlying theory is being strengthened by the incorporation of a variety of
physical, chemical and biological processes (Jury and Roth, 1990; Sardin et al, 1991).
Several other statistical approaches exist, including the use of continuous Markov processes
(e.g., Knighton and Wagenet, 1987), fractal-mathematics (Wheatcraft and Cushman, 1991),
random walk methods (Kinzelbach, 1988), and a variety of procedures based on moment
analysis (Cvetkovic, 1991). More work in these areas of research can be expected in the near
future. While useful, the real challenge is to eventually include in the stochastic approach those
physical, chemical and microbiological processes and soil properties known to affect
macroscopic transport behavior. In other words, the challenge is to combine stochastic behavior
with process-based knowledge that so painstakingly has been obtained over the past several
hundred or more years. It would be a major error to ignore this knowledge and to resort to
a purely empirical-statistical description of field-scale transport processes. Moreover, several
farming practices or edaphic factors sometimes combine to produce an apparent stochastic
situation which, upon closer inspection, may be described or interpreted more advantageously
in terms of deterministic processes or soil properties. An excellent example is given by Rhoades
(1994) on field-scale variations in soil salinity measured with standard methods as well as using
an automated, tractor-driven measurement system.
Parameter Estimation
The past several decades has seen a tremendous increase in the development and use of
computer models simulating various aspects of water and solute movement in the unsaturated
zone. The rapid proliferation of computer models in research and management will likely
continue as computer costs keep decreasing and the need for more realistic predictions
increases. Unfortunately, the simulation of field-scale processes requires considerable effort in
quantifying a large number of spatially and temporally variable soil hydraulic and solute
transport parameters. It is likely that the completeness of experimental data, and the accuracy
of the estimated model parameters, eventually will become critical factors determining the
usefulness of site-specific simulations. Many of our current methods for measuring relevant
unsaturated flow and transport parameters are largely those that were introduced several
decades ago (Klute, 1986; Dane and Molz, 1991). New methods and technologies of
measurement are critically needed to keep pace with our ability to simulate increasingly
complex laboratory and field systems. New or improved instrumental methods must be
developed to more accurately and cost-effectively measure pertinent physical and chemical soil
properties, including especially the unsaturated hydraulic functions. At the same time, given
suitable instrumentation, challenges are to improve current methods for sampling design and
optimal analysis of laboratory and field experiments.
Instrumental Techniques. A number of potentially very powerful geophysical and related
approaches are now available for rapid non-invasive as well as in-situ measurements within the
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unsaturated zone. Among the non-invasive methods are (a) electromagnetic methods (EM) for
characterizing soil salinity and water content, (b) ground penetrating radar (GPR) methods for
detecting subsoil layers (e.g., those causing preferential flow), (c) nuclear magnetic resonance
(NMR) techniques for studying soil porosity and permeability, and (d) X-ray computed
tomography (CT) for studying, among other things, the three-dimensional geometry and
continuity of macropores. Similarly, time-domain reflectometry (TDR) methods are increasingly
being used for in-situ measurements of water content and/or salinity distributions, both in the
laboratory as well as in the field. The same is true for remote sensing techniques to obtain
spatial and temporal distributions of soil moisture. More sophisticated equipment for
measuring the soil hydraulic conductivity is also becoming available, including a variety of new
or improved borehole and disk permeameters.
Inverse Methods. Inverse procedures provide potentially powerful methodologies to more
accurately estimate a large number of water flow, solute transport, and other parameters. Early
studies using inverse procedures focused primarily on solute transport problems by coupling
appropriate parameter optimization methods with analytical solutions of the convectiondispersion equations (e.g., van Genuchten, 1981). Starting with the studies of Zachmann et al.
(1981) and Dane and Hruska (1983), the method was later extended to the analysis of
unsaturated soil hydraulic functions. Computer models applicable to one-step and multi-step
laboratory outflow measurements are given by Kool et al. (1985), van Dam et al., (1990) and
Eching and Hopmans (1993). While initially applied primarily to laboratory type experiments,
inverse methods are equally well applicable to field data, or some appropriate combination of
field and laboratory data. As such, inverse methods are extremely flexible and could involve
nearly any combination of observed water flow data (water contents, pressure heads, fluxes),
solute transport data (concentrations, fluxes), and heat transfer data (temperature, heat fluxes),
to yield simultaneously estimated hydraulic parameters (hysteretic water retention and
unsaturated conductivity parameters), solute transport parameters (pore-water velocities,
retardation factors, dispersion coefficients, degradation coefficient, nonequilibrium rate
coefficients), and/or heat transfer parameters (soil thermal conductivity, volumetric heat
capacity). Formally, there is also no reason to limit the analysis to only one- or two-dimensions.
Application of inverse methods to observed field data appears especially promising, e.g.,
procedures that estimate soil hydraulic parameters from infiltration experiments (Russo et al,
1991) rather than using the much more time-consuming gravity-drainage (instantaneous profile)
approach (Shouse et al, 1992). Another advantage of inverse procedures, if formulated within
the context of a parameter optimization problem, is that a detailed error analysis of the
estimated parameter can be incorporated more easily into the procedure. Inverse procedures
may prove to be very appropriate for estimating regional-scale effective soil hydraulic
parameters, either by appropriately manipulating in-situ measurement of the hydraulic
properties as shown by Feddes et al. (1993), or perhaps by using remotely-sensed measurements
of the soil surface water content.
Concluding Remarks
This paper gives a brief overview of some of the issues facing soil physicists and others in
accurately predicting, measuring, and managing water and chemical transport processes in the
unsaturated zone. The rapidly increasing problems of soil and water pollution require an
integrated, multi-disciplinary research effort involving contributions within the soil sciences from
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soil physicists, soil biologists, soil morphologists and soil geneticists, as well as expertise from
outside soil science in hydrology, geology, micrometeorology, the atmospheric sciences, and
especially mathematics and computer science. The implementation of a multidisciplinary
approach is predicated first and foremost by a level of awareness that such an approach is
needed in our own individual research effort, rather than necessarily being a member of a large
mission-oriented multidisciplinary research group. As such, I do believe that the international
soil science community needs to restructure some of its activities. For example, most members
of the Soil Science Society of America (SSSA) and the International Soil Science Society (ISSS)
operate and publish their research products within strongly disciplinary divisions or
commissions, with a concomitant lack of interaction across disciplinary boundaries.
We also must do a better job in documenting our research products. A large number of models
have been developed for predicting water and contaminant transport in the subsurface, as well
as for geostatistically analyzing spatially variable soil properties. These models must be
documented and made available more effectively to our peers, as well as to users in extension
or the private sector. An international clearinghouse (van der Heijde, 1993) for computer
models has been established for this purpose. A similar clearinghouse is sorely needed for
databases on flow and transport experiments carried out by soil physicists and others. Designing
and conducting field experiments on water flow and solute transport, especially in naturally
heterogeneous field soils, can be extremely costly and time-consuming in terms of manpower,
equipment, and analytical expenses. It is imperative that such experiments be properly
documented and its results be made available to the scientific community at large. The same
is true for the documentation of measured unsaturated soil hydraulic data sets (van Genuchten
and Leij, 1992). Some of these data sets are the results of thousands of hours of work. The
International Soil Science Society could play an important leadership role in such efforts to
document research results.
Finally, the need for a more broadly defined soil physics/soil science framework has many
educational implications. We, as soil physicists, must become increasingly familiar with the
principles of computer science, mathematics, fluid dynamics, hydrogeology, and
micrometeorology, and perhaps also with such topics as radiation physics, ecosystems
management, and global-scale hydrology. This training should not only occur at the level of
graduate education, but.also at the undergraduate level or even earlier (see also discussion in
Sposito and Reginato, 1992).
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Introduction. Historically the interest in chemical processes in the soil originated
from the interest in soil fertility and plant nutrition. At present there is an increasing
interest in these processes from people who are interested in eco-toxicology,
environmental soil science, surface-water and groundwater quality and for
development of physical-chemical or biotechnological treatment processes to clean
polluted soil. Already a long time ago it was realised that a fundamental approach is
required if one wants to understand the relevant chemical processes in natural
systems.
In this respect it is interesting to note that the Dutch agricultural chemist Jacob
Maarten van Bemmelen who became professor in 1874 is seen as one of the founders
of colloid chemistry (1). Van Bemmelen was amongst others interested in adsorption
phenomena in soils and introduced the empirical adsorption equation that is normally
referred to as the Freundlich equation (2). Sposito refers to this equation as the Van
Bemmelen-Freundlich equation (3, 4).
In many cases one is interested in the relationship between the content of a chemical
in a particular soil, sediment or aquifer and its effect. This effect may be uptake by
biota, toxic effects or enhanced leaching to the groundwater.
The relationship between the content of a chemical and its effect in a soil system is
often of a complex, non linear nature, due to the chemical and physical interactions
between the chemical and the soil matrix. These interactions depend amongst others
on the composition of the soil solid phase and factors like pH, redox potential, salt
level and the presence of dissolved complex forming agents like fulvic and humic
acids.
Due to the complexity of the soil system and due to a lack of fundamental knowledge,
in general, the fate of a chemical in a soil cannot be predicted on the basis of
fundamental knowledge only. However, our knowledge of basic interaction processes
is increasing rapidly and this knowledge can already at present contribute to help
solve actual problems.
New techniques like Atomic Force Microscopy (AFM), and Scanning Tunnelling
Microscopy (STM) make it possible to study the surface of minerals with atomic
scale resolution (5-7). The structure of chemical species bound to a surface can be
derived from spectroscopic techniques like NMR and EXAFS (8, 9).
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However, knowledge of the exact composition of a surface and of the structure of
adsorbed species alone is not sufficient for a quantitative description of the interaction
between the surface and the solution. Other factors that can affect the distribution of a
chemical over the surface sites and the solution are the electrical charge and/or the
potential of the surface, the density of reactive surface groups, the affinity of a
chemical species for a certain type of reactive site and the competition of other
species for the same sites. Due to heterogeneity various reactive site types may be
present that differ in their affinity for a given chemical species. The combination of
competitive binding with a heterogeneous surface leads to a very complex situation,
which may even be further complicated by the presence of a variable charge and
potential. The complexity is not only a challenge from a modelling perspective, but
also from an experimental point of view. For instance, one may be interested in metal
ion binding to organic matter as present in soil. Cadmium binding in acid soils is
considered to be caused mainly by binding to soil organic matter (10, II). However,
the binding is not only influenced by the organic matter content and the cadmium
concentration in the solution, it is also affected by the pH, the calcium concentration,
the aluminium concentration, and the salt level in the solution, just to mention a few
important factors.
The possible relevant combinations of solution compositions for which binding can
be studied increases dramatically with the increase in the number of interacting
components. The range in relevant solution concentrations can also be extremely
large. The dissolved cadmium concentration in an acid forest soil is found to be 4 to
10 nanomolar (12), whereas it can be many orders of magnitude higher for soils that
are polluted with cadmium. Multi-element measuring in soil solutions is now possible
with instruments like ICP and ICP-MS (13-15). The relevant range in pH and salt
level can also be very wide. In acid soils pH values of 3 are quite possible, whereas
the leachate of incinerated waste materials (e.g. flye ash) can have a pH as high as 12.
In this manuscript recent developments in modelling of ion binding by natural
heterogeneous colloids will be discussed, focusing on metal(hydr)oxides and
humic/fulvic acids.
Ion binding to metal(hydr)oxides
Metal(hydr)oxides like iron(hydr)oxides, and aluminiumhydroxide play an important
role in the environment in the binding of especially anions like phosphate, molybdate,
arsenate, arsenite, vanadate, sulphate and fluoride. Apart from anions, also many
cations bind chemically to metal(hydr)oxides. The ion binding characteristics of
metal(hydr)oxides have been studied intensively over the past two decades by soil
chemists, aquatic chemists and physical chemists. The research group of Posner and
Quirk was among the first who tried to interpret the basic charging characteristics of
metal(hydr)oxides as a function of pH (16-18).
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They considered the surface charge to arise from adsorption of H + and OH".
Depending on the pH, the surface concentration of adsorbed protons and hydroxyl
ions will vary resulting in a surface that can be either positively charged, neutral, or
negatively charged. Their approach can be represented as:
S + H+&SH+
S + OH- <Z> SOH-

KH

(1)

K0H

(2)

where S represents an "empty" surface site, and SH + and SOH" indicate these sites
when occupied with respectively a proton and a hydroxyl ion.
For the expression of the equilibrium constant one should use activities. The activity
coefficient for dissolved species that participate in surface reactions includes a
Boltzman factor that accounts for the fact that the concentration in the vicinity of the
surface differs from that in the bulk of the solution due to the presence of an electrical
surface potential. For a mathematical model description one therefore needs to make
an assumption about the double layer structure in order to be able to calculate the
surface potential.
This basic charging model was extended to include ion binding by considering that
ions adsorb some distance away from the surface. In the approach as followed by
Posner, Quirk and co-workers, each type of adsorbing ion is positioned at its own
adsorption plane, has its own affinity constant, and is assigned its own number of
adsorption sites which are fully independent from the surface sites for protons and
hydroxyl ions. This leads to a model with very many parameters that are obtained by
fitting data to the model. The approach is quite successful in the description of all
kinds of data (18)
Most aquatic and physical chemists (19-21) base the charging reaction on a seqential
two step protonation reaction:
SO- + H+ <X> SOH°

KH1

(3)

SOH° + H+ <Z> SOH2+

KH2

(4)

From a macroscopic point of view there is no difference between the two approaches.
Eq. (1) is identical with eq. (4), the only difference being the notation of the surface
species written as S or SOH 0 . Because of the presence of water, the concentration of
protons and hydroxyl are not independent. Binding of a hydroxyl ion to the surface is
therefore macroscopically indistinguishable from release of a proton from the surface
and vice-versa. One can therefore only measure the change in the quantity of
adsorbed protons minus adsorbed hydroxyl ions (Tn - VQH). On a macroscopic level
eq. (2) and (3) are therefore equivalent, with
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K

H1 = (KOH Kw)'1

(5)

Kw being the dissociation constant of water. An essential difference between the
Posner and Quirk approach and the approach that most others follow, is in the
extension of the model to include ion binding. In the latter case ion binding occurs via
competition. Ion binding in case of outer-sphere complexes is considered to occur via
pair formation with SOH + groups in case of adsorption of negative species or with
SO" groups in case of positive species (22) and inner- and outer-sphere complexes are
essentially differentiated on the basis of the distance between the surface plane and
the location of the center of charge of the bound ion (inner- and outer-HP). Innersphere complexes are considered to be formed via ligand exchange with the same
surface groups that bind protons (4, 19-23).
The most recent approach of the metalhydroxide surface is due to Hiemstra and Van
Riemsdijk (24-28). Starting point for this method is that the basic surface charge of a
reactive group present at the surface can be derived from the charge of the (hydr)oxy
group itself plus the charge contribution of metal ions in the solid that are coordinated
to the reactive surface oxygen or hydroxyl, according to Paulings bond valence concept. In this concept the charge of the metal ion is distributed over the coordinating
ligands (bonds), the charge per bond is called the bond valence. In case of an equal
distribution of cationic charge over the coordinating ligands, the bond valence equals
the cationic charge divided by the coordination number of the cation. The charge in
the mineral structure is balanced when the sum of the bond valences reaching an
anion in the structure equals the charge of that anion.
To illustrate this concept let us consider gibbsite. The basal plane of the gibbsite
surface consists of hydroxyl groups that have an overall charge of zero. This follows
form the bondvalence concept, since each surface hydroxyl in this plane is
coordinated to two underlying aluminium groups of which the coordination number is
six. The Al-OH bond valence is thus 3+/6 = 0.5+, and the two bonds neutralize the
charge of the surface hydroxyl. This type of surface group therefore exactly corresponds with the abstract notation SOH° as given in eq. (3 and 4). Whether or not, and
to what extent such a plane develops a charge depends on the value of the affinity
constants as given in eq. (3) and (4).
At the edge faces of a gibbsite crystal oxygens occur that are coordinated to one
underlying aluminium cation only. By similar reasoning as given before, it follows
that the charge of such a type of surface oxygen equals -2 + 0.5 = -1.5. Adsorption of
a proton to this type of oxygen leads to a surface hydroxyl with a net charge of -0.5,.
and adsorption of a second proton leads to the formation of a surface -OH2 group
with a charge of +0.5. From this reasoning it follows that the net charge of this type
of surface oxygen can never by fully neutralised by adsorption of protons. The
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charging reactions for a surface oxygen that is singly coordinated to an underlying
aluminium group (six fold coordination) can thus be represented as:
SO15' + H+ O SOH05-

(6)

SOH0-S- + H+ <> SOH2°-5+

(7)

One needs only little imagination to understand that the proton affinity constant of eq.
(6) is expected to be very high, effectively preventing the occurrence of the very high
local charge density (-1.5) around the singly coordinated oxygen. Also in oxy-anions
like phosphate the negative charge on one oxygen group never exceeds minus one.
The dependency of the charge of the surface hydroxyls on their coordination,
logically leads to a difference in proton affinity for different types of reactive surface
oxygens present on minerals surfaces. This also implies, that since the surface
composition of different crystal planes can be different, that the charging characteristics of these crystal planes are expected to be different.
The above ideas are worked out in the MUSIC-model (MUlti Site Complexation) by
Hiemstra and Van Riemsdijk (24-29) Moreover, the MUSIC-model allows for a priori
estimates of the proton affinity constants for the different types of surface oxygens for
a series of (hydr)oxides by comparing the surface reactions with their analogues in
bulk solution.
The MUSIC-model predicts that the AlogK between the two proton affinity reactions
is expected to be in the order of 14 logK units. This indicates that in a normal pHrange only one of the two possible protonation steps of surface oxygens is of practical
relevance. For a singly coordinated oxygen on a silica surface it is found that the
charging reactions follow eq. (3) and (4), because the charge attributed by the silicon
group equals 4/4 = +1. Due to the large difference between the pK-values, eq. (3) is
of relevance. Similarly, for an aluminium hydroxide mineral like gibbsite eq. (7) is
the relevant charging reaction under normal pH-conditions.
The essential difference between eq. (7) and eq. (3) is the formal charge of the surface
species. The charges of the two surface species strongly affect the resulting shape of
the pH-dependent charging curve via the relationship between surface charge and
surface potential. In case of eq. (3) as the only relevant charging equation, the surface
charge is predicted to go asymptotically to zero at low pH where the SOH group
dominates, whereas in case of eq. (7) a sharp pzc will be observed at equal densities
of SOH1/2+ and SOH1/2+. In the latter case the pzc is equal to the value of logKj-i of
eq. (7). The power of this concept of surface charge development is illustrated in fig.
1. Figure 1 shows that the completely different shape in charging curves of silica and
gibbsite that is predicted by the model is also observed in practice. The data as
presented in fig. 1 can be described using only one proton affinity constant for each
surface (25, 27).
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Fig.l: Surface charge versus pH for the edge surface of gibbsite and for
silica, data are taken from literature. Lines are calculated using the
MUSIC model.
The MUSIC-concept can be extended to include formation of inner-sphere and outersphere surface complexes (28-30). A manuscript is in preparation where this extended
concept is worked out in detail and is tested for phosphate adsorption on goethite
(29). Phosphate adsorption on goethite is chosen to test the new approach because ol
the extensive information that is available. The various types of adsorbed phosphate
species that are present at the surface have been derived from spectroscopic informa
tion in combination with zeta potential measurements (31). The same study gives alsc
quantitative information on the relative importance of the various surface species as ;
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function of pH and phosphate concentration. The exchange ratio between phosphate
and hydroxyl (29) and the salt dependence of phosphate adsorption has been
measured (32). Competition between phosphate and other ions like selinite has also
been studied (33). A physically realistic model should be able to produce results that
are in accord with all this information. None of the existing attempts to model
phosphate adsorption on goethite is in full agreement with the available experimental
evidence.
That the fundamental work on ion binding to metal(hydr)oxides has also a potential to
predict ion binding in soils is shown by Meeussen et al. (34). In order to be able to
apply the MUSIC type of approach to soils, its is necessary to estimate the reactive
surface area of the iron- and aluminium (hydr)oxides. Meeussen et al. used the
amount of iron and aluminium as extracted in an acid ammonium oxalate as the soil
factor that determines the specific surface area of the metal(hydr)oxides. Using a
linear correlation between the extractable metal content and the specific surface area
led to quite reasonable predictions for fluoride transport in soil columns that differed
considerably in the content of extractable iron and aluminium. A value of around 44
m2 per mmol of extractable iron and aluminium gave reasonable results for the sandy
soils that were used in the experiments. This value corresponds with an estimated
specific surface area of 480 m2/g for the iron(hydr)oxides of the soils. The affinity
constants used for the various surface species were derived from fundamental studies
of fluoride adsorption on goethite and gibbsite as a function of pH.
In soils the kinetics of adsorption and desorption may be much slower than what is
observed for model colloids. At present our understanding of the slow kinetics of ion
adsorption and desorption in soils is rather limited.
Ion binding to humic and fulvic acids
Natural organic matter in soils plays an important role in many respects. In the field
of environmental chemistry, ion-binding and sorption of organic contaminants are
important processes. In order to understand the basic behaviour of soil organic matter
it is of interest to isolate and purify certain fractions of soil organic matter and study
their behaviour in detail. The most studied fractions are the humic acids and the
fulvic acids. Humic and fulvic acids are mixtures of complex molecules. Several well
known (soil) chemists (e.g. 35-42) have studied many aspects of these type of
molecules. Although metal ion binding to humic substances has been studied for quite
some time it is still not fully understood.
The basic charging reaction of humics arises primarily from dissociation of various
carboxylic and phenolic type groups. This charge creates an electrostatic potential
which will affect the ion binding and vice versa. The molecules can change in size
and shape as a function of the variation in charge and potential. These conformational
effects may also affect the ion binding. In contrast with metal(hydr)oxides it is for
humic and fulvic acids not possible to describe the observed charging behaviour
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using a few discrete intrinsic proton affinity constants in combination with a double
layer model. Compared to metal(hydr)oxides the behaviour appears to be much more
strongly influenced by chemical heterogeneity and to a lesser extent by electrostatic
effects.
It is of interest to analyze the heterogeneity in more detail, because of its relatively
strong effect on the ion binding. For a mono-component binding process it is possible
to derive the affinity distribution from the binding data (43-44). For humic and fulvic
acids only proton binding in the presence of monovalent counter ions like sodium or
potassium can be treated as a (pseudo) mono-component system. Conductivity
measurements indicate that these type of counter ions are predominantly nonspecifically bound in the diffuse double layer of the natural organic acids (45).
Binding of protons can be measured accurately by means of a computer controlled
titrator (46, 47). The affinity distribution can be obtained from such measurements
using heterogeneity analysis techniques (44, 48-51). A detailed description of the
application of such techniques to obtain proton affinity distributions for humic substances is given by Nederlof et al. (44). The proton affinity distribution obtained is a
function of the salt level for which the proton binding is studied if no correction is
made for electrostatics. In principle a complete affinity distribution can be obtained if
accurate binding data are available going from full protonation to full deprotonation.
Unfortunately, in practice, a complete affinity distribution cannot be obtained due to
experimental limitations at very low pH and very high pH.
The effect of electrostatics on the binding behaviour can be analysed separately from
the heterogeneity analysis using proton binding curves (which are equivalent to
charging curves) measured at a series of (monovalent) salt levels. The electrostatic
effect can be analysed by using a chosen double layer model to account for the salt
concentration effect on the proton binding. With the double layer model, the
electrostatic potential and thus the Boltzman factor can be calculated for each
measurement (o, pH) point, where a is the charge density. The product of the
Boltzmann factor and the proton concentration in the solution is the proton
concentration at the location of the binding site [H$]. Once [H$] is calculated the
proton charge can be replotted as a function of pH$. In this charge pH$ plot, data
measured at various salt levels should merge into a single master curve, provided that
the chosen double layer model was appropriate (52). The master curve can be
analysed to obtain an "intrinsic" proton affinity distribution (44).
Humic and fulvic acid "particles" are so small that double layer models based on a
planar geometry are generally not appropriate. Better results are obtained with
spherical or cylindrical double layer models (52-56). By analysing a large number of
data sets De Wit et al. (53-54) have shown that fulvic and humic acids can be
modelled as spheres with radii of about 1 to 2 nm.
The molecular weight can also be estimated from the data analysis and ranges from
around 600 to 1500 g mol"l for the fulvic acids. These values correspond reasonably
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well with independent measurements of molecular weight of fulvic acids (40, 57) and
may support the assumption of a spherical geometry. For the larger humic acids the
picture is less clear. Chen and co-workers are clearly in favour of a cylindrical
geometry for humic acids ( 39, 55 ).
The intrinsic proton affinity distributions that can be derived from data sets, which
cover a limited pH range, show only one rather broad peak. The position of this peak
varies between logK^ = 2.95 and logKjj = 3.80 (54). These values correspond with
affinity constants that are representative of carboxylate groups. A second peak can be
seen in the affinity distribution based on acid-base titration data that have been
extended to high enough pH values. The second peak is centred somewhere between
logKH = 8.4 and logKH = 9.8 (44 ,47, 53, 54). The two peaks are most clearly
resolved from the data set of Milne et al. (4V) as is shown in fig. 2.
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Fig.2: The proton affinity distribution of a humic acid as derived
from acid/base titration data (measured at 0.1M KNO3).
Based on the heterogeneity analysis one can select a model to represent the proton
binding behaviour. In literature two approaches can be found. Those who are in
favour of representing the system as a set of discrete ligands, and those who favour
the use of a binding model that is based on a continuous affinity distribution.
Considering the smooth and wide distribution that is shown in fig. 2 the choice of a
model that is based on a continuous distribution seems logical. However, a set
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The shape of the affinity distribution obtained is quite similar to the so called SipsDistribution underlying the Langmuir-Freundlich (LF) adsorption model. For this
model an analytical binding equation is available (58).
A combination of two LF equations is required if the distribution shows two broad
peaks. With a bimodal LF equation an excellent description of the measured proton
binding data to humics can be given (44). The analysis of experimental results shows
that the proton binding to humics and fulvics can only be understood if the strong
chemical heterogeneity is taken into account. The challenge is now to extend the
approach to pH dependent metal ion binding.
The first type of extension of the mono-component LF equation into an analytical
competitive binding equation has been made by assuming that for a particular
heterogeneous substrate the shape of the affinity distribution for different adsorbing
species is the same for all species (43). The difference between the adsorbing species
is the value of logKi. Although this approach is an important step forward, it does not
lead to a really satisfactory description of pH dependent metal ion binding to humic
substances (59, 60). The use of the competitive LF equation in combination with the
double layer model does not lead to a much better description.
Very recently (60) a second type of extension of the LF equation has been suggested
in which the non-ideality of the adsorption process is incorporated explicitly. To
illustrate this model we first consider the mono-component LF equation:

( ~ Y1
9„=

, \

(8)

m

where 6 ^ is the fractional coverage of the heterogeneous substrate with adsorbate i,
Ki the peak position in the underlying distribution, mi the width of the distribution
and cj the concentration of i.
When mj is different for different adsorbing species extension of eq. (8) to the
"classical" competitive LF equation is not possible, because this equation is based on
congruent distribution functions. To solve this problem component specific nonideality has to be incorporated. An elegant way to do this is by realizing that eq. (8) is
also known as the (extended) Henderson-Hasselbach (HH) equation (61). The HH
equation is used to describe ion binding to homogeneous polyelectrolytes (61, 62).
The exponent m is in that case due to lateral electrostatic repulsion. A combination of
a Sips distribution of the heterogeneity with component specific "non-ideality" that
conforms to a HH equation, results in an overall binding equation that has the same
form as eq. (8) but the meaning of the exponent is different. Using n; for the HH
contribution and p for the contribution due to the surface heterogeneity, the new equation for monocomponent adsorption on a heterogeneous surface can be written as:
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The exponent p is considered to be a surface characteristic that is the same for all
components.
The non-ideality for humic and fulvic acids may be a combination of several factors
like, electrostatic effects, component specific heterogeneity or conformational effects.
The distinction of nj and p may not be essential in case of mono-component binding,
it is crucial in case of competitive binding to heterogeneous colloids.
Similarly as has been done for eq. (8), it is possible to extend eq. (9) to
multicomponent competitive adsorption (59, 60).
The result is called the NICA (Non Ideal Competitive Adsorption) equation. The
relative coverage of the heterogeneous substrate with species i is expressed by:

o

{i,(k,c,r}"

Eq. (10) reduces to the classical competitive LF equation if all nj's are set equal to
one.
The adsorption of a metal ion to a humic substance, considering the metal ion and the
proton to be in competition for the same sites can be derived from eq. (10) and
equals.

(K„C,)
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where Q ^ is the moles of metal bound per unit amount of substrate and Q M 4 X ' S
total number of sites in moles per unit amount of substrate.
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the limit for very low metal ion concentrations \KMCM)
will be much smaller than
(JLC„)"" Eq. (11) reduces under these conditions to a simple Freundlich type
equation;
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where Kf is a conditional constant because it depends on the pH. Other factors that
affect Kf are the binding maximum QMAX* t n e average affinity constants KH and
KM and the exponents n# n^ and pAccording to eq. (12) the value of n^/ can be derived relatively easily from
experimental information, by measuring the limiting slope at low metal ion activities
of a log-log plot of the bound metal versus the free metal ion concentration. This is
done preferably at relatively low pH to ensure that the conditions that are required to
allow for the reduction of eq. (10) to eq. (12) are as closely as met possible. A simple
limiting equation can also be derived for the shift of the curve of a Freundlich plot at
constant (low) amount of metal bound as a function of pH:
ApM = -n"^P~lt

ApH

(13)

n

M

The conditions that are required for eq. (13) to hold are very low concentration of free
metal and not too low pH values (\KMCM)
« \KHCH)
and \KHCH)
« l)- Eq.
(13) illustrates the complexity of the pH-depence of the metal ion binding, even under
limiting conditions. From measurements of metal ion binding measured for different
(constant) pH value an estimate can be obtained of the term n# (p-1) from the
Freundlich plot, once n ^ has been estimated from the limiting slope.
The individual values of p and my can be estimated from eq. (13) if the proton
binding behaviour of the heterogeneous substrate has been analysed separately. Such
an analysis gives the product of p and n# (see eq. (9), which is equal to m# (see eq.
(8)). The value of p and n# can still be estimated graphically if no proton data are
available by making an assumption on the value of m//.The value of m// for the
carboxylic acid type groups of humic and fulvic acids is typically around 0.45 + 0.10
(54). Koopal et al. (60) have applied the NICA model to describe the pH dependent
cadmium binding to fulvic acids at 0.1 M KNO3 as measured by Saar and Weber
(10). The data are shown in fig. 3 together with the model description. The model
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parameters were obtained by using the program ISOTHERM of Kinniburgh (63) and
are given in table 1.

\ogKCd

\ogKH

"cd

QMAX

"H

mH

NICA
0.48
3.1
5.31
0.62
0.66
0.56
0.37
1
0.32
5.31
CCLF
1
0.37
0.37
1.1
Table 1: The model parameters to describe data of Soar and Weber (10) see fig. 3.
The NICA model (fig. 3a), the Classical Competitive L.F. model (C.C.L.F.) (fig.3b).
The calculated value of nQj is in agreement with the limiting slope of the data in fig.
3 for pH 5 and 6. The constants obtained for l o g ^ and, QMAX a n d rn# are in close
agreement with the typical values of these parameters as determined by De Wit et al.
(53, 54) for various humic and fulvic acids. The model gives an excellent representation of the data. Also the calculated shift of the Cd-binding curves from pH 5 to pH
6 corresponds quite well with eq. (13) at low pM.
logJICdadsl/molkg-1}

log{[Cdads]/molkg-l}
0

-6
-5
-4
2+
log{[Cd ]/moll-l}

-7

-3

-6
-5
-4
logUCd^l/moll"1}

Fig. 3: Cadmium binding to fulvic acid as a function of pH and free cadmium
concentration data of Soar and Weber (10). The lines in fig.3a are based upon the
NICA model (eq. 11). The lines in fig.3b are based upon the classical competitive
L.F. equation which equals eq.(ll) in case all n[ are set equal to one.
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Fig. 3 also shows that the classical competitive LF (CCLF) model does not give a
satisfactory description of this data set. The slope of the curves is not correctly
reproduced nor does it give the correct pH dependence. Moreover, the fitting parameter that is obtained for Kpj (table 1) is two orders lower than what is expected to be
realistic.
The NICA model has also been applied to an extensive data set of proton binding,
and pH dependent metal ion binding to a purified peat humie acid (PPHA) (64).
Metal ion binding data are available for calcium, cadmium, copper and lead for a
range of metal activities between pM = 2 and pM = 14 and a wide range of pHvalues. These results show that the phenolic proton groups (the second peak in fig. 2)
may also contribute significantly to the metal ion binding, depending on the
conditions and the metal ion. This requires a bimodal NICA model. Most data can be
described very well with the model using the same parameter p for all ions that bind
to the humic acid. The ion specific non-ideality exponent nj for the first peak is
similar for Ca, Cd and Pb ranging from 0.73 to 0.78. For copper a somewhat smaller
value is obtained, 0.52. The average affinity constants for Cd, Cu and Pb for the first
peak are not very different log^« = 3.2 ± 0.3. However, for the second peak log K»
for Cu and Pb are comparable (8.5 ± 0.5), whereas the same value for cadmium is
much lower (= 4).
This suggests that the higher affinity of copper and lead for humic acids may be
partially caused by the fact that these ions are capable to compete relatively
effectively with protons bound to sites that have a high proton affinity (second peak),
whereas cadmium and calcium hardly bind to these groups, unless they are already
dissociated.
The NICA equation should also be compared with alternative approaches, preferably
when applied to the same data sets. At the moment such results are not yet available.
One of the alternatives is the approach as advocated by Tipping (65, 66). His model is
also a heterogeneous competitive binding model. The proton binding is described by
eight different ligands, each with their own affinity and site density. The basic
structure can be seen as a discretization of a bi-modal LF type model. It is further
assumed in this model that the metal ion affinity distributions have the same shape as
the proton affinity distribution. In this respect it is comparable with the classical
competitive LF equation. The model of Tipping deviates from the classical approach
because in addition to mono-dentate binding, it also includes bi-dentate binding.
Considering bi-dentate binding for complex heterogeneous molecules like humic and
fulvic acids raises many problems. An obvious one is that steric factors are involved.
Two sites have to be close enough together to allow for the possibility of bi-dentate
formation. Tipping introduces a "proximity" parameter in the model to account
empirically for these effects. In addition to this proximity parameter also a variable
electric potential is part of Tipping's model. The potential is calculated using a semi42

empirical relationship. Apart from binding to the reactive groups also binding in the
double layer is considered. The ion-exchange in the diffuse part of double layer is
calculated using a Donnan-type approach.
The combination of a Donnan-type model with a semi-empirical relationship to
calculate the potential does not seem to be the most logical choice. The electrical
potential can also be derived from the Donnan-type model itself and this potential
will, in general, differ from the one calculated with the semi-empirical relationship.
The advantage of Tipping's model is, at present, that model parameters have been
estimated for many cations.
Useful models to describe competitive metal ion binding to natural organic matter are
now becoming available.
These models should be further developed and tested. High quality data on
competition between various metal ions as a function of pH are required for further
testing of these models. Only very few such data sets are available at present, and the
interpretation of the results is not always very successful (66-68).
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THE FATE AND ACTIVITY OF MICRO ORGANISMS
INTRODUCED INTO SOIL
J.A. van Veen and C.E. Heijnen. DLO-Research Institute for Plant Protection,
P.O. Box 9060, 6700 GW Wageningen, The Netherlands
Summary. Inoculation of soils with microorganisms is a potentially powerful methodology
for manipulation of the soil ecosystem. The technique has already been applied for
decennia, but often with inconsistent and disappointing results. This is mainly caused by
the rapid decline in total activity i.e. a decline of the numbers of cells and/or a decline of
the activity per cell of the inoculated populations shortly after introduction into soil. Here,
we present information on some of the most important factors that determine the fate and
activity of introduced bacteria in soil. These include the cellular characteristics of the
inoculants, biotic interactions in soil, soil physical properties, and substrate availability,
which are key issues determining the population dynamics of introduced bacteria in soil.
Finally, we speculate on possibilities to effectively manipulate the fate and activity of
introduced bacteria in relation to the main areas of application.
Introduction. The inoculation of soils by specific bacteria and fungi has been applied in
agricultural practice for several decades. The main purposes of inoculation of soil by
microorganisms in agricultural practices are i) to supply nutrients to crops, ii) to control
crop pathogens, iii) to stimulate plant growth, e.g. through the production of plant
hormones and iv) to improve soil structure. Another, more recent, major target for the
introduction of microorganims to soil is the breakdown of organic pollutants.
A variety of bacterial strains has been used in inoculations aimed to improve the
nutrient supply to crops. The inoculation of soils with Rhizobium strains has successfully
been applied all over the globe to enable effective establishment of the N-fixing symbiosis
of the bacteria with mainly legumineous crops. Other N-fixing symbionts such as Frankia
spp. have also been inoculated into soils (Sougoufara et al., 1989). Large areas of arable
lands, e.g. in Russia, Australia, India and Great Britain have been inoculated with nonsymbiotic N-fixing bacteria such as Azotobacter, Azospirillum, Bacillus, Klebsiella, etc.
(Lynch, 1983). Also P-solubilizing bacteria such as Bacillus spp. have been applied to soils
(Cooper, 1959). The stimulation of P supply to crops has been the main purpose of the
inoculation of mycorrhizal fungi. Plant-growth-promoting-rhizobacteria, have long been
recognized to increase crop yield. Several mechanisms of this stimulation have been
mentioned. Production of plant-growth hormones, but mostly the suppression of minor
plantpathogens were indicated to be the main activity of these bacteria, of which the best
known ones belong to the species of Pseudomonas (Kloepper et al., 1980). The control of
soil-borne-diseases is another major target for inoculating microorganisms in soil (Deacon,
1991; Becker and Schwinn, 1993). Successful application included bacteria and fungi, such
as Agrobacterium radiobacter against crowngall, non-pathogenic Fusaria against Fusarium
wilt (Alabouvette et al., 1993), Pseudomonas fluorescens against Pythium (Howell and
Stipanovics, 1980), and Verticillium biguttatum against Rhizoctonia (Van de Boogert et al.,
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1990). Microorganisms play an important role in the formation of aggregates and, hence,
in the stabilization of soil structure (Oades, 1993). Inoculation of polysaccharide-producing
microorganisms could improve soil structure (Lynch, 1981). Bacteria such as Bacillus
polymyxa were tested for their ability to stabilize soil aggregates (Gou/.ou et al., 1993).
Although some inoculations of soil with microorganisms have been successful, i.e. it
has led to a colonization of soil and plant roots by the intentionally released bacteria and
fungi which were sufficiently active to achieve the intended goals, many failures have been
reported as well. In fact, these failures have seriously undermined the faith in the great
potentials of the manipulation of soil life by the introduction of specific strains to the
benefit of agricultural crop production and of environmental sanitation. The main reason
was the rapid decrease of active cells or fungal hyphae upon introduction into soils to
levels which appeared to be ineffective for the intended objectives.
The required effective level of numbers and activity (i.e. total activity) of introduced
microorganisms depend on the type of the ecological conditions as determined by the
intended application. When the introduced organisms are aimed to be involved in a
process which will give the introduced organisms an ecologically selective advantage, only
a minimum number of active organisms is necessary to be effective. Ecological selection
occurs in the case of the symbiosis of Rhizobium species with legumineous plants in which
case only 300 rhizobial cells per seed are required for optimal nodulation ((ïiddens et al.,
1982) and in the case of the breakdown of xenobiotics, for which only the introduced
organism is able to produce the necessary enzymes to allow for the use of the specific
xenobiotic compound as sole energy source. However, when such an ecological specificity
does not exist, maximum numbers of active cells of the inoculated strain are required for
the release to be succussful. This is the case for biological control of plant pathogens based
upon on either i) competition for substrate and/or particular ecological niches, or ii)
predation or parasitism or iii) the production of antibiotic(s) or related pathogen
inhibiting/killing compounds or iv) a combination of i), ii) and/or iii).
Another point to be mentioned here, is that also temporal aspects should be taken
into account. Some applications are to a certain degree, independent on time, e.g. the
breakdown of xenobiotics. Others, however, are time-dependent such as in case of the
control of soilborne pathogens. Pathogens manifest at certain stages of development of the
host plant or at certain climatic conditions and the maximum activity of the introduced
antagonist might to be synchronized with the manifestation of the pathogen. For instance
Pythium spp. attack plants at specific stages, such as the seedling stage and at the change
from the vegetative to the germinative stage. Therefore, biocontrol populations against this
pathogen should be at maximum activity at these discrete moments during the growth of
the plant (Howell and Stipanovic, 1980). The reduced effectivity of introduced
Pseudomonas strains in the control of potato pathogens during later stages of plantdevelopment may be due to the decline of Pseudomonads spp. what is often observed in
later stages of plant development relative to other microbial populations (Geels et al.,
1986; Miller et al., 1990). It is clear, that the maintenance of a sufficient level of activity
over a prolonged period of time after inoculation is a major hurdle for the successful use
of microbes as biocontrol agens against soil-borne diseases, when taking into account, that
inoculations into soil during the growing season is a major technical constraint.
Clearly, environmental parameters and variables such as pH, temperature and moisture
content of the soil, are essential issues determining both the survival and activity of
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introduced microorganisms. However, the response of microorganisms to the prevailing
soil and climatic conditions depends on the genetic and physiological constitutions of the
organisms and the capabilities for adaptation to changing conditions. Thus, the effects of
pH, temperature and moisture on introduced organisms will differ from case to case. Here
we will focus on some of the general mechanisms of the aforementioned decrease of
numbers and activity of microorganisms, mainly bacteria, following their introduction into
soil and on possibilities to improve the effectiveness of soil inoculations with
microorganisms. The review will not be comprehensive, but it will be concentrated on
some major issues based on the work of the authors. The issues mainly relate to the role of
soil, including its biotic and abiotic components, as habitat for the inoculated
microorganisms.
Populations dynamics of bacteria introduced into soil. In general, the population size of
bacteria and fungi declines rapidly following introduction into soil. This has been observed
for a wide variety of bacterial species irrespective their source of original isolation. For
instance this was observed for typical soil bacteria such as fluorescent Pseudomonads (Van
Elsas and Van Overbeek, 1993), Flavobacterium sp., Alcaligenes spp. and Coryneform
bacteria (Nijhuis et al., 1993) and Rhizobium spp. (Postma et al., 1988). Van Elsas and Van
Overbeek (1993) calculated from data reported in literature, that the decline in numbers
of Pseudomonas spp. could vary between 0.2. and 1.0 log units per 10 days. The population
dynamics of bacteria introduced into soil will largely be determined by characteristics of
the inoculant, substrate availability, biotic interactions in the soil environment and soil
physical properties. These factors are described below.
Different bacterial species show specific reactions, in terms of survival, upon
introduction into soil. Some of these reactions are predictable on the basis of intrinsic
physiological characteristics of the bacteria. Van Elsas et al. (1986) showed, that
immediately following introduction of a Bacillus spp. in a field soil, the population declined
to a level which was approximately similar to the number of spores in the inoculum. The
population remained at the same level and mainly in the form of spores over a period of
120 days, even although at certain moments the population was observed to consist of
vegetative cells more than of spores. In the same experiment and under the same
conditions of soil and climate, a continuous steady decline of Pseudomonads sp., which is
not a spore-forming organism, was observed. Thompson et al. (1992) showed that
autochtonous Arthrobacter sp. survived for longer period and in greater numbers than a
zymogenous Flavobacterium spp. both in planted and unplanted soil in three separate field
experiments.
The bare fact, that certain bacteria are naturally occurring in a specific soil is not a
guarantee, that these bacteria can successfully be re-established in the same soil through
inoculation. A thorough selection procedure is required to find potentially succesful
inoculants. Nijhuis et al. (1993) used a step-wise selection procedure to select four bacterial
strains out off 420 strains originally isolated from the rhizosphere of grass which were able
to recolonize grass roots in fairly large numbers over a prolonged period of time.
Interestingly, these four strains showed a distinct colonization pattern of different regions
of the root system. One of the strains, i.e Flavobacterium occurred in significantly greater
numbers in the rhizoplane of older root parts, whereas another Alcaligenes strain was
more numerous on young roots compared to older root parts (Fig. 1). Liljeroth et al.
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(1991) showed that bacteria that occurred preferently on the tip of wheat roots were
physiologically different from bacteria that occurred on the root base. In particular, the
potential to use specific substrates, i.e. simple sugars and organic acids vs. polymeric
compounds, was a key-factor to distinguish between typical root tip and root base bacteria
respectively.
Substrate availability is an important factor for the survival and activity of the
specific organisms. For instance the survival of a potential biocontrol strain of
Trichoderma sp. was largely increased when the fungus was inoculated in the dried manure
pellets as compared to the inoculation without the dried manure (Kok, pers.
communications). Substrate in terms of quantity and quality may be a determinative
factor for the theoretical carrying capacity of a soil. This can be derived from observations
on the population dynamics of microbes introduced into sterilized soils. Since soil
sterilization has often been performed using y irradiation a minimal effect is to be
expected on the chemical, including substrate, condition of the soil, apart from a slight
increase in substrate availability due to killed soil organisms. Postma et al. (1990a) showed
that the final population size of Rhizobium leguminosarum biovar trifolii introduced into
two different sterilized soils, was independent of the inoculum density, but it was
dependent on the type of soil. This corresponds to experiments of Bennett and Lynch
(1981) in which three bacterial species, independent of the inoculum size, colonized
sterilized barley roots up to a similar final population size, which may be regarded to
represent the substrate supply of the rhizosphere. Nannipieri et al. (1983) stated that each
soil system may have its own distinctive biological space with regard to the level of
microbial biomass and enzyme activity. It is therefore suggested that the final population
size in sterilized soil as observed by Postma et al. (1990a) represents the capacity of a soil
to maintain of a specific bacterial population in terms of substrate availability.
The decline of introduced populations is very small or does not occur at all in
sterilized soils (e.g. Heynen et al., 1988). At low inoculum levels, even an increase of the
populations size has been observed (Postma et al., 1988). So, if the bacterial population
inoculated in sterilized soil does not decline, whereas it declines upon introducton into a
non-sterilized soil (Heijnen et al., 1988) it is obvious that biotic factors, that are
annihilated by the sterilization process, play a major role in the fate of introduced bacteria
in non-sterilized soils. Already Cutler (1923) demonstrated that bacterial populations
introduced into sterile soils together with protozoa were reduced in size. More recently,
Danso and Alexander (1975), Habte and Alexander (1975) and Heijnen et al. (1988) found
a correlation between the decline of populations of individual bacterial species and the
activity of protozoa in soil. Postma et al. (1990b) extended this in studies in which
sterilized soils were either pre-inoculated with a mixture of bacterial cells, or with a
flagellate-protozoa or with the mixture of bacteria and flagellate and, subsequently,
inoculated with Rhizobium leguminosarum biovar trifolii. They showed, that the total
number of rhizobial cells was hardly influenced by the presence of either the mixture of
bacterial cells, or the protozoa. However, when both protozoa and the bacterial mixture
were present together, numbers of rhizobial cells decreased drastically. Moreover, the
presence of other microorganisms also hampered rhizobial cells in the colonization of soil
particles and aggregates.
The proces of colonization of soil particles and aggregates is vital to the survival of
introduced bacteria in soil. Hattori and Hattori (1976) demonstrated the great importance

50

of the physical environment of soil to the fate of microorganism soil. Foster (1988) showed
that upon chloroform treatment microorganisms were found only in mucigel deposits or
deep in the interiors of micropores. He suggested that these environments could not be
penetrated by chloroform, and might therefore constitute protected sites where
microorganisms may survive adverse conditions. Elliott et al. (1980) showed that trophic
interactions in soil, including nematode-protozoa-bacteria interactions, are influenced by
soil pore space.
If soil pore space provides bacteria with sites protective to trophic interactions,
including predation of bacteria by protozoa, it will be vital to the survival of introduced
micro-organisms to be able to reach those protective sites as fast as possible after
inoculation. This assumes that microorganisms, upon their introduction, will not
immediately become situated in protective spaces. Since the possibilities for active and
specifically oriented movement of bacteria in soil are limited (Foster, 1988), specific actions
may be needed to get bacteria localized at protective sites. Postma et al. (1989) showed
that it was possible to specifically introduce bacteria into protective microhabitats. To
achieve this, soil was first dried, after which the bacterial inoculum was added. The
inoculated bacteria would reach the pores in the soil when the water of the inoculum
entered these pores. If the soil was moist at the moment of introduction, water present in
small pores would act as a barrier, resulting in a localization of the inoculum in the larger
pores and the outside of soil particles, whereas in the dry soils smaller pores were empty
of water and so could be entered by the inoculum to a greater extent. This would mean
that bacteria introduced into initially wet soils would remain accessible for predation to a
larger extent than would bacteria that were introduced into the initially dry soil. Indeed,
after 60 days of incubation under the same moisture conditions which were equalised after
the inoculation, the survival of bacteria introduced into the originally dry soils was
significantly better than in the originally wet soils. On the basis of the same approach
Wright et al. (1993) examined the effect of protozoa, on the survival of Pseudomonads
fluoresceiis, located in pores with different neck size diameters. They showed, that pores
with necks < 6 um offered better protection to the introduced bacteria against predation
than did pores with necks of 6-30 um.
Soils of different texture differ in particle size composition and, thus, in pore size
distribution. If this factor strongly determines the fate of introduced microorganisms, this
may partly explain the differences in the behaviour of bacteria released into different soils.
Moreover, it may form a base for the development of models which could be used to
predict the fate of introduced microorganisms in soil. The effect of soil type on the
survival of introduced bacteria was clearly demonstrated by Van Elsas et al. (1986). They
introduced a Pseudomonads fluoresceiis into a loamy sand and a silt loam and followed the
populations over a period of 120 days under field conditions. These observations were
expanded to a period of 3 years. The results of Fig. 2 clearly show, that the decline of the
numbers was greater in the coarser-textured soils than in the finer textured silt loam. This
may be explained by the fact that coarser-textured soils have smaller proportions of fine
pores which may serve as a protective microhabitat to introduced microorganisms.
Actually, the effect of soil type on the fate of introduced bacteria corresponds to the
earlier observed effect of soil type on the microbially mediated turnover of organic matter
in soils (e.g. Van Veen et al., 1985). Turnover of organic matter is often observed to be
slower in finer textured soils than in coaser textured soils. This effect was explained by the
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extent to which soil offer physical protection to organic materials against their degradation
by microbes and the subsequent turnover of microbial biomass in which protozoan grazing
play an important role (Kuikman and Van Veen, 1989).
It is also possible to manipulate soil pore space and, thus, the chance that bacteria can
reach protective microhabitats. This was demonstrated by Heijnen and Van Veen (1991)
who showed that bacterial survival was enhanced in soil amended with bentonite clay. This
was explained by the increased number of protective microhabitats present in the
bentonite-amended soil, strongly reducing protozoan-predation of introduced bacteria. The
increased number of small pores in bentonite amended soil was clearly visualized using
cryoscanning electron microscopy techniques (Heijnen et al., 1993).
In order to improve the efficacy of the use of specific bacterial inocula in soils, it
may be useful to be able to predict the fate of the introduced organisms, in particular, in
relation to the prevailing soil and climatic conditions. As the pore size distribution of soils
can be quantified by the use of the soil moisture curves this approach may be a powerful
tool to achieve this goal (Darbyshire et al., 1993). Postma and Van Veen (1990) formulated
the concept of pore neck categories with distinct differences as niches for introduced
bacteria (Fig. 3). Earlier studies on the survival of bacteria in pores with necks of different
sizes were the basis for the definition of total, accessible, habitable and protective pore
space. The concept that pores with necks < 0.8 um are too narrow to be accessible for
introduced rhizobial cells was based on work by Kilbertus (1980). Pores > 0.8 um but < 3
um would be protective, since they are inaccessible to bacterial predators. Heijnen and
Van Veen (1991) also correlated survival and pore size classes present in soil. The survival
of rhizobial cells in a period of 57 days after introduction (S57) was described using the
amount of soil moisture P, which can theoretically be held by pores with the appropriate
pore neck diameters < 3 um, 3-6 um and 6-15 um, respectively. The following equation
was obtained
S(57) = 6.98 + 0.04 Pc,Mm + 0.92 P3.6Mm - 1.92 P6.1Sfim
This relationship accounted for 98% of the variance. The positive signs indicate that these
pore size classes are protective for introduced bacteria and so, positively contributed to the
survival of the introduced bacteria. Although the abovementioned categories of pore spaces
were slightly different from the ones formulated by Postma and Van Veen (1990), the basic
concepts agreed, Thus, this seems to be a useful model to predict the fate of bacteria
introduced into soils of different texture and structure. However, there are several aspects
that should be thoroughly considered when applying the model. The methodology to
determine the pore size distribution by the use of soil moisture charactistics has several
drawbacks as indicated by Smiles (1988) and Darbysnire et al. (1993). Theoretically,
however, there is another, still unsolved, problem. Postma and Van Veen (1990)
determined the theoretical maximum number of rhizobial cells that could occupy the
volume and/or the surface of the pore space of the categories indicated as accessible,
habitable and protective space. They found that approximately a ten-fold larger
population, in the order of 1010 to 10" cells per unit of soil could, theoretically, occupy the
pore space of the two soils, than the maximum number of cells that were experimentally
observed, which was in the order of 109 cells per unit of soil. Thus, other factors, e.g. the
construction and localisation of the habitable and protective pore space, are also of
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importance for their accessibility, and so for the survival of introduced bacteria besides
the numbers. The aforementioned observation that the survival of introduced bacteria was
linearly correlated to the pore space which can be considered to be protective,
nevertheless, might be explained by the chance that bacteria upon introduction, will find
protective spaces. Obviously, this chance is proportional to the number of protective pores.
Activity of introduced cells in soil. The desired effect of introduced cells in soil depends on
the total activity of the surviving population. This total activity is determined by the
number of cells and the activity per cell. The information on the cellular activity of
introduced bacterial cells is scarce and often indirect being determined from observations
on the proposed effect, e.g. the breakdown of xenobiotics or the control of a soil-borne
pathogen.
Studies on the fate of bacteria introduced into aquatic oligotrophic systems showed
that a sequence of cellular processes take place, as a response to the starvation conditions
provided by the environment (e.g. Morita, 1986). A striking phenomenon that was
observed in these studies, was the reduction of the si/.e of individual cells immediately
following their introduction in the oligotrophic waters (Kjelleberg et a!., 1983). A similar
phenomenon was observed by Postma et al. (1988) after the introduction of rhi/obial cells
into soils. The mean length of cells decreased from 2.05 (um) before introduction to 1.91
urn and 1.76 um in loamy sand and silt loam respectively in 1 day after inoculation to 1.66
um and 1.61 um in both soils respectively after 5-6 days of incubation. The relative
decrease of the cell length during incubation in soil was similar to the decrease of the
length of the same rhi/.ohial cells in a nutrient-poor liquid medium, which points to the
importance of the oligotrophic conditions for this phenomenon. Oligotrophy also affects
the shape of introduced cells. Holmquist and Kjelleberg (1993) demonstrated that the
shape of exponentially growing rods of Vibrio sp. which were either starved for carbon, for
nitrogen, for phosphorus or for a combination of these nutrients turned into small cocci,
filaments ranging up to 25-30 um, swollen rods containing PHB or small rods, respectively.
Certain species of gram negative bacteria, in particular, have been shown to enter a
physiological state in which they become non-culturable but viable at low nutrient
conditions (Colwell et al., 1985). The phenomenon of non-culturability was originally
observed after the release of bacteria in aquatic systems by the comparison of cell
numbers as determined by specific plate-counting, being indicated as culturable, and as
determined by immunofluorescence-counting indicated as the total number of cells.
Differences between plate-counts and immunofluorescent-counts of introduced rhi/obial
cells was also observed by Postma et al. (1988).
Hoff (1990) observed a similar phenomenon using the same rhi/obial cells, where an
increasing difference was observed between the number of cells as determined by specific
agar plate counting and as determined by immunofluorescence-microscopy counting
during the incubation in soil. In order to investigate the physiological state of the so-called
non-culturable cells, Hoff added different amounts of mannitol to the soil 40 days after
inoculation of the rhizobial cells. This resulted in an increase of the number of specific
plate-counts without effecting the immunofluorescence-counts (Fig. 4). The magnitude of
the effect was dependent on the rate of the mannitol addition. Apparently, non-culturable
but viable cells were reactivated by the addition of mannitol in the sense that these non-
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culturable cells were, again, able to grow on the specific agar media. The observation lhal
the immunofluorescence-counts did not increase following the mannitol addition indicates
that the total population size did not increase, but rather (hat the cellular activity or
physiological state of the present cells changed such that growth on agar plates was
possible again.
The significance of substrate availability for the culturability of bacterial cells in
oligotrophic conditions was also mentioned in the studies by Van Overbeek et al. (1990) on
the survival of Pseudomonads fluorescent, R2f, introduced into agricultural drainage water.
Non-culturable cells were detected after a incubation period of I year and culturable cells
could only be detected in sterilized drainage water and in non-sterilized water
supplemented with nutrients.
A relation between culturability and cell size was demonstrated by Bakken and
Olsen (1987). Of bacterial cells extracted from clay loam with a diameter < 0.4um, only
0.2% was culturable. When the cells were larger, culturability increased; 10% of the cells
with diameters between 0.4 and 0.6 um and 30-40% of the cells with diameters > 0.6pm
could produced colonies on plates.
Culturability of introduced cells is an elegant but indirect measure of cellular
activity. More direct measurements of the activity of microbial cells introduced into soil,
might be made by substrate responsiveness and/or, CO, measurements. Substrate
responsiveness as a measure for the metabolic state of the cells was determined by
incubating bacteria extracted from soil with substrate in the presence of nalidixic acid, Nx,
(Kogure et al., 1979). Nalidixic acid inhibits DNA synthesis without effecting other
metabolic activities of cells. Cram-negative bacteria will continue to grow, without
dividing, resulting in elongation. With this method, cells which are not able to form visible
colonies on plates, but are still active, will be determined. As an example, Pedersen and
Jacobsen (1993) showed that the culturability of Enterobacter cloacae and Alcaligcnes
eutrophus dropped by 3 log units comparing air dried soil with moist soil. Substrate
responsiveness determined with Nx only dropped by 2 log units. Total counts
(immunofluorescent counts) were hardly influenced. Heijnen (in preparation) used Nx for
determining the metabolic state of bacteria in bulk soil and in the rhizosphere of wheat.
Surprisingly, only after approximately two weeks, rhizosphere soil contained more
substrate responsive cells than did bulk soil. Both in bulk and rhizosphere soil substrate
responsiveness decreased in time; this decrease was strongest in bulk soil. Heijnen also
combined the use of Nx with the staining of cells with the redox dye CTC (a tetrazolium
salt) as described by Rodriguez et al. (1992). Actively metabolizing bacteria reduce the
CTC via electron transport activity to the fluorescent, insoluble CTC-formazan. These
crystals are visualized by epifluorescence microscopy. Using CTC, it was also shown that
more actively metabolizing bacteria were present in bulk than in rhizosphere soil during
the initial incubation period of approximately 2 weeks. CTC activity reduced in time for
bulk and rhizosphere soil. Other tetrazolium salts than CTC, e.g. INT have also frequently
been used for determining metabolic activity of bacteria.
Carbon respiration was used by Colbert et al. (1993) for determining metabolic
activity of Pseudomonas putida in non-sterile soil. The exotic substrate salicylate was
added, which was specifically degraded by /'. putida, resulting in increased amounts of
respired carbon corresponding with increasing cell counts. However, when all the salicylate
was utilized and C respiration had fallen back to its original level, cell numbers remained
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unchanged for several days. This suggested the presence of large numbers of inactive cells.
Recombinant-DNA technology can also be applied in soil studies involving the
metabolic state of introduced bacteria. Meikle et al.(1994, in press) used luminescence to
assess the ability of luminescence-marked cells of Pseudomonas fluorescens to regain
activity following starvation in soil. Viable cell concentrations correlated well with final
potential luminescence values. Also the determination of variations in the amounts of
rRNA in cells may be used as a metabolic marker. For example, Kramer and Singleton
(1992) showed a decrease in rRNA content in Vibrio to 10-26% of the original content 15
days after starvation. Substrate additions resulted in actively respiring bacteria as
demonstrated by an increase in rRNA contents of natural communities (Kramer and
Singleton, 1993).
Concluding remarks on possibilities to improve the establishment of microbial inoculanls
in soil. As mentioned before, ecological selectivity might be a major tool, to establish an
inoculant population of sufficient activity in soil. In particularly, the study by Nishiyama et
al. (1993) was of interest in this respect. They were able to establish an active population
of a Sphingomonas paucimobilis strain, which had the unique capacity to aerobically utilize
y-l,2,3,4,5,6-hexachlorocyclohexane (y-HCH) as role C-source, in a soil exposed to y-HCH
prior to bacterial inoculation. In soils without prior additions of y-HCH, the strain
disappeared rapidly after inoculation.
For many intended goals such an ecological advantage is not available or not
known. Yet, its great advantage for the survival, and thus for the efficacy of the use of
microbial inoculants for an array of important objectives, including crop protection and
soil sanitation, urges full exploration for such ecological selectivity related to specific
inoculants. In particular, further studies of the specificity of interactions of roots and
microbes may provide promising information. As mentioned before Liljeroth et al. (1990)
found that specific populations of bacteria were characterized as typical tip or root base
bacteria, and that they could be distinguished on the basis of their capability of utilizing
specific substrates. Thus, the use of bacteria specialized in colonizing specific regions of the
root on times that fit the spacio-temporal dynamics of root pathogens may provide a solid
basis for the successful use of microbial inoculations for crop protection or plant growth
stimulation. This does not only require more knowledge on the population dynamics of
specific bacteria, but it also require better understanding of root exudation processes.
Goldmann et al. (1993) indicated that certain plant species provided specific compounds,
that could be utilized as sole C or N-source by bacteria containing plasmids with the
necessary genetic code for the enzymes involved in the metabolism of the compounds. They
called these compounds nutrient mediators. Similar mechanisms are known to play a role
in the symbiosis of Rhizobium with legumineous plants and Agrobacterium spp. which
stimulates the production of such compounds after infection of the host plant. Further
knowledge on these nutrient mediators and the genetic codes to metabolize them may
provide a potentially powerful tool for improvement of the ecological competence of
microbial inoculants through genetic engineering. Also knowledge on other keyphysiological characteristics that determine bacterial survival and adaptation in soil may
also open ways to genetic manipulations directed to improve the survival of bacteria
introduced into soil. Van Elsas and Van Overbeek (1993) speculated on these traits in a
recent review on bacterial responses to soil stimuli, in particular physiological and genetic

55

responses to starvation. They showed the existence of promotor genes that could be
activated by specific root exudates or P-starvation conditions.
When ecological selection is not an issue then the maximalization of the total
activity, i.e. maximum numbers of active cells, of the inoculum in soil should be achieved
otherwise. A thorough selection procedure including tests of microbial behaviour in
different model ecosystems, which differ in biological complexity is needed to obtain
bacterial inoculants, which are able to survive for a prolonged period of time in large
numbers as shown by Nijhuis et al. (1993). Such a selection procedure should also include
the testing of the response of the microorganisms to the prevailing conditions of soil pH,
temperature and moisture and to drastic changes in these conditions.
The development of suitable carrier materials such as alginate beads, organic
substrates and swelling clay materials such as bentonite, which may provide the suitable
physical and chemical conditions to the inoculum, is a major tool to improve the survival
of introduced bacteria in soil as reviewed by Van Elsas and Heijnen (1990). The materials
are also of prime importance for adequate storage of commercial biological products. The
latter aspect is of great importance for the development of seed coating procedure meant
to introduce bacteria and fungi into soil through seed dressings, but seed coating materials
may be of limited importance for the survival of the organisms in soil and rhi/.osphere.
Improvement of the efficacy of carrier materials should be based upon more knowledge on
the specific ecological conditions, both in terms of the physio-chemical state and of the
biological conditions, that soil provide to inoculated microbes. In general, a proper
characterization of soils and rhizosphere as habitat for inoculated microbes is the key issue
for succesful appliations of the potentially powerful methodology for manipulations of the
soil ecosystem by the introduction of beneficial
microorganisms.
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Legend of Figures and Tables
Fig. 1:

Grass root colonization by four bacteria introduced into a loamy sand soil
via seed inoculation in relation to the age of the root segment (after Nijhuis
et al., 1993).
Bacterial strains:
a. Pseudomonas capecia
b. Flavobacterium sp.
c. Pseudomonas fluorescens
d. Alcaligenes sp.

Fig. 2:

Survival of P. fluorescens WCS 374::Tn5 (kindly obtained from B. Schipper,
Willie Commelin Scholten Phytopathological Laboratory, Baarn, the
Netherlands) introduced into a silt loam (•) and loamy sand (*) under field
conditions (after Van Elsas et al., 1986).

Fig. 3:

Conceptual scheme of pore space categories in soils. Pore space is determined
from the moisture characteristic curves; x relates to the maximum pore neck
diameter of pores filled with water at a certain pF-value (after Postma and
Van Veen, 1990).

Fig. 4:

Plate counts and immuno-fluorescence counts as indicators of culturable and
total numbers of Rhizobium leguminosarum biovar trifolii introduced into a
loamy sand soil (after Hoff, 1990).
a. addition of 0.4 g mannitol/g soil at day 40
b. addition of 2.0 g mannitol/g soil at day 40
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Tropical Soil Fertility Research: Towards the Second Paradigm
Pedro A. Sanchez. International Centre for Research in Agroforestry, P.O. Box
30667, Nairobi, Kenya.
ABSTRACT
Soil management issues appear prominently in Agenda 21 's priorities for sustainable land
management, protecting the atmosphere, sustainable mountain development and combatting
deforestation and desertification. Although major advances in managing soils of the tropics
have taken place, a paradigm shift is emerging from the traditional soil fertility paradigm:
overcome soil constraints to fit plant requirements through purchased inputs. A second
paradigm addresses directly the issues in Agenda 21: rely more on biological processes by,
adapting germplasm to adverse soil conditions, enhancing soil biological activity and
optimizing nutrient cycling to minimize external inputs and maximize the efficiency of
their use. Efficient nutrient management, therefore, is the basis for the second paradigm.
An integrated strategy is proposed with 10 research components: 1) Analysis of farmer
perceptions and policy constraints; 2) geographic depiction of soil-related constraints; 3)
improving germplasm for soil constraint tolerance; 4) matching plant requirements to soil
constraints; 5) strategic use of fertilizers; 6) nutrient budgeting and nutrient cycling; 7)
biological control of soil erosion; 8) water harvesting; 9) controlling greenhouse gas
emissions through improved soil management, and 10) policy design and implementation.

INTRODUCTION
Soils are the central processing units of the earth's natural environment. Soils exert
production, filtering and biological functions. Solar energy, carbon dioxide and dinitrogen
from the air and nutrients from the soil are converted into plant products that feed animals
and humans. Soils filter non-hazardous and toxic compounds through surface adsorption and
precipitation reactions and largely determine the quality of terrestrial waters. Among its
biological functions soil organisms decompose organic materials, cycle nutrients and regulate
carbon fluxes to and from the atmosphere. Soils, therefore not only produce food, feed,
fiber and fuel but also play a central role in determining the quality of our environment.
Two years ago world leaders met in Rio de Janeiro and agreed on a common agenda for
environmentally sustainable development. Soil management issues figure prominently in six
major chapters of Agenda 21 (Keating, 1993):
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Box 1. Soils and Agenda 21
Agenda 21 Chapter:

Soil management Issues:

9.

Protecting the atmosphere:

Regulation of C0 ; , CH 4 and N 2 0 tluxes from the
soil. Reducing emissions and increasing the
sinks.

10.

Managing land sustainability:

Physical and chemical land degradation.

11.

Comballing deforestation:

Alternatives to destructive shifting cultivation;
soil fertility depletion.

12.

Combatting desertification and drought:

Soil and water conservation, tree planting.

13.

Sustainable mountain development:

Low-cost, simple erosion control measures.

14.

Sustainable agricultural development;

Combine both inorganic and organic nutrient
sources.

This paper analyses the role of two conceptual frameworks or paradigms to manage the
fertility of soils in the tropics and presents a research strategy for the second paradigm.

THE CHANGING SOIL PARADIGMS
Soil science is about one hundred and fifty years old. Major advances have been made in
understanding the basic chemical, physical and biological processes as well as the properties,
taxonomy and geographical distribution of principal soil groups around the world. Most of
the technologies developed on the basis of such understanding have focused on intensive
agricultural systems on fertile lands where the working paradigm for years has been:
Overcome soil constraints through the application
of fertilizers and amendments to meet plant
requirements.

The First Paradigm.
This paradigm was developed by scientists from Europe, Russia and North America and
focused on the production function of soils while paying less attention to its filtering or
ecological functions. Fertilizer research concentrated on nutrient uptake by crops and paid
little attention to the fate of nutrients that accumulated in the soil or lost to groundwater or
to the atmosphere. With time, the first paradigm encompassed the filtering function in
response to pollution concerns.
Despite this limitation, we must reflect on the first paradigm's benefits to humankind. The
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bulk of food produced in the world is based on it. In the developing world there is a close
correlation between increase in food production and fertilizer use (Mokwunye and Hammond,
1992). Per-capita food production continues to increase in Asia and Latin America, where
the first paradigm's application in the Green Revolution responsible for much of it (PinstrupAndersen 1993).
Although most food production increases in the tropics have taken place in naturally fertile
soils often with irrigation, major increases have also taken place in acid infertile Oxisols and
Ultisols such as in the Cerrado of Brazil where there has been an enabling policy
environment. Several research breakthroughs are largely responsible for making Oxisols and
Ultisols work in the tropics, destroying the myth that such soils are unsuitable for agriculture
(Lai and Sanchez, 1992). The key breakthroughs are summarized below in the following
box.
Box 2. Key research breakthroughs for the intensive management of Oxisols and Ultisols
•

The aluminum ion was identified as the major cause of soil acidity, leading to the
development of practical liming recommendations (Kamprath 1970, 1984; Van Raij
1991).

•

The development of indigenous rock phosphate sources coupled with the characterization
of long-term effects of broadcast and banded phosphate applications provided ways to
alleviate phosphorus deficiency in soils with high phosphorus fixation capacity (IFDC
1979; Yost et al 1979, 1982; Sanchez and Uehara 1980; Goedert 1987).

•

An understanding the role of variable charge clay minerals that dominate the chemical
dynamics of Oxisols and Ultisols led to realistic methods for determining cation exchange
capacity and base saturation (Sanchez 1976; Theng 1980; Juo 1980: Uehara and Gillman
1981).

•

The widespread development and use of specific rhizobium strains for inoculating legume
species, particularly soybeans (Vincent 1982; Singleton et al 1992).

•

The development of techniques to ameliorate subsoil acidity, thus expanding the soil
volume utilized by roots and decreasing drought stress (Ritchey et al 1980; Sumner
1993).

•

A vastly improved data base on the geographical distribution of soils, their classification
according to quantitative criteria (Soil Survey Staff 1990; FAO, 1990; Oldeman et al
1990) and their interpretation as fertility constraints on a realistic basis (Sanchez et al
1982; Buol 1987; World Resources Institute, 1990).

•

Development of laboratory services that use methodologies appropriate to acid soils and
the identification of crop specific critical-nutnent levels as the basis for sound fertilizer
recommendations (Cate and Nelson 1971; Sanchez 1976; Van Raij 1981).

These research breakthroughs, along with improved varieties, sound agronomic practices and
supportive government policies have changed the concepts of tropical agriculture in acid
soils. Nowhere this is more evident than in the Cerrado of Brazil, a 200 million hectare
spread of tropical savanna dominated by Oxisols with low pH, very high aluminium
67

saturation, low and often undetectable levels of available phosphorus and often high
phosphorus fixation (Lopes 1983). Prior to the 1970's, the Cerrado was thinly populated
with very extensive cattle grazing as the main land use. I vividly recall being asked by a
senior official in the Ministry of Agriculture in 1972, whether I thought the Cerrado could
be good for agriculture now that the then new capital, Brasilia, was firmly established in the
midst of it. Research conducted at EMBRAPA's Cerrado Research Center and elsewhere
provided several of the breakthroughs mentioned before, and the government set policies to
promote roads building, credit and the use of nearby lime and phosphate rock deposits (Lopes
1983; Goedert 1986; Ableson and Rowe 1987).
The results shown in Table 1 indicate that in the last 20 years the cropped area more than
doubled, average yields increased by 60 percent and total grain production increased from
6 to 20 million tons per year. Soybean production in the Cerrado became competitive with
that of the best areas of the United States. In addition, improved pastures went from
negligible amounts to 30 million hectares and plantation forests from nil to 3 million
hectares.
Table 1. Impact of Oxisol management technologies in the Cerrado of Brazil (1970-90)

Parameter

1970

1980

1990

Area planted to grain
crops* (million hectares)

4.6

7.2

10.5

Average grain yields*
(tons/ha)

1.2

1.3

1.9

Grain production*
(million tons)

5.6

9.4

20.0

nil

15.6

30.0

nil

1.5

3.0

Improved pastures
(million hectares)
Plantation forests
>n neciaresj

* Soybean, upland rice, beans, wheat and maize
Sources: Wenceslau Goedert, EMBRAPA compiled from Fundacao Instituto Brasileiro de Geograffa e Estatistica and Raul
Vera, CIAT.

The Second Paradigm
Less is known about how to manage marginal lands in a sustainable manner. By marginal
I mean soils with severe socioeconomic constraints that exacerbate biophysical ones such as
aluminum toxicity, low nutrient reserves, low water holding capacity, high phosphorus
fixation or steep slopes. Throughout history, people have settled more densely in fertile
lands. Population increases however, have changed this relationship in the last decades with
migration towards marginal lands such as those in the tropical forests, hillsides and semi-arid
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areas. The intensive use of purchased inputs, terracing and irrigation is less feasible in such
areas largely because of the lack of an enabling policy environment. Soil science research
to tackle these economically marginal lands is much more recent, and a second paradigm has
emerged:
Rely more on biological processes by adapting germplasm
to adverse soil conditions, enhancing soil biological
activity and optimizing nutrient cycling to minimize
external inputs and maximize the efficiency of their use
Scientific paradigms are different ways of conceptualizing issues in a sufficiently
unprecedented manner that captures an enduring group of adherents and is sufficiently openended to allow scientists many opportunities for improvement (Kuhn 1970). This second
paradigm has evolved gradually, first with the concept of adapting plants to fit soil
constraints by focusing on varietal tolerance to adverse soil factors (Foy et al 1965, IRRI
1972; Spain et al 1975). This was followed by more integrated approach with nutrient
management (Sanchez and Salinas 1981; Cabala-Rosand 1985; Juo and Kang 1989) and later
the deliberate incorporation of soil biological processes (Swift 1985; Woomer and Swift
1994).
The application of this second paradigm involves two dimensions, attaining sustainability in
marginal lands prior to degradation (preventing the damage) and reclaiming already degraded
lands (repairing the damage). Attaining sustainable management in marginal lands involves
major research thrusts in 1) developing sound alternatives to slash and burn agriculture in the
forest margins (Sanchez 1993), 2) developing productive systems that arrest soil erosion in
steeplands (Novoaand Possner 1981; Young 1989; CIP 1993) 3) developing sustainable land
management strategies near the desert margins involving both cropping and pastoral
components (ICRISAT 1989; Pieri 1989; Vlek and Mokwunye, 1990). Reclaiming degraded
lands that are the end products of tropical deforestation involves complex strategies in the 40
million hectares of Imperata grasslands in Southeast Asia, 10 million hectares of degraded
pastures in the Amazon and vast areas of degraded forest fallows throughout the humid
tropical belt (Sanchez et al 1993). Reclamation of eroded steeplands is possible in many
cases, but not where the topsoil is virtually gone. Since desertification is a reversible
process, opportunities for large-scale reclamation are possible with innovative approaches.
Efficient nutrient management is the underlying issue of both dimensions. Increasing soil
fertility results in better crop growth, soil organic matter and soil cover which in turn is an
effective means of reducing soil erosion and maintaining good soil physical properties.
Hence the second paradigm requires a concerted focus on enhancing nutrient management
without neglecting soil and water conservation.
We should revisit the basic principles of nutrient cycling in natural plant communities from
the ecological literature (Nye 1961; Odum, 1970; Vitousek and Stanford 1986). But,
agricultural systems differ from natural systems in one fundamental aspect: there is a net
removal of nutrients from the site with crop harvests. This does not happen in natural
systems where the losses due to leaching, runoff or erosion are small enough to be
compensated by additions from atmospheric deposition or the weathering of primary soil
minerals. Therefore more losses occur in agroecosystems than in natural systems. Table 2
shows how different nutrient balances are between an natural ecosystem and a typical
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agricultural system. Soil nutrients are considered to be among the least resilient components
of sustainability (Fresco and Kroonenberg 1992).
One basic principle of sustainability is to return back to the system the nutrients taken away,
in order to maintain an adequate nutrient capital in the soil. Agriculture should live off the
"interest" (nutrient release) but since large amounts of nutrients are removed by crop
harvests, the capital should be replenished. Living off the capital is nutrient depletion. Tab'e
2 shows a vivid example of this situation.
The second paradigm is also applicable to prime lands that are now at risk of environmental
degradation because of inappropriate management. There are many such originally fertile
lands at risk in the tropics.
Table 2. Comparison of nutrient balances between an undisturbed tropical rainforest and small farm agroecosystem.

Nutrient Balance

Amazon Rainforest*

Kenva farms**

N

N

P

K

6
S
24
17

1

4

T
12

25
2

P

K

—kg/ha/yr
INPUTS
Atmospheric deposition
Nitrogen fixation
Organic manure
Mineral fertilizers

Total

6.1
16.2

22.3

0.2

10.6

0.2

10.6

55

18

31

0
0

0
0

M7I
2.9

<T~

4^6

55
6
37
41
28

10
1
10
0
0

43
13
36
9
0

17.0

0

4.6

167

21

101

0

+6.0

-112

-3
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OUTPUTS
Crop harvest removal
Crop residue removal
Runoff and erosion
Leaching
Denitrification

Total

BALANCE

*
**

+5.3

Oxisol in Venezuela (Jordan 1989)
Kisii District (Smaling 1993)
not determined or negligible

SUGGESTED RESEARCH APPROACH
The following represents as an integrated strategy aimed at increasing and stabilizing yields
in marginal lands and reclaiming adjacent degraded lands. This approach consists of ten
main components. Many of them are not new, but the entire package has seldom been put
together.
70

1. Analysis of Farmer Perceptions and Policy Constraints.
The research agenda should start by asking the farmer. Diagnostic and characterization
studies should be done at various hierarchial levels (household, village, nation) focusing on
constraints and opportunities that prevent or enhance soil fertility (Swift and Izak 1994).
This involves policy, socioeconomic and biophysical constraints. Participatory methods that
genuinely involve farmers (Chambers et al 1989) are the correct entry point.
However, most participatory diagnostic exercises have focused only on socioeconomic and
cultural aspects of household and farming communities. There is a need to strengthen these
activities by making them joint undertakings with soil scientists, agronomists or foresters.
The methodology comes primarily from the social sciences but the substance of the analysis
should be totally multidisciplinary. Diagnostic studies therefore should be participatory,
analytical and multidisciplinary, as opposed to those that have casual or little contact with
farmers, are largely descriptive and are limited to either social or biophysical aspects.
Ex-ante analysis of policy constraints and opportunities is another necessary step. Better
management of marginal soils and degraded ones will depend largely on improvements in the
policy arena (National Research Council 1993; Sanchez 1993). Secure land tenure and
accessibility to credit are major prerequisites to sustained soil management. Few farmers are
willing to invest in soil erosion control or in purchased inputs if the land is not theirs.
Accessibility to credit and markets is seldom adequate in marginal areas. Farmers often
indicate that these are more pressing problems than fertility decline, and they are right.
One often hears that farmers cannot afford the use of fertilizers in marginal areas. The
policy environment must be examined because it is highly unlikely that biological processes
alone will raise crop yields much beyond subsistence levels (Vlek 1990; Yates and Kiss 1992;
Pereira 1993; Sanchez 1993). In many cases the wrong fertilizer blend is imported, such as
some with high potassium contents to be used on soils that are rich in this element. Nobody
should afford that! Availability and distribution problems are often acute, and indeed the cost
of applying the recommended rates of fertilizer might be excessive. Later components of this
approach suggest a different way to target the use of fertilizers. The question is no longer
what is the optimum application rate but how little fertilizer is enough.
2. Geographic Depiction of Soil-Related Constraints.
Most soil maps provide little practical quantitative information to agronomists or farmers.
This can be overcome by translating soil mapping units into thematic maps at a scale
sufficiently small to be of practical use. Thematic maps should clearly outline soil
constraints such as aluminium toxicity, high phosphorus fixation, salinity, high erosion risk,
along with socioeconomic constraints such as undefined land tenure, high transportation
costs, low income per capita and areas outside the reach of extension, credit or other service
schemes. Geographical information systems or GIS (Burrough 1988; Eswaran et al. 1992)
and technical classification systems (Sanchez et al 1982; Buol 1987; World Resources
Institute 1990) offer the tools to do the job.
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Many countries are making major efforts'in land zoning, using soil surveys and other data
to geographically define the different types of agricultural systems possible. Such maps are
key criteria for regional planning and often serve as the basis for credit and marketing
decisions, and in some cases for the allocation of development assistance funds. Many of
these efforts need updating on how to interpret the soil resource base, because they often are
based on the first paradigm (high-input technology) or obsolete concepts about the limited
potential of tropical soils, laterite formation, low soil organic matter contents (Lai and
Sanchez, 1992). Thematic maps emerging from GIS studies that include interpretations
appropriate to the second paradigm will substantially strengthen these important zoning
efforts.
There is a need for such GIS data bases to be presented at different scales (local, regional,
national, global) and different intensities in order to provide a sound hierarchial framework
for extrapolating from field sites to recommendation domains (Swift and Izak 1994).

3. Improving Germplasm for Soil Constraint Tolerance
Selection and/or breeding of germplasm and microsymbionts aimed at increasing plant
tolerance to specific soil constraints is one of the most effective components for managing
marginal soils (Sanchez and Salinas 1981; Sanchez and Benites 1987). The use of earlier
maturing varieties may help escape severe drought stress and offset the need for irrigation.
The use of acid-tolerant species or varieties may eliminate the need of lime to neutralize
aluminum toxicity. Germplasm that utilizes phosphorus more efficiently perhaps because of
better mycorrhizaJ association may require lower phosphorus inputs. Varieties more tolerant
to salinity will reduce the need for high quality irrigation water. Since many of the candidate
farming systems involve some sort of agroforestry intervention, selection and breeding of
annual crop germplasm for tolerance to shade and to the more aggressive root systems of
trees should also be undertaken. Maize and upland rice varieties bred for agroforestry
combinations are badly needed. Mechanisms that improve nutrient capture with more
aggressive root systems should be studied as long as they go together with mechanisms that
improve nutrient returns to the soil by above and below-ground litter.
Selection or breeding for tolerance to soil acidity has been conducted on many food crops,
pasture and tree species (Spain et al 1975; Wright 1977; Gourley and Salinas 1987; Wright
et al 1991). Some crop species such as potatoes and cassava are naturally acid tolerant, but
tolerances to different degrees of aluminium toxicity has been found for varieties of wheat,
upland rice, sorghum, maize, cowpeas, many pasture species and multi-purpose tree species.
(Smith 1989; Kerridge 1991). Rapid screening at the seedling stage, however often does not
correlate with field responses and therefore most progress must be made with field trials
(Meine van Noordwijk, personal communication). Unlike breeding for pest or disease
tolerance the results of acid soil tolerance are stable since the monomeric aluminum ion does
not mutate like pathogens do.
Tolerance to low levels available nutrients is a different matter from tolerance to adverse
factors like aluminum toxicity or salinity. Some useful plant species attain maximum yield
at phosphorous contents way below those needed by others. For example the grass
Andropogon gayanus has an internal requirement of 0.11 % P in its tissue while elephant
grass (Pennisetum clandestinuml requires 0.22%, P a level in common with many food crops
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(Sanchez and Salinas 1981). Needless to say, selection or breeding for soil tolerances must
be accompanied by other necessary agronomic characteristics such as yield potential, grain
quality and tolerance to the prevailing pest and diseases.
Selection work is also needed with rhizobia and mycorrhiza in order to enhance nutrient
capture. The potential for mycorrhizal germplasm improvement is likely to be realized more
readily with tree species, because inoculation is practical at the nursery stage.
Such germplasm improvement work must be expanded and strengthened. It is strategic and
multidisciplinary in nature as it involves breeders, soil scientists and plant physiologists.
4. Matching Plants Requirements with Soil Constraints
Species and preferably varieties of annual crops, pasture accessions and tree provenances
should be classified as to their critical levels of tolerance to adverse soil factors such as
available phosphorus levels, percent aluminum saturation, electrical conductivity and others.
A quantitative assessment of such tolerances can the be matched to the GIS-based soil
constraint maps. Germplasm known to be tolerant to specific soil stresses should be
described at the variety or accession level unless the entire species exhibits such tolerances.
Such work should be done using a uniform protocol. Sounds simple, but it has seldom been
attempted.

5. Strategic Use of Fertilizers
According to the first paradigm, soil tests are the primary tools for identifying nutrient
requirements and serve as the basis for fertilizer recommendations (Tisdale and Nelson,
1966). Such recommendations are traditionally made at the point where marginal revenues
equal marginal costs, which involve some positive sinergisms (DeWit 1992). This often has
resulted in tremendous fertility build-ups in intensively cultivated soils (Whitmore and van
Noordwik 1993). A summary shown in Table 3 indicates positive balances (in kg/ha/yr) of
61 of N, 23 of P and 37 of K in intensive crop production systems (Frissel 1978).
Considering that such positive balances have been going on for over 100 years in many
farms, there has been a huge increase in nutrient capital. This sometimes has given rise to
nutrient contamination of ground waters, to the point that "environmental soil tests" are now
being developed to determine critical threshold levels for nutrient pollution (Sharpley, 1993).
In marginal areas of the tropics the opposite is usually the case: there is a net mining of soil
nutrients primarily due to crop harvest removal, and as shown in Table 2, also due to runoff
and erosion. This has rendered initially fertile Alfisols of much of Africa nutrient depleted
with severe nitrogen and phosphorus deficiencies (Yates and Kiss 1992; ICRAF 1993a) as'
well a depletion of rhizobia and micorrhyzal populations.
There is no question that external nutrient inputs, in the form of fertilizers, organic inputs
from outside the field and biological nitrogen fixation are necessary to assume sustainable
production in virtually all marginal soils of the tropics (Pereira 1993). Soil mining can be

73

Table 3. Nutrient balance in intensively managed arable soils (Mean of 17 data sets).
Calculated from Frissel (1978)

INPUTS
Fertilizers
Other

156
32

39

-

119
9

Total

188

39

128

OUTPUTS
Harvest re moval
Other

103
24

16

91

-

-

Total

127

16

91

BALANCE

61

23

37

undertaken for a few years, depending on the initial fertility level, but not in the long run.
Organic inputs from outside the field coupled with maximum crop resdue return are unlikely
to meet the requirement of nutrients other than nitrogen, particularly that of phosphorus
(Sanchez and Benites 1987). Therefore there is little question that inorganic fertilizers are
needed. Given the cost and availability limitations, the second paradigm calls for the
strategic use of fertilizers. This requires different ways of interpreting yield response curves
as well as different soil test methods.
Instead of using marginal analysis of quadratic response curves, a different approach should
be used: maximize the yield response per unit cost of applied nutrient. This means working
on the steep part of the yield response curve and using instead of quadratic or asymptotic
equations, a simple linear response and plateau approximation (Cate and Nelson 1971).
Figure 1 shows the differences between the two approaches. Figure 2 shows a comparison
on how the two approaches are used on the same data set, potato yield responses to nitrogen
fertilization in Bolivia. Traditional marginal analysis fitting the tangent of the price/cost ratio
line to a quadratic equation recommends a rate of 160 kg N/ha. The linear response and
plateau method recommends 75 kg N/ha.
Nutrient recommendations, therefore, can be reduced using this approach. There is,
however, a yield decrease of about 20% but it is within the variability found in most tropical
systems. As farming systems become less marginal due to an improved policy environment,
and maximizing the use of fertilizers becomes feasible, there can be a shift towards the first
paradigm, using more sophisticated techniques such as systems where fertilizer applications
are tailored to each soil type in a field and controlled by tractor-mounted computers
(Halvorson and Murphy 1987).
Soil tests for the second paradigm also need reexamination. Traditional phosphorus tests are
not sensitive enough at the low range of critical levels found in tolerant germplasm (Sanchez
and Salinas 1981). Other inorganic and organic phosphorus pools more sensitive to plant
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External Nutrient Inputs

Figure 1. Conceptual differences between the first and second paradigm in interpretting yield response
curves to application of fertilizers and other nutrients (adapted from Harmsen 1991)
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Comparison of the linear response and plateau vs. quadratic equations and marginal analysis
for estimating nitrogen fertilizer rates (arrows) in a data set of potato fertilizer experiments
in Bolivia. Source: Sanchez, 1976.

75

growth than those extracted by soil tests are needed for systems with little or no fertilization
(Beck and Sanchez 1994). Appropriate methodologies must be developed, particularly for
nitrogen and phosphorus.
Research protocols should also be different. The traditional paradigm calls for making sure
that all nutrients other than the one being investigated are not limiting. This is normally
accomplished by "blanket applications" of lime and fertilizers. In the second paradigm, we
are interested in the minimum amount of external nutrients to apply. Therefore, the levels
of other soil properties should remain as they are or be ameliorated by organic input
additions, nitrogen fixation and maximum residue recycling. This has been found feasible
for potassium, calcium and magnesium, but seldom for phosphorus (Sanchez and Benites
1987). Once that particular level is determined, other nutrients may become limited and need
to be tackled. This "bottoms-up" approach is consistent with current rethinking about laws
of nutrient response (DeWit 1992). DeWit summarized the concept as follows:
"The use of fertilizers by African farmers is an example. Simple experiments
on farmers' fields with increasing amounts of phosphate, nitrogen and
potassium generally show that it pays to use phosphate fertilizer, but that the
response to potassium is absent and the use of nitrogen fertilizer is far too
expensive. It is then of no use to continue experimentation to determine the
form of the response function to phosphate fertilizer under otherwise similar
conditions, or to calculate marginal return levels. Rather, the use of
phosphate to improve the efficiency of use of other available resources should
be investigated. This may require adaptation of the farming system by
incorporating more leguminous species in the rotation, since their rate of
nitrogen fixation depends directly on the rate at which phosphates are taken
up. Since leguminous species acidify the surroundings of their roots, it may
be worthwhile to experiment further with the use of rock phosphate rather
than phosphates in soluble form. Improved growing conditions may then
make it worthwhile to reconsider the use of other fertilizers."(DeWit 1992).
6. Nutrient Budgeting and Cycling
Analyses of nutrients input and outputs shown in Tables 1 and 2 underscore the need for
nutrient balance studies. In such calculations, the soil itself is treated as a black box.
Research on nutrient budgets should overcome this limitation. Total analysis of soil nutrients
was discarded in the first paradigm because it was useless in developing fertilizer
recommendations. "Analyze the bloodstream, not the bones" was the analogy used for soil
tests that estimate available nutrients and this is indeed valid. The second paradigm,
however, calls for revisiting total nutrient budgets, actually not only soil but soil + plant.
Carbon, nitrogen or phosphorous soil contents must be split into functional pools, and the
fluxes between them quantified in order to realistically assess the degree of nutrient cycling
efficiency, and monitor inputs and outputs. There are models available (Parton et al 1989),
but the methodologies for measuring pool size and the magnitude of the fluxes are not
sufficiently developed or tested (Svipt and Woomer 1993). This is a high research priority.
How can we manipulate a system to maximize nutrient cycling? First, models should
identify the relevant nutrient pools and fluxes and the key processes involved, for example
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decomposition, mineralization, phosphorous fixation, leaching. Some of these processes are
irrelevant at specific locations (phosphorous fixation in sandy soils, leaching in some semiarid
areas), so time should not be wasted in investigating them. Some processes have received
little research attention; one example is nutrient pumping- by roots of trees or cover crops
from subsoil depths beyond the reach of the roots of annual crops. Others are so well known
that they can be readily quantified and modelled. Figure 3 shows an example of a
phosphorus model in shifting cultivation (Sanchez et al 1991).
The strategic input approach also changes the interpretation of well known processes.
Keeping the soil acid while growing an aluminum-tolerant crop enhances the rate of
dissolution of phosphate rock. The chemistry of soil acidity acts like a superphosphate
factory in dissolving slowly soluble phosphate rocks which are common in the tropics.
Efforts should be made to take advantage of such positive attributes of marginal soils
(Sanchez and Miller 1986). Another positive attribute is calcium and magnesium leaching
in Oxisols. This increases basic cations in the subsoil which sometimes promotes deeper root
development, and more tolerance to periodic droughts (Ritchey et al 1980). Not all leaching
is bad.
The second paradigm implies that both organic and inorganic nutrient inputs should be used
together, rather than one versus the other. There is little knowledge whether such
combinations enhance nutrient cycling effectiveness. We can quantitatively predict the rate
of dissolution of most inorganic fertilizers and lime. Now we need to do the same for
organic inputs, which include a wide variety of sources such as animal manures, mulches,
above and below ground crop residues (Sanchez and Miller 1986). New parameters such as
the ratio of lignin to nitrogen, or polyphenolics to nitrogen show promise in characterizing
leguminous materials which have very similar carbon to nitrogen ratios, but release nutrients
at different rates (Palm and Sanchez, 1991). These are high priority research issues.
The role of the grazing animals in nutrient cycling is often very positive. Beef cattle recycle
about 80 percent of the nitrogen, phosphorous and potassium they ingest. Also well managed
pastures do increase soil faunal activities and soil organic matter contents (Lavelle and
Pashanasi 1989; Thomas 1992).
Existing nutrient cycle models vary from purely organic ones (favored by some ecologists)
to purely inorganic ones (favored by some agronomists). There is an obvious need to
integrate both approaches and include the major interactions between organic and inorganic
pools.
The strategic application of the most expensive external input, inorganic fertilizer to
supplement inputs from organic sources must be evaluated from the agronomic, economic
and ecological viewpoints. There may be some combinations where a system may get its
most "bang for the buck". In high-input systems in the Netherlands combining both types of
inputs resulted in improved synchrony between nitrogen release and crop uptake, with
organic inputs and soil organic matter mineralization supplying sufficient nutrients to achieve
80-90% of the yields of conventional systems but with ^50% reduction in the use of mineral
nitrogen fertilizer (Whitmore & van Noordwijk 1993). Similar research should be
undertaken in the tropics.
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cultivation.

7. Controlling Erosion Biologically
Nutrient budgeting studies in the steeplands of Rwanda show that about half of the negative
nitrogen and phosphorous balance is due to runoff and erosion losses (Smaling 1993).
Controlling erosion and runoff is therefore an integral component of increasing nutrient use
efficiency and therefore a centrepiece of the second paradigm. The basic principle of erosion
control is extremely simple conceptually: keep the soil covered with a plant canopy the year
around. Crop rotations, green manures, intercropping and managed fallows are ways to
achieve that objective. In areas with a strong dry season, this is often impossible to do,
particularly right before the onset of the rainy season when high intensity storms frequently
occur. Contour terrace construction and maintenance is seldom feasible in marginal areas,
unless intensive systems such as irrigated rice are to be installed. Increasing attention should
be given to the use of biological controls method such as the contour fodder hedges (ICRAF,
1993b) and vegetative filter strips (Garrity et al 1993). A major by-product of such practices
is natural terrace formation between the barriers as a result of soil erosion itself. These
"biological terraces" transform steep slopes into level terraces after a few years, facilitating
other management practices (Kiepe and Young, 1991; ICRAF 1993b). Futhermore, soil
biological activity is enhanced in the process improving soil physical properties. There are
however, problems to overcome because many such terraces exhibit marked fertility gradients
because of soil movement within the bunds.
Soil crusting and surface sealing are particularly bewildering constraints of sandy Alfisols of
the Sahel and other semiarid areas (Pieri, 1989). The wrong combination of sand and clay
particles compacts the soil upon drying and makes it nearly impermeable. Such hard soils
are difficult to plough, so the first rains penetrate little and results in runoff and nutrient
losses inspite of the flat slopes. Also, very late rains after the crop has been harvested cause
much erosion in semiarid areas. Crop residue management and relay intercropping are
avenue for alleviating this situation. Researchers in Niger have shown that scattering dead
branches and leaf litter promotes "biological tillage" by soil fauna which partially overcomes
this problem (Chase and Boudouresque 1989). In marginal ecosystems, the full potential for
promoting "biological tillage" by termites and earthworms remains to be researched at a
sufficient scale.

8. Water Harvesting
Arable agriculture, improved pastures and tree establishment projects are difficult to sustain
in marginal drylands. Yet indigenous techniques, some poorly known outside their centers
of origin and modern techniques exist whereby run-off from occasional high-intensity rainfall
may be slowed down or concentrated on more limited areas to provide for additional soil
moisture (Peltier 1993). Such water harvesting structures may also be useful in erosion
control, and to provide limited amounts of water to ponds or recharge basins for use as
drinking water for humans and livestock or small-scale irrigation. In areas where drought is
a more important constraint than nutrients, direct action is needed to alleviate water stress.
Care should be taken to avoid health problems associated with water sources.
This component also includes a variety of approaches in support of community management
of upper watersheds, also in humid and sub-humid areas. Seasonal water availability,
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flooding propensities and irrigation infrastructure are strongly influenced by deforestation of
upper watersheds.
9. Protecting the Atmosphere Through Better Soil Management.
The soil can act both as a source or as a sink of carbon. Decomposition of soil organic
carbon by the aerobic or anaerobic respiration of microorganisms yield carbon dioxide and/or
methane. It is now well understood that soils of the tropics are not intrinsically different in
organic matter contents from soils of the temperate regions (Theng et al 1989). The carbon
stored in soils is nearly three times that in the above-ground biomass and approximately
double that of the atmosphere (Eswaran et al 1993). There is little quantitative data about
the amounts of soil carbon lost to the atmosphere during the processes of deforestation or
about the amounts of carbon that can be sequestered by soils during the reclamation of
degraded lands by fallow regrowth, agroforestry or reforestation (Brown et al 1993; Dale et
al 1993). Part of the problem is that we normally consider soil carbon a black box. A better
understanding and increased predictability could be achieved if we focus on the dynamics of
the different soil carbon pools as mentioned before when discussing nutrient cycling. The
more recalcitrant or passive pools are likely to play a significant role as carbon sinks. More
attention therefore, should be given to their interactions with the more labile pools.
About 25 percent of the current CO, emissions to the atmosphere are caused by tropical
deforestation (Dale et al 1993). This proportion is expected to increase as emissions from
fossil fuels become progressively under control. Much of the methane also comes from
anaerobic decomposition of soil organic carbon in rice fields or wetlands. The bulk of
nitrous oxides emissions is due to denitrification of nitrates added to the soil as fertilizer or
produced during the mineralization of soil organic nitrogen.
There is very little hard data on how sustainable alternatives to slash and burn agriculture
will affect greenhouse gas emissions or the land as a carbon sink. Current models are
largely based on point samples unreplicated in time and in space. Much research needs to
be done to quantify these relationships. Likewise the prospects of reclaiming degraded lands
have climatic implications. For example nitrous oxide emissions from degraded pastures
have recently been measured to be twice that of adjacent undisturbed tropical rainforests
(Coolman et al 1993). Reclaiming degraded pastures therefore, may decrease emissions of
this greenhouse gas.
Changes in the albedo at the desert margins are likely to affect the water vapor content of
the atmosphere. A permanent vegetative cover will produce a darker albedo than the bare
soil surface in the semiarid regions. At the desert margins, this difference may be large
enough to positively affect atmospheric vapour pressure.
10. Policy Design and Implementation
The previous research components are primarily technological ones, although the specific
research proposed is to be based on the ex-ante analysis of farmer constraints and the policy
environment. Policy dialogues with national and local governmental and non-governmental
institutions must take place simultaneously to assure that the necessary policy changes are
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considered and implemented (National Research Council 1993). Policy research issues such
as strengthening institutions, fertilizer formulation and marketing, land tenure, crop residue
management regulation and facilitating "biological terraces" are likely to be part of the
agenda. Without appropriate policies and institutions, the technological improvements are
likely to tail, and the implementation of the second soil paradigmn will be of little
consequence.
The task is too important to let this happen. Soil scientists must join forces with partners
from other biophysical scientists and specially with social scientists to freely implement,
modify and improve the second paradigm. Focusing soil 'fertility research efforts in a way
that address the challenges of Agenda 21 will certainly help increase and stabilize food
production while maintaining the natural resource base.
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Soil, Societies Yoke to the Earth
S.W. Buol.
Soil is the pragmatic, the reality, the entity that
dictates much of what societies can do.

Without freedom

from the physical demands of food and fiber, societies are
not free to support the arts and culture we ascribe as the
"good life."

Like the yoke on a laboring animal, soil is

largely hidden from the outside world until it is lost or
out of place.
Soil science provides the eyes and ears of society in
translating what the idealistic dreamers envision as the
Utopian society, into the reality of what nature will allow
to take place.

Soil scientists must know soil.

this will mean production from the soil.

To some

Others will be

concerned with pollution of the soil and others with its
change or degradation with time and use.
is soil.

The common feature

Those who hold the concepts, the science, and the

facts about this thin skin of soil that interfaces the
lithosphere and the atmosphere often control the fate of
societal visionaries.

The most idealistic of plans for

societal betterment have no chance for success unless it is
1
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possible to engage the potential of soils.
different potentials.

Each soil has

The laws of physics and chemistry are

supreme and how society engages them within the soil
determines the return on investments of energy and talent.
Soil is so common that it assumes many forms to those
who contemplate its role.

In an academic setting, soil is

an interface of the organic and inorganic chemistries of the
terrestrial world.

Carbon and nitrogen from the atmosphere

are combined with the various elements of the mineral
lithosphere via the organisms anchored in the soil and
intercepting the radiant energy of the sun.

Soil buffers

these organisms against the harsh dryness of the rainless
periods by the comforting moisture retention of its pores.
Be it cyclic or sporadic, the exchange of gas and water,
with its soluble inclusions within the pores of the soil,
provides a caldron for the liquid, solid, and gaseous phases
of matter.
At another level of generalization, soil fractionates
the hydrologie cycle in the terrestrial areas of the world
into runoff, percolation and evapotransporational
components.

But, most profoundly without life, there is no

soil as we in soil science understand soil, and without soil
there is no life rooted in the terra ferma of the earth.
In addition to position and function as a natural
entity, soil has been afforded a status in the social
concepts and languages of many cultures.

W)

Poets and

composers synonymize soil with a sense of well-being, a
home, the motherland or the fatherland.

All people have a

sense of soil and although there are a multitude of
concepts, the entity that brings us to this meeting is
universal and germane to all.

Role of Soil
In ancient China a symbol (Fig. 1) illustrated the
mutual promotion and restraint of the five elements - water,
fire, wood, metal and soil (Yan et al., 1993).

Although the

recognition of soil as a fundamental component of nature has
been proclaimed by scholars throughout recorded history, the
multiform character of soil has escaped most scholars.
is not surprising.

This

Unlike plants, seeds could not be

carried from one continent to another.

Unlike animals, eggs

or breeding pairs could not be exchanged between
laboratories in order to propagate a species and facilitate
research.

Only samples of soil can be mutually examined at

distant locations.

A soil has its natural function as a

complete entity, laterally surrounded and interacting with
other soils.

While many important functions of soil can be

examined using samples, the entire soil, in situ, is the
object of societies concern.
Recognition of contrasting soil within localized
communities exists in every agrarian culture.

Recently

there have been numerous accounts of vocabularies that serve
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the communication needs of indigenous peoples.

Invariably

these vocabularies recognize sandy soils, clayey soils, wet
soils, droughtly soils, poor soils, good soils and
frequently use color to identify several individual kinds of
soil.

While many of the same characteristics are recognized

in several dialects, there is no quantifiable correlation
from one dialect to the other.

In part this is due to the

fact that the identification of soil properties is made in
response to how cultural practices respond when attempted on
the contrasting soils present within local areas.
It appears certain that contrasting soil qualities have
been known and communicated among all adjacent farmers.
However sophisticated these indigenous classification
systems are, they are limited by both the limited local
array of soil properties and the often very limited number
of farming practices known and practiced by the local
farmers.
Kellogg (1938) asserted that when people move from one
kind of soil to another they bring their old customs and
practices with them.

Conflicts between the old traditions

and new soil conditions are inevitable.

Kellogg (op. cit.)

further suggested that the rapid expansion of agriculture in
the United States resulted in large part from the
immigration of many peoples of diverse agricultural
experience.

Given freedom of mobility to select from the

many kinds of soils available, they settled and quickly
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became successful farmers on soil compatible with their
individual cultural experience.

When immigration extended

into the more arid regions, conditions not compatible with
cultural backgrounds, chaos and the erosional tragedy of the
"Dust Bowl" ensued.
The compatibility of cultural expectations and the
pragmatic realities of the ambient soil has been tested by
trial and error since antiguity.
unreported.

Most experiences have gone

Those trials that were successful were repeated

and became successful cultural practices.

When those that

knew only how to conduct the practice and did not understand
why the practice functioned attempted the practice on a
different soil, it often failed.

Soil science, as a

profession, has done much to understand and record the
reasons for such failures and successes.

There is much

still unaccomplished but we are making progress.

We are

learning to quantify the properties of the objects of our
science.
static.

Slowly we have come to realize that soil is not
A soil's ability to transmit water frequently

depends more on the existence of continuous root and worm
channels than the pore network created by particle packing.
The chemical environment within the pore water is dynamic.
The concentration of plant available forms of the elements
responds to the decay of plant residues, mineral
solubilities and root extraction.

Concentrations fluctuate

in response to daily soil moisture changes.
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A soil's

ability to surround a seed with moisture necessary for
germination and subseguent uptake by the plant root changes
not only daily, but patterns of moisture supply change from
year to year.

Each soil is an entity fixed in place and

thus a substantial number of its properties are controlled
by the weather conditions of that place.

Although the

properties of individual soil components can be well studied
under controlled conditions, it is the dynamic of the soil
in situ that is important to society.

The Entity Soil
Although recognition and study of soil has existed
since antiguity, it was only in the latter part of the last
century that soil was academically conceptualized as a
volume of the earth's surface that received properties from
climate, organisms, relief, original material over time.
Although the role of the critical climatic elements of
moisture and temperature have long been recognized, surgates
for these elements such as color, sesguioxide ratios,
organic carbon content and carbonate distribution within the
soil were sought with only local success.

Soil moisture and

temperatures are difficult parameters to guantify and our
present attempts need significant improvement.

There are

few properties so germane to cultural practices as the
temperature and moisture dynamics of the different soils.
Great strides have been made in identifying the
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culturally important components of the chemistry in the
soil.

Since the early part of the century analyses that

identified only the total elemental composition of soil
samples have been largely replaced by fractional analysis of
"available" forms of plant essential elements.

These

fractional analyses data have been successfully transformed
via empirical analogues to predict fertilizer requirements
for many crops.

Extensive and expensive field trials are

necessary to attain precision among soils of contrasting
mineral composition.

The task of relating kinetic rates

during short extraction periods to growing season durations
is further complicated by the contrasting kenetics of
nutrient uptake displayed by different plant species and
even among cultivars of the same species.

Precision in

applying the necessary qualities and quantities of
fertilizer not only increases efficient utilization of soil
areas devoted to crop production but safeguards against offsite pollution.
Utilization of successful cultural practices is
extremely uneven around the world.

While lack of

utilization can often be attributed to contrasting economic,
social or political systems, we have to accept some
responsibility for failing to fully utilize our expertise
and in assuring soil property compatibility with expected
cultural practice demands.

To improve our performance we

must avail ourselves of the experience of others on similar

<)5

soils.

This is now more feasible than ever before through

the existence of internationally accepted systems of
classifying soils.

It is no longer necessary to attempt

scientific communication of soil characteristics via
indigenous descriptors.

While continued effort is needed to

incorporate new research proven techniques in improving
existing international soil classification, one universal
problem is common to all efforts.

Scale of observation is a

universal problem separating research results, soil
classification, soil cartography and cultural practice
conducted by farmers.
The cartographic problem is easily seen in Table 1.
Where the average size farm is less than one hectare, as it
is in many areas, little spacial precision can be conveyed
by maps of scale less than 1:10,000.

Extension specialists

working to help cultivators improve their practices are
scarcely aided by soil property information contained in
small scale maps.
The categoric problem is equally as troubling but less
obvious.

A scenario using the hierarchial system of Soil

Taxonomy (Soil Survey Staff, 1975) for illustration follows.
A research publication may identify the soil at the research
site only as an Alfisol.

The research demonstrates the

successful use of a very desirable and economically feasible
cultural practice and readers would like to adopt the
practice.

Identified only at the order category, Alfisols
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include both well drained and poorly drained soils.

They

range in temperature from tropical lowlands to the Artie.
They range in texture from sandy to clayey, etc., etc.
Simply, in practice over 1000 different kinds of soil are
recognized as Alfisols at the Series category within the
United States.

Further, there are at least two or three

mapping unit phases of series recognized within the 1:24,000
scale mapping routinely used with Soil Taxonomy in the U.S.
Most importantly, interpretation, or soil recommendations
are tabulated and conveyed to the public by map unit
identification.

It is a reasonable estimate that if the

soil at a research site is identified only as an Alfisol, or
other order category name, it could be considered as
applying to 2000 to 3000 map units each considered different
enough from each other as to be consistently identified in
soil survey operations.

A communication gap does exist.

I want to clearly state that there are many uses for
the small scale soil maps and high category taxa.

However,

when farmer level practices and several other soil science
activities are the subject of research and technology
transfer, more precise soil identification is needed.

To

interface with field level research of our colleagues in
other commissions, we must identify the soils, both
taxonomically and cartographically, at a scale that is
meaningful to minimum decision making areas that normally
exist when utilizing the technology researched.
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Although

identification of soil characteristics by indigenous
vocabulary is useful for communication with farmers, it
severely restricts effective transfer of the information
among scientists.

Societal Centerpiece
While much of our concern in soil science clearly rests
with the practical and pragmentic efforts to obtain the
human nourishment needed by society, our obligations extend
to many other areas.

Unlike resources of minerals, our soil

resource cannot be locked away awaiting a more advantageous
time.

All soil is used whether it be to support a natural

park, a city parking lot or a cultivated field.

Whatever

the present use, effective and non-destructive management is
required.

Societal needs change with time.

The object of

our expertise, soil, needs to be managed so that it can
respond to legitimate future requirements.

Functional

attributes of soils must be conserved and in many cases
improved.

Soil is not an infinite source of essential

elements for our food chain.

Despite potential

environmental problems, mineral borne elements such as
phosphorus, potassium, calcium and magnesium must be
supplied to soils if continued extractions of these elements
are made in feed and fiber products.
For example, human dietary needs require approximately
1 gm of phosphorus per day.
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Considering a world population

of 5.5 billion people and 1.5 billion hectares of cropland
in the world, approximately 1.3 kg of phosphorus is annually
removed for food from each hectare of cropped soil.
quantities of soil phosphorus vary greatly.

Total

Many presently

cultivated soils contain only 200 to 300 kg of total
phosphorus per hectare plow layer and subsoils contain
lesser amounts.

Although available phosphorus content is

more germane to crop production, clearly we need to make
society aware that sustained food production is not possible
without a sustainable supply of essential elements to
cultivated land.

The quality of our food reflects the

composition of the soil where it was grown.

Soils with the

least erosional potential are the best candidates for most
food production.

Where such soils are intensively utilized

for food production, more erosive soils are not forced into
cultivation.
Pillaging nutrients stored in the biomass of the
forests to grow food crops is a practice that need not be
repeated.

We understand how slash and burn practices work

and what is needed to replace them.

However, when

fertilizer is added to substitute for the ash of forests,
those nutrients need to find their way into useful food and
fiber.

Management of added nutrients that help attain

maximum utilization of solar energy in crop production must
be in synchrony with uptake by the crop plants so as to
minimize eutrophication of off-site areas.
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This requires

intelligent application to harmonize with site-specific soil
properties.
Even with the best of management, technologies that
utilize soil are at the mercy of the weather and "accidents"
will occur.

Remediation procedures for contaminated or

eroding soils, of all kinds, need to be understood and
available for implementation when needed.
Societies, like soils, are not monolithic in either
time or space.

Certainly few would claim to fully

understand and be able to quantitatively predict the path
every society will take.

It is therefore not possible to

predict what requests society will make on the soil
resources of the world.

The term "elastic limit" has been

used in attempts to convey to society that each kind of soil
is capable of serving many functions but if its "elastic
limit" is exceeded, it would break and be destroyed.
Society now tests the elastic limit of soil in many ways and
yet unheard of tests will arise in the future.
"yoked" to the soil.

Society is

Our expertise is required to assure

there is no breakage of that yoke.

He Continue to Learn
Although rapid advances have been made in Soil Science
over the past century, no individual or even the group
individuals assembled here would claim that all species of
soil have been studied.

Our collective understanding of
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numerous subspecies of soil is meager.

Our concepts of how

the various types of soil form and function need extensive
testing and revision.

The formation and slow alteration of

soil cannot be fully studied in controlled experimentation.
Edaphic, pedologic and geographic concepts (Butler 1958)
must be formulated from the continued synthesis of
observations.

Our observations must be augmented by

analytical technique.

Factorial models and open system

models need to be developed and tested.

Although such

models are unlikely to permit us to fully predict how a soil
will respond, they will facilitate teaching and aid us in
focusing our research efforts.

The more concise our

concepts the better we are able to correctly convey our
knowledge to society and future generations of scientists.
Visionary dreams without the ability to effect them in
practice are empty dreams.

Soil is the unseen, often

neglected and non-romantic "yoke" that attaches the hopes
and aspirations of society to the pragmatical earth.
Society is yoked to the soil.

Although our role as students

of soil is seldom glamorous, it will always be needed.
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Table 1.

Representative map scales and corresponding area
of the smallest (0.4 cm2 diameter circle on the
map) delineation that can be shown.

(After

Eswaran et al.. 1977).
Map S c a l e

Area of

0 . 4 cm2 c i r c l e
(ha)

1:5,000,000

100,750

1:1,000,000

4,030

1:500,000

1,008

1:250,000

252

1:200,000

161

1:100,000

40.3

1:50,000

10.1

1:25,000

2.52

1:20,000

1.61

1:10,000

0.40
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Figure 1: Ancient Chinese Diagram Illustrating the Mutual
Promotion and Restraint Among the Five Elements
(After Yan et al., 1993).
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Strategies for the Sustainability of Renewable
Natural Resources
D. R. Keeney*. Department of Agronomy, Director of the Leopold Center for
Sustainable Agriculture, 126 National Soil Tilth Laboratory, Iowa State University,
Ames, Iowa 50011 USA

Abstract. The concept of sustainable agriculture differs widely depending on the perspective of
the person or organization. It is a dynamic concept that involves site specific farming systems
that maintain or improve profitability while conserving natural resources and promoting rural
development. Land management is a key to the sustainability of an agricultural system. As the
need for food increases worldwide, sustainable land management systems must be developed
through research, transferred to fanners, and supported by government policies. The goals of
governments to support a sustainable agriculture will depend on their need for food, concern for
the environment, availability of land, water and other natural resources and the general
economical status of the country.
Introduction. The sustainability of today's agriculture has been a concern world wide. It was
a key part of the UNCED Agenda 21 declaration at Rio de Janeiro (20), and has been the subject
of numerous conferences at the national and international level over the past several years. As
we examine the concept of sustainability of agriculture and struggle with its meaning, we must
recognize the political, geographical, cultural and economic aspects of the term. Sustainable
practices, a term that has been used to classify better ways of farming and managing the land to
greatly reduce soil loss, minimize water quality degradation and lessen purchased inputs by
judicious use of internal resources and management, frame only part of the concept. Sustainable
agriculture for many also concerns the welfare of those who farm the land and the rural
communities who provide support for fanning,
Land Management and the Land Ethic. Land management is critical to preserving
natural resources for future generations while using these resources to support the needs of
today's world (3, 9, 21). Sustainable land management involves embracing the holistic concepts
of Leopold (18) who, in his epic The Land Ethic, stated, "In short, a land ethic changes the role
of Homo sapiens from a conquer of the land-community to plain member and citizen of it" He
further stated "We abuse the land because we regard it as a commodity belonging to us. When
we see land as a community to which we belong, we may treat it with love and respect".
Yet often we still ignore the land ethic as we attempt to conquer nature with policies and
technologies that in the long run cannot be sustained. The results in the agricultural landscape
are apparent. Erosion of soils, with loss in soil quality and off site costs of sediment in rivers
and lakes, lowered biodiversity, declining yields that must be offset by greater inputs of fertilizers
and pesticides, and pollution of ground and surface waters with soil and with pesticides and
nutrients results. People and rural economies suffer. Ultimately many feel that the global food
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situation will be so sharply curtailed by our current treatment of the land that we will not be able
to meet food demands (3).
The Issue. Many hope that as the world's countries adopt sustainable development
policies, major changes in our food production system will evolve (1). However, sustainable
development remains a controversial and poorly understood concept (4, 14, 19, 21). A major
hurdle is the acceptance that growth as we define it in today's corporate world cannot continue
indefinitely, i.e., the term " sustainable growth" is indeed an oxymoron (7, 9).
Sustainable agriculture suffers also from the problem of vague definitions (21). It
generally means "an agriculture that will continue to conserve natural resources and protect the
environment indefinitely, enhance health and safety of the public, and produce adequate quantities
of food at a profit for the farmers" (21). Social welfare, quality of life, farming in harmony with
the ecology of the landscape, and proper accountability of offsite costs are also part of the
sustainability definition debate (1, 8, 13, 21).
In many nations, agriculture is on its way or has already arrived at a structure that can
be loosely termed "industrial". High energy inputs are required for traction power, irrigation and
agricultural chemicals, as well as for feed and food handling and processing. Other external
inputs include seed, capital, and unskilled labor. Industrialized farms must be managed to
maximize economic returns, which leaves less opportunity to conserve "nonproductive" natural
resources and to treat the landscape in ways that conserve and improve on soil and water quality.
These farms are in part the outgrowth of government policies that provide financial support
(through subsidies, tariffs and export enhancements) but also are the logical outcome of a global
highly competitive food system driven to maximize efficiency (14).
Today the world enjoys an excess of food, but with widespread problems of distribution
due to equity in sharing in the world's wealth. However, reasonable projections are that by 2050
food demand will have risen by 2.5 to 3.0 times the present level (4, 9). This critical 50 to 60
years must be the period when the technology of agricultural production and knowledge of ways
to ameliorate its environmental consequences must be greatly expanded (4, 7, 12, 18, 19). Yet
at the same time many of the publicly supported agricultural education and research
establishments in developed countries are being downgraded or dismantled. Presumably this is
because society has decided that the information these institutions are developing is not critical
to the production of food. It is partly the result of short sighted policies of budget reductions but
also the outcome of an agricultural research and education system that many feel has become
irrelevant, particularly in its lack of treatment of people and environmental issues. The industrial
agriculture model also is at fault; fewer people associated with agriculture mean fewer voters able
to influence national policy. While all agree that the science of agriculture be recognized in
terms of its critical need in a world of expanding population and food needs, it appears that a
redefinition of agricultural research and education is needed.
Sustainable agriculture development to protect natural resources, meet food needs and
address rural infrastructure problems must switch to a new paradigm. This paradigm will use
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systems based research and education and will involve rural and urban people concerned with
preservation of their resources (3, 8, 9, 10, 12, 13, 16, 19).
The concern of many is that we cannot expect improved technologies, particularly the use
of fertilizers, pesticides, new varieties and irrigation, to contribute to the rate of increase in the
food supply worldwide in any where near the rate in the 1965-1985 period (19). For example,
grain production has more than doubled during this period in Asia, and several formerly food
importing nations now export coarse grains as well as value added agricultural products. The
"feed the world" philosophy for development of agricultural policy is often at direct odds with
sustainable agricultural policies (1). Yet this should not be so. Degradation of natural resources
to produce grains at low prices for nonexistent markets seems inherently counterproductive.
Distortions in market signals sent because of tariffs, subsidies and special interest protection are
a recognized culprit.
Many proponents of sustainable agriculture feel that the social and economic advantages
of the family farm to the rural community is the primary goal of sustainable agriculture (2). A
logical question in the United States is whether the family farm can be preserved by reversing
the current industrialization trend through policy changes, enhancing the use of on farm
resources, providing diversity in crops and markets, substituting management for purchased
inputs, and enhancing rural communities (9, 14, 15).
A further agenda for sustainable agriculture, closely related with the socioeconomic
concerns, involves environmental protection and enhancement (3, 5, 6, 11, 14, 16). Of the
environmental concerns, nonpoint source (NPS) pollution of ground and surface water supplies
currently ranks high on the list of ills to be addressed by sustainable agriculture (11). Crosson
(5) and Crosson and Ostrov (6) indicate that the working definition of sustainable agriculture
must have temporal, quantitative and normative dimensions. Essentially we are asking for social
and intergenerational equity; the ability of today's agriculture to sustain us into the future while
meeting today's needs. In that question lies the answer to future directions for agriculture
research, education, and policies at the national and global level.
There are many definitions of sustainable agriculture differing mainly in emphasis. The
legislation defining the Leopold Center defines sustainable agriculture as "the appropriate use of
crop and livestock systems and agricultural inputs supporting those activities which maintain
economic and social viability while preserving the high productivity and quality of Iowa's land".
This definition encompasses the major elements of sustainable agriculture, namely farming
systems, natural resources, economics and social issues. Perhaps in the most abstract it is the
issue of intergenerational equity (22).
A critical issue in the pragmatic definition of sustainable agriculture involves the approach
to current agricultural practices. One view is that fine tuning of a basically sound agriculture to
improve profits and yields through new and more sensitive technologies is the proven approach
to sustainability. This view is more easily sold because it is not nearly as threatening as the call
for major structural changes. It has become the dominant theme of mainstream USDA, land
grant college, agribusiness, farm and commodity organizations (21).
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The alternate view supports a major paradigm shift with emphasis on the environment,
resource conservation, social justice, equity, and ethics in addition to sustained production. The
farm is regarded as the biological entity, and the farmer is an integral part of the landscape.
Most sustainable agriculture advocates prescribe to much of the issues in this view, but are not
yet able to offer specific steps that need to be taken to reach this nirvea.
As society stumbles into the 21st century, sustainable agriculture likely will be a mix of
both world views. Component production and environmental protection research, policy shifts
that include green incentives, and likely changes brought on by people to improve the landscape
and their quality of life will prevail over more revolutionary changes.
Natural Resource Conservation in Agriculture. Modification of a natural landscape
for agriculture will modify the ecosystem, including the air and water, from what it was in the
pristine state. Can this modified landscape remain productive for the indefinite future.
Answering this question in the abstract is obviously impossible. But some principles can be
readily established to apply to site specific situations.
As the agricultural production systems more often emulate the industrialized model, it is
logical to extend industrial solutions in terms of regulations such as water quality standards, soil
loss limits, and land use controls, to agriculture. Indeed agriculture already has numerous
regulations. Some of the more widely used that interact with nonpoint pollution issues include
limits or bans on use of pesticides, product and worker safety rules and educational programs
such as certification of pesticide applicators, and zoning, especially for livestock operations.
Other approaches in use are more toward use of subsidies to reward better practices. These
include use of environmentally sound practices before the land owner/manager can be included
in government support programs for commodity crops, support for changes in land use to control
erosion or to protect water catchment areas, and support of research and educational programs
to reduce the incidence of excessive use of offending chemicals or practices. The general
consensus is that sustainable practices will control many of the NPS problems in agriculture (11).
Some problems however are landscape in scale and will require major farming systems changes
if control is desirable (12). Fragile lands will need to be protected by such means as long term
easements. Special ecosystems such as wetlands, similarly will need permanent protection.
However, much of the land must remain productive and over time, will be needed to meet food
needs. Sustainable landscapes must be managed so that they meet the requirements of complete
resource protection, and the role of people on the land must be part of the equation. A unifying
factor, such as soil or ecosystem health, should be regarded as the goal of a sustainable
landscape.
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Soil Minerals in Space and Time
Karl S t a h r , Department of Soil
70593 University of Hohenheim,

Science,
Germany

Zusammenfassiing - Bodenminerale in Raum und Zeit
Die w ichtigstcn Btxlcnmincralc lassen sich aus dcr gcochemischcn Zusammenscl/.ung der Erdkruste
ablcitcn. Dabci sind die Scdimcntgcstcinc bcrcits als Produktc intensivcr Vcrwittcrung von magmalischcn Gcstcincn zu vcrstchen. Dcr Stollbestand dcr Beiden unterschcidct sich hicrvon durch die
DivcrsiUi! dcr Tonmincralc und den Humusvorrat. Dcr Wcg vom Gcstcin /.urn Boden ist durch cincn
bestandigen Wcchscl gckcnnzciehnct. Durch die Traghcit dcr abgclaufcncn Prozcssc und die Haufigkcil vcrandcrtcr Umwcltbedingungcn, gibl es au! dcr Erdc praktisch kcinc Boden, deren Mincralbcsland mi Glcichgcuicht mil den Umwcltbedingungcn ist. Die Tatsachc, daB metastabile Minerale in
Boden vorhanden sind, hat den Vortcil die Entwicklung der Béiden rckonstruiercn zu könncn und den
weiteren Vortcil, daB der Mineral bestand als Puffer in Okosystcmcn wirken kann. Die Bodenminerale
sind gleichzcitig das Gcdachtnis cincs Bodcns und andcrcrscits spiegelt dcr "aktivc" Teil dcr Minerale
den aktucllcn Entwicklungszusiand wider. Durch ihrc riiumlichc Untcrschiedlichkcit und die verschiedene Rcuktivitiit rcgclndie Bodenminerale wichtige ökologischc Prozcssc, insbesondcrc im Chemisiinis des Wasscrkrcislauls. Die Erforschung des Mincralbcslandcs und seines Umsatzcs erfordert cine
abgcstimmie Anwcndung mincralogischcr, morphologischcr, gcochcmischcr und physikochemiseher
Methoden.

Soil minerals derive from the crust of the earth
The crust of the earth is the solid base, which carries as a thin skin the soil cover. Soils are derived
from crust materials (rocks), w hcrcas all elements and minerals of rocks arc involved in the formation
of the soil. A reconnaissance of the clement content of the earth's crust shows, that only 3 elements
O, Si, Al, dominate the gcwhcmislry (MASON, 1958) of the earth's crust (Fig. 1). Already from this
first observation wc can derive the first hypothesis: The mayor elements arc the constituents of the
dominant minerals, which arc silicates. Therefore, transitions and reaction of silicates in the earth
crust may control the environment. Earlier research tried to estimate the transition of elements and
minerals (WKDHPOIII., 1969) from igneous rock to sedimentary rock (Fig. 2). But what arc the
mayor changes into the soil material? If wc accept, that soil formation changes rock composition
mainly by structural diversification and increasing pore volume (filled w ith gas and water) and adding
organic matter, wc could ask, which changes may be caused by the latter.

Fig. 1:

Geochemical average clement composition ol the earth crust (MASON, 1958)

III

Igneous rocks

Sedimentary rocks

Soils

Organic
. » v matter

OrthoclaseJ KapU™^

(wt %)

Fig. 2: Estimated average mineralogical changes in the conversion of igneous to sedimentary rock
and to soil during weathering and soil formation (lm depth) (with data from WEDEPOHL,
1969 and GARRELS & MACKENZIE, 1971)
Podzol (Barhalde) on Granite (Black Forest, SW-Germany)
Rock
Soil material
Eh, 55-80 cm

Pedogenic material

Gypsisol (AH4) on granitic Gneiss (S-Egypt)
Rock
Soil material
Bw, 20-40 cm

Pedogenic material

Fig. 3: Comparison of soil and rock minerals between a Podzol in the humid Black Forest and a
Gypsisol in the extreme arid Central Sahara (data from GUDMUNDSSON & STAHR, 1981
and HUTH, 1989)
If we compare the changes (Fig. 2) only due to organic matter enrichment, we find that these are less
important (on a mass basis) than the formation of carbonates during carbonatization. According to
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these arguments and observations, we arrive at the next statements:
Element stock of soils is controlled by the element stock of the rock and the rock mineral composition
of the soils may dominate soil mineralogy.
Changes from rock to soil
If we now observe the whole soil mineralogy of individual soils (Fig. 3), we will be able to accept
that the difference between different soils is not based on the difference of dominant rock-derived
minerals but on the difference in soilborne - pedogenic - minerals, which may not be the dominant
ones.
We also know, that the changes in soil mineralogy arc dependent on the environments. The vast
differences occurring in environmental conditions are the reason for the existing variability of soil
minerals (HUTH, 1989; GUDMUNDSSON & STAHR, 1981).
The formation of new (pedogenic) minerals is governed by the environment and the velocity (intensity) of change.
climate + relief
soilborne
rock mineral • time
•
-.
^ mineral
+ organisms
pedogenic - Here the environmental factors catalyse or enable the transition, while the time span controls the degree of alteration. If we 'compare the velocity of change observed under certain conditions (Tab. 1),
we will be able to estimate a time span, when-50 % or 90 % of the minerals reach the new stage,
which can be assumed to be in equilibrium with the environment. If we compare different transformation processes in our soils, one can find changes, which alter the mineral assemblage substantially
within a short time.
Tab. 1: Amount of weathering and formation of minerals per year and time period needed to alter
50 % of the soil stock under different environments
Rate [g^m^a 1 ]
5
0.3
1
10
2
20

Region (Rock)
Lanzarote, Spain
(Basaltic pyroclastics)

Process
clay formation
oxide formation
carbonati/ation

SW-Germany
(Loess)

clay formation
oxide formation
decalcification

Black Forest
(Granite)

clay formation
oxide formation
feldspar weathering

12
1.5
40

50 % turnover
100 000
130 000
80 000
50 000
12 500
15 000
100 000
30 000
20 000

Other processes need long periods in order to change effectively the soil mineralogy. The simplest
form of a mineral change is transformation (Fig. 4). Nevertheless these processes have to be divided
into the minus and plus part, because one mineral phase has to disappear and another one has to
appear. The process is therefore controlled by the velocity of weathering and by the velocity of crystallization. In between a transport process is necessarily involved. This might also be limiting the
result, but could not be effective, if the recrystallization takes place at the identical place (pseudomorphism). In those cases the new mineral may even inherit the crystal form from the parent mineral.
After a sufficient time span the whole unstable rock mineral assembly should be changed into the new
stable minerals. This is not completely met in any soil profile on our earth. One of the closest approximations are Ferralsols derived from basic volcanic rock (Fig. 5). Even there we do have minerals
not in equilibrium in the topsoil. In temperate zones we do not reach this stage because landscape
history has changed soil dynamics through climate-induced mass movements. In arid tropical and
subtropical areas the same is true because of eolian transports together with frequent climatological
changes especially in transition zones. If one observes a certain mineral composition, there are several
pathways, which may explain the real distribution of these minerals.
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Braunerde on Granite (Weidlcld, Black Forest, SW-Gcrmany)
mg'g-'Fe 20
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• ' • • ' • • •
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Transformation of silicatic iron to oxidic forms in a Brauncrdc (Weidlcld) on Granite (from
KEILEN,

1978)

Chromic Vertisol (Dindcr scries, Sudan)
0 • • • • 50
%
100
I
•
.
•
•
1
1

Hapl ic Ferralsol (Pcdon VIII, ISCW 22, Brasil)
0
50
<7, 1(X)

'*my//////////>

Quartz! \ Smectite
/ Kaolinite
Feldspars\
Illite
Other silicates

Data of USDA-Labaratory, Lincoln
Fig. 5: Examples of mineral associations in a Vertisol and a Ferralsol, which where almost in equilibrium with the current environmental conditions
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Pathways into the soil mineral body
Two of such mineral assemblages arc represented in a generalized manner in Fig. 6. There are many
problems, if we want to verify the findings or if we want to trace the pathways. Kaolinite in the
examples can be derived from a tertiary Paleosol and transported by gravity to the place, while the
larger fraction of the Paleosol left the catchment. Kaolinite also may be formed in place by tertiary and
pleistocene deep weathering and then after erosion mixed from the saprolite into the soil material.
Kaolinite may form on cleavage plains with the influence of hot solutions through hydrolhermal activity. Also kaolinite may be delivered by eolian addition of loess dust. Finally kaolinite may form just
now in place. In order to explain the contribution one has to trace back all pathways and quantify
them, because seldom a clear qualitative estimation could be derived, which excludes either one pathway or shown that it is the only one.
Braunerde on granite
Total amount •• 90-140 kg»m-2
New formation
Imogolite

^

Kaolinite, Mile

^

Transformation from Micas

Parabraunerde on loess
Total amount * 300-400 kg»m-:
New formation

Kaolinite, Mite

Transformation from Micas

Illitc, sec. Chlorite,
mixed layer

miced layer

Holocene and pleistocene eolian addition

sec. Chlorite

Smectite, Mite,
prim. Chlorite

Mite

Original loess components

Clay formation on old surfaces
on pleistocene surfaces
Mite, sec. Chlorite, ^ ^
mixed layer
'

.. .

Local transported
Kaolinite, Mite
from old surfaces
Mite, Kaolinite
from sedimentary rocks
primary silicates
from kristalline and
volcanic rocks

^^-^^^
-^""^

on permian-triassic surfaces
Mite, Kaolinite

i

^

C

^

Old deep weathering
Kaolinite

Far transported
Smectite, Mite,
prim. Chlorite,
Kaolinite

Hydrothermal weathering

^

different sec. min i

Destruction of clay minerals
by Al- and Si-export

Destruction of clay minerals
by Al- and Si-export

^IT

Fig. 6: Different factors affecting the amount and composition of the clay minerals as well as their
estimated quantitative influence for a Braunerde on Granite in the Black Forest and for a
Parabraunerde on Loess on the foothills
Principally there are three possibilities for a mineral to be added to the mineral assemblage of a soil:
inheritance, relictic tradition, and recent neoformation (Fig. 7). All of this can be subdivided into
more special cases, but there are two facts which complicate the interpretation even more.
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Fig. 7: Mayor sources and conditions for minerals which appear in the bulk of a soil
The first is metastability, the other is the formation of unstable intermediate phases. The first may be
characterized as a mineral, which is not in equilibrium with the environment (physico-chemical constitution of the soil solution) but is not weathered because of low solubility or missing energy for the
process. A good example is the existence of albite and quartz in many soils. A typical example for the
intermediate formation is allophane, which is formed as an intermediate phase at the same physicochemical conditions like halloysite.
The minerals are the memory of the soil
In general, soil minerals are much more stable than the other soil components soil air, soil solution
and also the organic matter of the soil. This is the reason, why people are often worried about the
information which may be gained from mineralogical studies. I will try to show later, that in fact soil
mineralogy is also closely related with current dynamics of soils as soon as the right tools for characterization are used. But first we must draw our attention to the fact that the stability of soil minerals is
an advantage, because it stabilizes the soil system as well as the ecology. Short time impacts do not
change the soil conditions for a longer period, because persisting soil minerals generally buffer those
impacts.
As long as the original minerals persist in a soil, we can trace the soil back to its parent material. This
is important, where stratifications of soil sediments are in common or where the origin of the soil
from the underlying rocks is doubtful like in karstic landscapes (BEINROTH, 1982).
As soon as a mineral species is weatherablc but still found in the soil, it can be used in order to quantify the progress of weathering e.g. by comparing i.t with the content of an unweathcrable index mineral (MARSHALL & HASEMAN, 1942). Zircon, rutile and quartz have been used widely as index
minerals, because they are stable under almost all soil conditions during short and also longer periods
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(Bi r \ l i ; & RÖI'KR, 1977). But nevertheless also other minerals, which are stable under certain conditions, could serve as index minerals (e.g., kaolinitc, ALAILY, 1972). Specific minerals could trace
also certain peculiarities, which occur during the geogencsis of the parent material. Grains of sedimentary KK'k in a volcanic rcx-k may give a hint to admixtures, which have erupted together with the
volcanies but derive from rocks which the magma passed during ejection. These also can be easy
w calhcrablc minerals, which arc coated by a cortex of volcanic glass (ZARF.I, 1989).
Admixtures of strange materials can be detected as long as there arc minerals, which arc specific for
the addition and persistent during the period of soil formation. Picotitc as a rare but easy detachable
mineral is an unmistakable sign of an alpine source in Central Europe. Therefore picotitc as a trace
and heavy mineral can be used as a definitive argument for loess addition or moraine material at a
certain site (BI.IM& MAI'S, 1967). However, picotitc is so rare that a quantitative estimation seems
to be impossible with this tracer. Therefore other minerals or elements have to be used in order to
quantify the addition (MAUS& S'l'AlIK, 1977). Quart/ in areas of basic volcanic or magmatic rock or
on limestones is an excellent tracer for the quantification of colian addition (Y AAI .ON & GANOR,
1973; J Al IN, 1994).
Not only minerals as evidence of initial soil materials or later admixtures can be used as a memory of
a soil. Also pedogenic minerals can help to identify earlier stages of soil formation. This is possible if
soil development has passed a certain stage, but in the bulk of the aggregates minerals formed in a
earlier stage arc still present. Gocthitc coalings along old rcxH channels or cracks often together with
manganese oxides can be the evidence for an old ground-water level, if currently the horizon is not
affected by groundwater or other rcductomorphism. Clay skins in a calcic horizon, w here the clay
coalings arc coated again by calcitc veins is an argument for a climatic change from a more humid to a
more arid situation (SCUÜI.li ct al., 1989). Again concretions of gocthitc and bleached surfaces of
aggregates (ferric properties) in nowadays well-drained soils or positions of the landscape show a
tendency to more arid conditions or alterations in the relief, which caused a change in soil hydrology.
Soil minerals reflect the stage of soil development
Generally during soil formation lithogenic minerals disappear gradually and pedogenic minerals arc
formed. This has many consequences for the properties of a soil e.g., texture, structure, or exchange
capacity. The degree of alteration of primary minerals or the amount of neoformation of pedogenic
minerals could be a criterion for the advance (progress) of soil formation. This simple way of calculation is possible as long as no mayor change of soil mass has happened (e.g., no decalcification and
dcsilificalion or salini/alion and carbonati/alion). In a soil derived from granite in the Black Forest the
fractionation of Fc shows the typical features of a Browncarth were the maximal alteration took place
at the surface and the change decreases gradually downward in the profile. Already 45 '7< of the iron
is involved in soil formation, whereas in 1,50 m depth only 22 li arc liberated from biotitcs (Fig. 4).
In granites always a retarded alteration of soil minerals took place, because quart/, seems to be very
resistant to weathering and has a percentage of 2(1 - 35 % of the mass. Furthermore sodium-rich
plagioclascs (albitc), orthoclasc and muscovitc arc not among the easily wcathcrablc minerals, but
together cover generally more than 60 '7< of the whole rock. Therefore after 10,(XX) years in the same
soil still 82 '7i of the minerals arc rockbornc.
Another situation is met, when glass trom volcanic origin is weathering. Especially, if the glass is of
basaltic composition, a splendid and total alteration is possible (MIEHLICH, 1991; JAHN, 1988). Here
already the change of texture gives an idea of the degree of weathering because the glass-grains of
sand si/c weather, and new minerals arc mainly ol clay size (Fig. 8). As an intermediate phase silty
loamy texture occurs, because sand is weathered and this decreases the size into silt fraction. This
assumption can be proved because soil horizons, which arc completely weathered, have up to 85 %
of clay and the rest arc stable clav microaggrcgatcs or some iron concretions of sand size (SCI li IE ct
al. 1989).
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Fig. 8: Time dependent development of grain size for soils derived from basic pyroclastics on the
Island of Lanzarote (JAHN, 1988)
Soil minerals reflect acting soil and environmental processes
Although the soil minerals are often the conservative part of our soils, there is a surface or often a
certain bit of entire minerals which reflect current soil processes. This part may be only a few percent
of the soil mass, but in some cases they differ distinctly from the bulk and there is an easy access for
analysis. In areas with salt minerals the distribution of these minerals is well in accordance with the
acting soil hydrology. This implies a difference in the distribution of the minerals in well-drained sites
compared with groundwater affected ones (SMETTAN, 1987; RUCK, 1989). These differences do not
only affect the amount and the distribution in the profile but also the kind of those minerals (Fig. 9).
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Fig. 9: Profile distribution of cations and anions from soluble salts in a terrestrial (Gypsi-Haplic
Solonchak) and gleyical (Sali-Eutric Gleysol) saline soil (SMETTAN', 1987)
Some soil minerals have a strong dependence on Eh/pH-conditions. One of the best examples is the
occurrence of pyrite and hydrotroilite in salt marshes. They are formed in the organic mud of tidal
sediments. Later well-drained conditions cause the sulfides oxidize rapidly and form gypsum in carbonatic conditions or jarosite under acid conditions (BRÜMMER, 1973). In both examples the reactivity is bound to narrow stability fields of the minerals, especially if they are fine-grained minerals. A
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situation where current soil conditions are reflected by the dominant clay mineral was analyzed in the
Canary Islands, where generally holocene and young pleistocene pyroclastics are the parent material
of soil formations. The clays present can be plotted easily into a time and climate diagram (Fig. 10).
The intermediate mineral phases allophane and/or imogolite are formed earlier and stabilized longer,
the moister and cooler the climate is.

Fig. '0: Occurrence of dominant clav minerals in relation to precipitation and time in the Canary
Islands (CALDAS et al., 1982; JAHN, 1988)
Soil minerals control the environment
Drinking water is an important and scarce resource. Most drinking waters are drawn from springs
and groundwaters. These waters pass the soil and the rock until they resurface. A simple comparison
of rainwater and springwatcr shows in areas with similar conditions that the element content of the
springs is closely related to the mineralogy of the soil and rock and has nothing in common with the
precipitation (Tab. 2). With similar rainfall the springs from granite, sandstone and boulder marls
show tremendous differences. The processes involved are very complex and include the turnover of
organic materials and weathering as well as neoformation from solutes. The three different soils in
question get their load from different dominant weathering-processes. In the granite mainly anorthitic
plagioclase is the source; in the Buntsandstein area illite and orthoclasc are weathering, whereas in the
boulder marls almost exclusively calcite and dolomite break down. This is affecting the total amount
of solutes as well as the relations between elements in solution. A side-effect of the different mineralogy is the strong difference in velocity of weathering. This is important, where environmental
stress is observed. Here the velocity of changes may be or may not sufficient to buffer the impact.
The acid rain in the area in question causes an intensification of chemical weathering. This is obviously not critical in the granite area, where the acidity of 2 kmol»ha-1«a'1 is still buffered by plagioclase and mica weathering. On the other hand the Buntsandstein area is not able to buffer additional
acidity and therefore there is remnant acidity in the springs. The minerals of the Buntsandstein may
already under natural condition not be able to buffer the acidity produced in the ecosystem. Therefore,
the tendency towards podzolization and acidification was much more dominant in this area. The
unbuffered soil solution/springwater transports organic acids and Al-ions in concentrations, which
affect the water quality.
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Tab. 2: Concentration of mayor elements (in mg»l') in precipitation and groundwater in three
different regions ol' SW-Gcrmany (data from FHCiHK, 1993)
Fc

SO,

Na
Marly Moraine Hills (7°C, 1400mm)
in precipitation
0.27
in groundwater
2.4

K

Mg

Ca

Al

0.24
0.65

0.08
14.5

0.59
110

<0.005
<().005

Granite Mountains (4°C, 2100mm)
in precipitation
0.29
in springwater
1.44

0.11
0.56

0.05
0.17

0.24
1.07

0.005
0.31

0.004
0.008

0.45
1.27

Sandstone Plateau (4°C, 1900mm)
0.22
in precipitation
in springwater
0.24

0.15
0.43

0.04
0.12

0.14
0.60

0.015
0.70

0.016
0.020

0.85
1.24

2.7
3.5

Tools for soil mineral research
As we saw, the occurrence of a mineral often is not enough informative lor a lull genetic interpretation nor for an environmental assessment. If one wants to have a general picture of soil minerals,
one has to choose several approaches in order to gain the proper information, because none of the
available methods gives a complete answer.
The methods available have been improved in the last decades, which gives us better inlormation
about surfaces of crystals as well as better possibility to identify small crystals or even crystal domains (EGGLErONet al., 1987; GILKES, 1990). The mayor lines, however still, arc the same (Fig.
11).

Fig. 11: Tools for informations on soil minerals
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Prospects of Soil Salinity for the 21st century
I. Szabolcs. Research Institute for Soil Science and Agricultural Chemistry of
the Hungarian Academy of Sciences, Budapest
Introduction
It was the second half of the 20th century when mankind awoke
to the importance of major environmental problems including the
hazards resulting mainly from the growth of world population,
finite natural resources and, last but not least, from the ever
increasing detrimental effects of the improper technologies of
production and the current patterns of civilization.
Following this recognition extensive political and scientific
activities began in order to characterize the hazards, outline
the limits for growth in population and production, and to
elaborate new technologies and new life styles which can make
possible to sustain the conditions for the survival and even
development of biosphere and society.
There has been an immense number of national and international
projects, studies, scientific and political undertakings during
the last decades, dealing with environmental problems. It is
enough to refer to the activities of the Club of Rome, the UN
Conference in Stockholm during 1972 or the UN World Conference
in Rio in 1992 to see the worldwide importance of these issues.
It can be stated without exaggeration that no other problem
exists, except the threat of nuclear war, which is so crucial
for the future of mankind as the deterioration of global
environment (World Commission on Environment and Development,
1987) .
In spite of the abundance of projects, books, publications,
events, societies, etc. dealing with this subject, we are short
of reliable technical studies which not only describe one or
other of the part processes which contribute to the present
dangers to the environment but also offer methods of prediction
and prevention.
It would be useless to try and list the major processes causing
harm to the environment and it would be an even more futile
attempt to establish which of them should have priority for our
attention over the rest because in this respect a great many
branches of science, decision-making, politics, education, etc.
are also concerned.
One of the major components of the environment is the soil. So
it is evident that soil forming processes, soil properties and
the productivity of soils are often decisive factors in
environmental issues. A broad range of technical literature is
available, discussing soil forming processes and soil as an
important entity among the natural resources regulating mass
and energy flows within the ecosystem, on the one hand, and
serving as a larder for living organisms, on the other hand
(Arnold - Szabolcs - Targulian, 1990).
Among the numerous processes related to the soil as well as to
environmental risks one of the well perceivable and well
defined in relation to changing production systems and changing
environment is the process of soil salinization which poses a
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serious hazard at present and threatens with even more dangers
in the foreseeable future.
Salinity as an environmental and economic hazard
It is already textbook material that salt affected soils which
are extended on all the continents are a burden to the
productivity of agri-, sylvi-, and horticulture. But, more than
that, salinity poses a threat not only to agriculture, but may
also have detrimental effects on the whole biosphere. In an
ecosystem affected by salinity or alkalinity not only plants
suffer from the unfavourable effects of harmful substances but
also microorganisms, invertebrates, vertebrates and even human
beings.
Salinity affects the biosphere indirectly through the soil but
also directly by accumulating in waters, plant tissues, etc.
and changing the equilibrium of substances in the entire food
chain.
With the development of up-to-date environmental studies it
became more and more evident that soil salinization is a hazard
not only for agriculture but also for the whole environment.
The few inorganic salts, mainly sodium salts, that cause soil
salinity, are highly mobile. In the course of their geochemical
migration processes they act not only on the spot of their
accumulation but also penetrate into surrounding territories
rapidly expanding and affecting larger and larger areas. The
appearace
of new
sources of salts influences
extended
territories.
The salts (mainly sodium chloride, sodium sulphate, sodium
bicarbonate, rarely sodium silicate, as well as calcium
sulphate, magnesium sulphate, magnesium chloride, iron and
aluminium sulphates), which are responsible for salinization,
decisively influence soil forming processes, and if their
electrolyte content surpasses a certain threshold value the
soil will become salt-affected. This in turn will dominate soil
forming entirely as well as the physical, chemical, and
biological properties of the soil. As a rule, this phenomenon
is associated with lowering soil productivity and sometimes
leads to total soil degradation, to the deterioration or
desertification of the land. The high electrolyte contents of
the solid and liquid phases of the soil determine soil forming
processes. Their effect is so strong that it overshadows all
other factors or the previous patterns of soil dynamics and
inevitably brings on the formation of salt affected soils with
all their adverse properties. High electrolyte concentration is
the only common feature of all salt affected soils. Their
chemistry, morphology, pH, and many other properties may be
different depending on the character of salinization and/or
alkalization.
Soil salinization is not only an environmental disaster but is
also associated with very serious economic and sometimes even
political problems as the decay of land productivity often
results in shortage of food, fodder, and shelter. Not only
agricultural production diminishes or is reduced to nothing,
but pastures, bushes, and forests also disappear due to the
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adverse effect of salts. There are cases when a national
economy, a region, or even a country collapses. The
sad
experiences of Mesopotamia, South-East Asia, or Pre-Columbian
A m e r i c a are well known from history. In all these places once
fertile river valleys and lowlands became deserts due
to
salinization and a great number of living b e i n g s , including
h u m a n s , disappeared.
In spite of promising developments in science and technology
salinization is an increasing tendency as it will be discussed
in the forthcoming chapter. What is disquieting is that neither
s c i e n c e , nor society has fully recognized the gravity of the
increasing hazards which they must face right now, or in the
near future.

The present
continents

status

of

soil

salinity

and

alkalinity

on

the

Technical literature is abundant on the properties, genetics,
morphology,
classification,
etc.
of
salt
affected
soils
(Richards, Kovda, Szabolcs) so these problems will not be
discussed in this paper. It should be mentioned however that
different types of salt affected soils cover about 1 0 % of the
surface of the continents. They occur on every continent,
evidently not evenly distributed as they are m o r e frequent in
d e s e r t and semi-desert regions and less frequent in humid and
semi-humid areas. Table 1 shows the extension of salt affected
soils on the continents.
Table 1
Salt-affected soils on the continents and

Continent

Area

subcontinents

(million ha)

North America
Mexico and Central America
South America
Africa
South Asia
North and Central Asia
South-East Asia
Australasia
Europe

15.7
2. 0
129.2
80.5
87.6
211.7
20.0
357.3
50.8

Total

954.8

More
than
a hundred
countries
have
salt
affected
soils
occupying different proportions of their t e r r i t o r i e s . In many
of them a great part of utilizable land is covered by such
soils causing great problems, often principal p r o b l e m s , for the
national
production
and economy. Salt affected
soils
are
particularly
extended
in
dry
areas,
in
many
developing
countries of A s i a , A f r i c a , and Latin America, h i n d e r i n g a g r i - ,
s y l v i - , and horticulture and reducing the potential of food
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Map 1
The global distribution of salt affected soils

production. Salt affected soils may be found not only in the
vast territories of deserts and semi-deserts but also occur
frequently in fertile river valleys, lowlands, foothills, sea
shores and other areas where all natural conditions, apart from
salinity, would be favourable for production.
In Map
1 the distribution
of salt affected
soils
is
demonstrated.
As it is shown in Map 1, salt affected soils occur practically
in all climatic belts, from humid tropics to beyond the polar
circle. They can be found in different altitudes, from
territories below sea level, e.g. the district of the Dead Sea,
to mountains rising over 5,000 metres, as the Tibetan Plateau
or the Rocky Mountains. The rather widespread
opinion,
sometimes voiced not only in the mass media but even in
scientific circles, which limits the occurrence of salt
affected soils to desert conditions, is simply not right. On
the contrary, more and more salt affected soils are being
discovered e.g. in the tropical belt of Africa, Latin America
and even in arctic regions, particularly the territory of the
Antarctic. Accordingly
it is necessary to broaden our sight
whenever and wherever salt affected soils are concerned in
association with environment and production.
In spite of the great number of literary sources more advanced
studies and classification systems of salt affected soils are
necessary, adapted not only to local circumstances but also to
rapidly developing scientific and social demand. We cannot be
satisfied with recent data on the extension of salt affected
soils in different regions, or with the rather orthodox
classification
systems
which
do
not
always
meet
the
requirements of modern technology and give little consideration
to environmental aspects.
At the same time it must be admitted that a tremendous amount
of valuable information is recorded and available on soil
salinity and alkalinity problems which, if properly processed
and applied, would better contribute to estimating the present
situation on soil salinity and elaborating up-to-date methods
to combat these adverse processes.
Whenever and wherever salt affected soils are studied, and
methods are elaborated for their reclamation and utilization,
first of all the amelioration of such soils and their
environment should be taken into consideration. The properties
of salt affected soils are, as a rule, in close correlation
with the geochemical and geomorphological conditions of their
environment as it is shown in Table 2.
In Table 2 a simple grouping of salt affected soils is
presented in close correlation with their basic properties,
environmental conditions, and the possibilities of their
utilization and reclamation.
The grouping system demonstrated in Table 2 can be utilized for
general interpretation of the different groups of salt affected
soils without going into the particular problems of their
classification.
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Table 2
Grouping of salt affected soils and their environmental relations
Type of salt
affected
soils

Electrolyte(s) causing salinity and/or
alkalinity

Environment

Properties adversely
affecting the biota

Methods for reclamation

Saline

Sodium chloride and
sulphate (in extreme
cases nitrate)

Arid and semiarid

High osmotic pressure of
soil solution, toxic effect of chlorides

Removal of excess salts
(leaching)

Alkali

Sodium ions capable
of alkaline hydrolysis

Semi-arid,
semi-humid,
and humid

High (alkali) pH, poor
water physical conditions
Ca deficiency

Lowering or neutralizing
the high pH by chemical
amendments

•x.

Magnesium

Magnesium ions

Semi-arid and
semi-humid

Toxic effect, high osmotic
pressure, Ca deficiency

Chemical amendments,
leaching

Gypsiferous

Calcium ions
(mainly CaS0 4 )

Semi-arid and
arid

Low (acidic) pH
Nutrient deficiency

Alkaline amendments

Acid sulphate

Ferric and aluminium ions
(mainly sulphates)

Seashores and
High acidity and the
lagoons with
toxic effect of aluminium
heavy, sulNutrient deficiency
phate containing sediments,
diluvial inland slopes
and depressions

Liming

Secondary salt affected soils resulting from irrigation
Apart from those salt affected soils which developed due to
natural salt accumulation processes and a great part of which
developed in prehistoric times even before the appearance of
the human race on earth Man also created vast territories
affected by so-called secondary salinization which means that
this phenomenon was not brought into existence by primary
natural soil forming processes but appeared as a consequence of
human activities, mainly irrigation.
The history of irrigation and its role in the salinization of
dry countries, has never been fully covered in a comprehensive
volume, although many books and papers have been published over
the
years, describing this adverse phenomenon
and
its
consequences. While we have more or less precise data and
records on the total territory of salt affected soils, on the
different continents (Table 1) , we do not have such figures on
soils influenced by secondary salinization. However it is wellknown that, in the valleys of the rivers Tigris and Euphrates
in old Mesopotamia fertile soils yielded abundant quantities of
grain and other produce for a long time, feeding large
populations in places now covered by barren deserts. It is also
well-known that in ancient China, the Indus Valley, and South
America, there are vast territories which became affected by
salinity during irrigation by ancient societies and turned into
deserts.
The problem of secondary salinization runs through the whole
history of mankind. Evidently there was neither sufficient
knowledge nor technical means to predict, explain and combat
salinization for many thousands of years. In consequence, the
degradation of soils and other adverse effects were recognized
too late to do anything against their development.
Many people were compelled to leave the land that had become
saline. Others decided to cease production or to shift
irrigation to another place which, in many cases, also became
salinized. As long as new territories were available, the
shifting of irrigated agriculture temporarily solved the
problem; but either the growing density of population or the
exhaustion of new land eventually led to tragic consequences.
More than one such example is known from history.
Although irrigation dates back to prehistoric times, its rapid
development only began about 200 years ago. Table 3 represents
this development.
Table 3
World development of irrigation
Year

Irrigated land
(million ha)
8
48
92
149
230
265

1800
1900
1949
1959
1980
1990
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There were not more than ten countries which accounted for two
thirds of all the irrigated soils of the world at the beginning
of the 20th century, mainly in those dry territories, where
irrigated agriculture had long traditions.
From Table 3 it can clearly be seen that the acreage of
irrigated land grew from 8 million ha in 1800 to 48 million in
1900, and trebled in the last 50 years. This trend is very
remarkable and has resulted not only in increased world
production in agriculture but also in a number of technical and
environmental problems. In the following, I can only refer to
some of them.
(1) At the turn of the century, when less than 50 million
hectares were irrigated all over the world, the majority of
these lands could be found in a few dry countries. However the
recent extension of irrigation has involved not only arid and
semi-arid but also many semi-humid and humid regions. The
regularities of salt accumulation and secondary salinization
differ in arid and humid countries in respect of the chemistry
of salt accumulation, as well as of their relation to
production and environmental consequences.
(2) In many countries irrigation has been introduced as a new
method in recent decades. The experiences of countries with a
long history of irrigation were not always known and/or applied
to prevent secondary salinization in the new irrigation
systems. Sometimes it happened the other way round: the
experiences of dry countries were applied mechanically to the
conditions
of
non-arid
countries
where
they
were
not
applicable.
(3) The extension of irrigation has affected, beside the
irrigated land itself, neighbouring non-irrigated territories.
Occasional irrigation of small areas has, of course, much less
environmental effect than the big irrigation systems affecting
large territories around them.
(4) The tremendous increase of irrigation has had many
effects on the biosphere (besides the irrigated crop), some of
them adverse, such as:
- salinization and contamination of drinking water
- waterlogging and salinity as a breeding ground of parasites
and diseases
- toxic effects on microorganisms, invertebrates, etc.
- salinization and contamination of drinking water for
animals and human beings causing different diseases and
metabolic abnormalities.
The listed phenomena, and others, constitute in many places a
barrier not only to the development of agriculture and human
civilization but also to maintaining the present level of
production.
Where irrigation was introduced under non-arid conditions,
mainly in densely populated areas, its side effects were
different from those appearing in most of the arid countries.
In dry regions the vast deserts which surround irrigation
systems makes possible the disposal of drainage and brackish
water and so the consequences of irrigation, like secondary
salinization in the adjoining areas, can be tolerated. In other
countries
with
dense
population,
lacking
non-productive
wastelands, e.g. Hungary where the utilization of land is over
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70%, the above mentioned and similar side effects would be
catastrophic.
It is a tremendous waste that neglected or abandoned irrigation
systems are rather frequent and account for a very high
percentage of all those existing. According to the estimates of
FAO (Food and Agricultural Organization of the UN) and UNESCO
(United
Nations
Educational,
Scientific
and
Cultural
Organization) , as much as half of all the current irrigation
systems of the world are more or less under the influence of
secondary salinization, alkalization and waterlogging. This
phenomenon is very common not only in the old irrigation
systems but also in areas where irrigation has been but
recently introduced.
According to the estimates of all the above mentioned agencies,
as well as of the Subcommission on Salt Affected Soils of the
International Soil Science Society, 10 million hectares of
irrigated land are abandoned yearly in consequence of the
adverse effects of irrigation, mainly secondary salinization
and alkalization (Szabolcs, 1989).
The harms and losses mentioned are not evenly distributed among
the irrigating countries. In some of them the damage is
comparatively low, in others it can be high enough to
constitute a major problem in agriculture or even in the
national economy. Unfortunately we are rich in sad examples. In
Pakistan Nazir Ahmad (1965) carried out statistical analyses of
secondary salinized land. His data show that out of 35 million
acres of irrigated territory salinized areas account for 5.3
million acres after a few years of irrigation. He mentions
among the causes of secondary salinization in Pakistan the
combined effect of irrigation and ground water. According to G.
Zavaleta (1965), practically all irrigated alluvial soils in
Peru show the symptoms of salinity and alkalinity. It is known
from a FAO report and the papers of V. Kovda (198 0) that more
than 40% of irrigated soils in Iraq are affected by secondary
salinization. In Syria and in many other developing countries
with a dry climate the adverse effect of this process is also
serious.
At present no continent is free from the very serious
occurrences of this phenomenon. In Argentina 50% of the 40,000
ha of land irrigated in the 19th century are now salinized. In
Australia, secondary salinization and alkalization take place
in the valley of the River Murray, and in Northern Victoria
80,000 ha have been affected. The same phenomena can be
observed in Alberta, Canada. Similar processes have been
recorded in the northern states of the USA, where irrigation
was introduced much later than in the dry West. It should be
noted that the above mentioned, and many other irrigated
regions are far from being arid and the majority of salts
accumulating are associated with the sodium salts capable of
alkaline hydrolysis, not with the neutral sodium salts that are
familiar to desert and semi-desert areas.
As a rule, secondary saline and/or alkali soils were abandoned,
remained salt affected, and so it went on for many thousands of
years. Secondary salt affected soils have accumulated and with
fair estimation now account for a great part of existing salt
affected soils on all the continents.
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Such soils are seldom ameliorated and where they are, the pace
of amelioration cannot keep up with accelerating secondary
salinization. In fact the ratio of the former to the latter is
negligible.
In spite of the fact that large-scale soil reclamation has been
carried out on salt affected soils in many countries no data
are available on their impact which suggests that it is hardly
remarkable. We cannot expect change in this situation in the
foreseeable future
Anthropogenic
processes.
secondary salinization

other

than

irrigation.

causing

Improper irrigation and drainage are presumed to be responsible
for the most part of secondary salinized and alkalized soils.
However there are other anthropogenic effects which also lead
to the intensification or initiation of secondary salinization
and/or alkalization.
The most important are as follows:
(1) Deforestation
In arid and semi-arid conditions, but even sometimes in nonarid conditions, intensive deforestation often results in
changes in the water economy of the landscape and consequently
in the place of forests bare land appears, sometimes even in
such cases when the target has been to establish plantations.
It results in changes in the mass and energy flow of the soil
forming processes. This is significant for the migration of
soluble salts in soils and water, which often lead to
considerable salt accumulation by the elevation of the ground
water table or, to alterations in the biological processes in
plants and soil microorganism, progressive salinization and/or
alkalization. E.g in the 1970s and 80s in north-east Thailand,
and in many other places, large territories have been salinized
even without irrigation following deforestation.
(2) Overgrazing
The overgrazing of pastures is another factor which often leads
to the intensification of salinization. In consequence of
overgrazing the original balance and metabolism of compounds
between the natural plant cover and the soil will alter.
Concurrently
often
salinization
develops
due
to
the
decomposition of organo-mineral compounds and is followed by
the accumulation of water soluble salts in the upper layers of
the soil. As yet another consequence of overgrazing the ground
water table often rises elevating great amounts of salt into
the soil profile.
(3) Changes in cultivation pattern
Similar problems may arise in the wake of changing the type of
cultivation e.g. by turning natural meadows into arable land or
utilizing
them
for
plantation.
The
latter
methods
of
cultivation often drastically change the water and nutrient
balance
in
the
soils,
depleting
them
and
initiating
salinization.
In several cases the annihilation of the natural plant cover of
pastures and meadows contributes to the decomposition of
organic matters in the soil. Parallel with such processes the
elevation of the table of mineralized ground water may be
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another cause of salt accumulation.
(4) Depletion of fresh water layers near the surface of the
soil and their replacement with saline ground water from deeper
layers
This may happen due to irrigation (tube wells), or by the overutilization of fresh water reserves for drinking by people and
animals, for household purposes, etc. All of these courses of
action further the salinization of both soil and water.
(5) Utilization of wood and shrub reserves in arid areas for
fuel
It is well-known how widespread this practice is in many dry
countries of Africa, Asia and Latin America. Due to the
mineralization of organic matter considerable amounts of watersoluble
salts accumulate in the soil layers and
cause
salinization
in many places. The extensive practice
of
utilizing manure for fuel in many arid and semi-arid countries
has the same consequences because the burning of manure also
adversely changes the balance of organic compounds in the given
territory and leads to the accumulation of water-soluble salts.
(6) Chemical contamination
In intensive farming and particularly in greenhouses large
amounts of mineral fertilizers have been applied, particularly
in the
last decades. Part of the
fertilizer
residues
accumulates in the soil and causes salinization which has been
observed e.g. in Japan, The Netherlands, and other countries in
connection for instance with the production of vegetables which
are particularly sensitive to salts.
Due to the emission of industrial plants in the vicinity of big
chemical factories and mines soil salinity also appears as a
result of air-borne chemicals, including mainly sulphates,
chlorides, nitrates and other inorganic compounds.
Potential salinity and the outlooks of soil salinization
Apart from primary and secondary salinization we also have to
reckon with the potential salinization of soils.
Potential salt affected soils, which are not saline or alkaline
at present, can turn salt affected in the shorter or longer
term as a result of predicted or predictable natural or
anthropogenic processes. Evidently ad absurdum all soils can be
salinized
or alkalized, still when discussing
potential
salinity we have to consider only the agents and changes of
reasonable possibility. For instance, the introduction of
irrigation in dry conditions in most cases carries a high risk
of secondary salinization while the same action in humid and
well-drained soils has practically no hazard of this adverse
process. Consequently when speaking of potential salinization
and/or alkalization this should be always associated with a
given place and with a given pattern of environmental and
technological conditions.
It is evident that soil salinity has become a global problem
not only in respect of agricultural production but also as a
major environmental issue. In consequence of the extension of
irrigation and other methods causing salinity larger and larger
territories are becoming affected by this process overpassing
the traditional administrative and geographical borders. Due to
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the multiplication of cultivated and irrigated territories not
only the pedosphere but also the whole environment suffered
significant changes including surface and ground waters, plant
cover, and even the whole biosphere. The desiccation or
waterlogging of great areas became very frequent. Surface and
subsurface water resources, carrying tremendous amounts of
water soluble salts, have changed and shifted to a great extent
which represent a potential hazard of salinization.
Based on the above described processes and possibilities, we
have to study the prospects of soil salinization, mainly its
global aspect not limiting the outlook and predicting to local
situations. It does not mean that surveys on the spot are not
important. On the contrary, they are always necessary when
planning, designing, constructing and exploiting agricultural
and irrigation systems, but as they are in most cases under the
decisive influence of major regional or global processes, the
latter should always be taken into consideration as a dominant
factor.
Parallel with the development of production and environmental
changes the global processes of salt accumulation have become
more and more important even in the study of particular or
local issues related to soil properties and soil utilization.
It is evident that a further extension of irrigated areas
should be expected for the 21st century. Partly the demand for
food and fodder in dry areas, mainly in developing countries,
partly the development of technology in agriculture and civil
engineering will certainly result in the construction of new
irrigation systems which will probably not always be associated
with proper environmental considerations, particularly with
perfect drainage and irrigation technology.

Figure 1
Global development of irrigation and secondary salinization of soils

/
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In Figure 1 the global
salinization of soils
envisaged increase of
increase of secondary
the 21st century.

development of irrigation and secondary
is demonstrated with indication of the
irrigated territories and the estimated
soil salinization for the beginning of

Figure 1 clearly shows that the trends of increased irrigation
and progressive salinization are nearly parallel, the increase
of secondary salinization and alkalization even surpassing that
of irrigation. It should be noted that the territory of
secondary salinized soils is larger than the territory of
irrigated land because the former includes all those which were
affected by irrigation for a long time in the past even if they
have not been irrigated any more for centuries. This fact and
that secondary salinization induced by irrigation influences to
an ever growing extent the larger and larger areas surrounding
the irrigation systems results in a sharp increase of the
secondary salinization of soils which accelerates with the
further extension of irrigated agriculture.
Apart from the hazard of salinization caused by increased
irrigation, in the following some of the major environmental
issues
of
foreseeable
processes
threatening
with
the
salinization of soils will be briefly discussed.
Predicted climate change as a factor of salinization
Abundant technical literature is available predicting change in
the climate due to the so-called greenhouse effect. Caused
mainly by the emission of industrial plants the accumulation of
C0 2 and other gases in the atmosphere threatens with certain
climatic changes which in particular regions may result in the
increase of aridity. This will directly or indirectly lead to
increased salt accumulation in, and diminished leaching from
soil layers and conseguently to progressive
salinization
(Szabolcs, 1990).
Apart from this effect, increasing aridity will certainly call
for
further extension of irrigation
in several
regions
entailing
the hazard of further secondary
salinization.
Besides, the expected elevation of sea level caused by climatic
changes may also result in the salinization of littoral areas.
There are rather few predictions in this respect. One of them
was prepared by Szabolcs and Rédly (1989) for Europe. It shows
that even on this continent which is not the most threatened by
this process, territories, larger than the present extension of
salt affected soils, may be salinized during the next 50 years
as a result of soil forming processes caused by predicted
climatic changes.
In the paper, referred to above, different scenarios have been
elaborated predicting the extension of salinization caused by
increasing
irrigation, rising sea level, etc. From the
available scenarios in Map 2 the west Mediterranean region of
Europe is shown where at present salt affected soils are
extended mainly in the Iberian Peninsula and only to a smaller
extent in Southern France, Italy, Sicily, Sardinia and Corsica,
as well as the Dalmatian coast of the Balkan Peninsula.
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According to meteorological predictions the average annual
temperature of the territory will go up by about 1°C in the next
50-70 years. Consequently, the aridity
index will also
increase, creating progressive salinity in those marginal
territories where at the time being salinity does not exist or
can only be found in latent form in grounds of in waters.
In Map 2 the territory of salt affected soils and potential
salinity as a consequence of climatic changes are demonstrated
in the west Mediterranean region of Europe.
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Map 2
Salt affected soils and potential salinity as a consequence of
climatic changes in the west Mediterranean region of Europe
a) Existing; b) potential sainity
The Map clearly shows that the territory of potential salinity
is more than twice as large as the present area of saline and
alkali soils which cover 6.34% of the total land surface.
On the dryer continents the hazard of salinization resulting
from climatic changes is often very expressed in correlation
with progressive desertification in most cases (Szabolcs,
1991).
Salinization and desertification
Salinization
is closely associated with
several
adverse
environmental processes, one of the most significant and acute
of which is the process of desertification. Desertification and
salinization
are, as a whole, different albeit
closely
interrelated, which means that progressive salinization induces
the
development
of
desertification
and
vice
versa,
desertification
is
commonly
associated
with
increasing
salinity. Consequently, when studying or combating either
salinization or desertification the other process, too, should
be taken into account.
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There
are certain
differences
between
the
territorial
occurrence of desertification and salinization, mainly because
salt affected soils are widely distributed not only in arid and
semi-arid regions but also in moderate, subhumid, or even humid
climatic belts. Nevertheless, desertification can mostly be
observed in the regions where salt affected soils also occur.
One can say that not all salt affected soils occur in arid
regions but the occurrence of salt affected soils is freguent
of even dominant in all arid areas (Kovda, 1937; Szabolcs,
1989) .
Desertification and salinization are associated not only with
non-cultivated areas but are also related to human factors as a
conseguence of improper policy and land use, overloading the
environment and neglecting its conservation. It means that
besides natural factors socio-economic causes also contribute
to the extension of both processes.
All the above factors and considerations lead to the conclusion
that the study of, as well as the actions against, either
desertification or salinization should be conducted jointly and
reciprocally because salinization has at least the following
correlations with desertification:
1) salinization promoting desertification
2) salinization developing concurrently with desertification
3) salinization induced by desertification
4) salinization strengthened by desertification
Table 4
I n t e r r e l a t i o n s between the a t t r i b u t e s and consequences of
d e s e r t i f i c a t i o n and s a l i n i z a t i o n
Salinization

Desertification
Increase of s a l t accumulation
Decrease of leaching
Increase of s a l t concentrat i o n in ground and surface
waters as well as in s o i l
layers
Secondary increase of water
soluble compounds

Reduction of water a v a i l a b i l i t y
Hindering of n u t r i e n t uptake
Reduction of b i o t a d i v e r s i t y
Limitation of p l a n t cover
on t h e s o i l surface
Diminishing of humus content
Worsening of thermal and water
physical s o i l p r o p e r t i e s
Adverse consequences of i r r i g a t i o n ,
overgrazing, and d e f o r e s t a t i o n

I n T a b l e 4 some of t h e i n t e r r e l a t i o n s between d e s e r t i f i c a t i o n
and s a l i n i z a t i o n a r e p r e s e n t e d . As i t can be seen from T a b l e 4 ,
d u r i n g s a l i n i z a t i o n and d e s e r t i f i c a t i o n some a t t r i b u t e s of t h e
o t h e r p r o c e s s appear. E.g. d e s e r t i f i c a t i o n , as a r u l e , provokes
s a l t a c c u m u l a t i o n which i s one of t h e a t t r i b u t e s of s a l i n e
s o i l s . On t h e o t h e r s i d e e . g . s a l i n i z a t i o n c a u s e s a t h i n n i n g of
p l a n t c o v e r on t h e s o i l s u r f a c e which i s , i n t h i s c a s e , one of
t h e a t t r i b u t e s of d e s e r t i f i c a t i o n . Such c o r r e l a t i o n s c l e a r l y
d e m o n s t r a t e t h e i n t e r r e l a t i o n s between t h e two p r o c e s s e s .
During d e s e r t i f i c a t i o n ,
p a r t l y a s a r e s u l t of
introducing
i r r i g a t i o n , and p a r t l y a s a r e s u l t of t h e d e g r a d a t i o n of b i o t a ,
s e c o n d a r y s a l t accumulation a l s o o f t e n o c c u r s ( S z a b o l c s , 1992) .
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A good example demonstrating the close interrelation between
salinization and desertification is the sad story of the Aral
Sea
where
desertification
in
close
correlation
with
salinization resulted in the deterioration not only of the
fertile soil cover but also the entire natural environment.
As a result of improper planning and methods of irrigation,
drainage, water regulation, and land use in the Pre-Aral
region, mainly in the deltas of Syr-Darya and Amu-Darya rivers
as well as in the dry river bed and delta of the Jana-Darya
river a cycle of desertification has begun. The formerly
"living" deltas of Amu-Darya and Syr-Darya desiccated. The
consequent progress of salinization, loss of soil structure and
soil dehumification bring the risk of desertification to the
irrigated delta lands. It leads to an intensive development of
desertified areas where irrigation is stopped or watering rates
are decreased.
Recent desertification in the region is caused by different
factors. The most important are:
(a) salinization of river waters, which lead to an increase
in the soluble salt contents of soils and ground waters
of the delta;
(b) the regulation of river flow resulting in lowering the
level of the Aral Sea and drying the delta lakes, as well
as in a shortage of productive water resources in
the delta.
It is characteristic of the recent desertification in "living"
deltas that the main causes of desertification
are at
considerable distances from the desertifying areas proper.
The present desertification in the deltas has been caused by
the domino effect; i.e. the changes in the water balance of
deltaic ecosystems initiate a new chain of desertification
factors for the territory (Kust, G. S. 1992) .
The "Aral story" is also a good example to illustrate how local
processes develop into regional ones, which finally result in
the global problem of salinization associated with global
environmental issues.
What should and
salinization

what

could

be

done

in

the

combat

against

It is evident that a very serious environmental hazard of
salinization can be forecast for the 21st century with grave,
even drastic consequences not only for agriculture but also for
the quality of surface and ground waters, flora and fauna, and
finally for the wellbeing of the human sphere.
Salinization will affect more and more extended areas posing a
real global problem.
In spite of the fact that the threat of salinization was
recognized a long time ago and different means and measures
have been used in an attempt to check it for epochs,all these
have proven far from being sufficient to offset the expansion
of salinization and even less to counterbalance the increase in
salinization predictable for the forthcoming decades.
It is highly necessary to pay more attention to the process of
soil salinization and to intensify the combat against it in
many areas of science, education, technology, and policy.
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In the following several aspects will be listed of what should
be and could be done to meet the increasing demand of the
combat against soil salinization.
(1) Research
Although abundant material is available on soil salinity and
alkalinity we still lack a systematic approach to the dynamics
of salinization in the most threatened areas of the world in
relation to natural and anthropogenic processes.
A great number of scholars and institutions have carried out
research
into
soil
salinity.
Here
the
activities
and
achievements of the Subcommission on Salt Affected Soils of the
International Soil Science Society should be mentioned which
initiated the preparation of a world map of existing and potential salinization nearly 30 years ago. The maps of Australia
and Europe have been completed and published (Northcote and
Skene, 1972; Szabolcs, 1974). Unfortunately the maps for the
other continents have not been finished. It is highly desirable
to complete the world map of salt affected soils which will
enable us to size up the present situation and the predictable
processes.
The action described above as well as other scientific projects
related to soil salinity require coordinated international
cooperation with the participation of governmental and nongovernmental as well as UN organizations.
Besides the existing fairly numerous physical, chemical, and
biological studies, dealing with the important basic part
processes of soil salinization, integrated studies by teams
including not only soil scientists but also representatives of
other sciences, even economists, decision-makers, etc. are more
and more necessary.
Apart from global approaches, regional and local integrated
investigations and feasibility studies, with particular regard
to environmental conditions, should be also extended and
intensified.
The prediction of processes triggered by increasing production,
their monitoring as well as the prevention of those which are
harmful are of particular importance. Parallel with the
elaboration of monitoring and early-warning systems their
principles and the methods of their local application should
also be elaborated in the threatened areas.
(2) Education and training
At present education for and public awareness of soil salinity
are far from being sufficient. In many cases even very vulgar
and primitive definitions and interpretations of soil salinity
are offered.
It is highly desirable to improve education not only on the
subjects of agronomy and irrigation but also on environmental
aspects, as well as on the nature and hazards of soil
salinization in the global, regional and local ranges.
Particular importance is assigned to special projects and"
courses
dealing
with
the
description,
prediction,
and
prevention of soil salinization.
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(3) Decision-making, policy, and international collaboration
Soil salinity and its predictable hazards have not been given
sufficient consideration in general planning, particularly in
connection with the construction of irrigation systems, land
consolidation,
deforestation
and
reforestation,
the
amelioration of waterlogged territories and river basins.
Pedological aspects are often neglected in the designing,
construction and exploitation of such projects.
Not only the decision-makers are insufficiently trained in and
informed of such subjects but also public awareness is less
than satisfactory.
The national and international organizations seldom deal with
the problem of salinization holistically, and unilateral
approaches often lead to dire consequences. For instance, the
desiccation of waterlogged territories and swamps, which is
principally justifiable, often leads to the salinization of
soils which could be avoided if the planning and execution had
been accompanied with proper measures of prediction and
prevention.
The prospects of soil salinization for the 21st century give no
reason for satisfaction. They present a real global hazard of
disaster which however can still be aborted or mitigated in
case of a proper recognition of the problem
and taking the
necessary steps on local, national, and international levels,
which is much more than has been done so far.
The world's scientific community, the collaboration of experts
from different branches of science and policy and, last but not
least, the International Society of Soil Science have the task
of honour to meet these requirements.
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''University of Maryland, Department of Agronomy. College Park, Maryland 20742,
U.S.A.
Abstract. This paper focuses on the progress made in the last 4 to 5 years of micromorphological
research. In this period of time some 600 micromorphological papers appeared.
The main aspects of this progress arc in the areas of quantification of (micro) structure, pores, and
orientation of groundmass components, notably the micromass. Application of sophisticated
methods, sometimes borrowed from other sciences like remote sensing, has given a great boost to
image analysis. Using methods of spectral analyses offer possibilities to quantify coloured
micromorphological features as well. The conversion of two dimensional images to 3-D by means
of mat hematic methods (stereology, fractal dimensions) as well as testing of direct 3-D imaging
techniques is in full swing. In line with such developments research efforts into improved
methodology to suit the requirements of the subsequent techniques continues to be of importance.
The revival of interest in soil (micro)structure is in line with a growing concern about sustainable
methods in Ianduse. This concern is also evident from the many papers dealing with aspects of
structure conservation, degradation and regeneration following Ianduse changes, including Ianduse
methods of earlier generations. Anthropogenically induced processes may differ only in formation
rate from natural processes.
It is becoming clear that we still lack basic understanding of the ecological functioning of soils. In
the recent years micromorphology in this area has shown much progress from the point of view of
operative methods of staining and subsequent fluorescence microscopy. The better understanding
of ecological functioning is imperative in the search for sustainable methods of Ianduse. The
consequence of aspects of pollution on this ecological functioning has received attention. The
modelling of water and nutrient movement and engineering properties of soils in relation to soil
(micro)structure has also shown considerable progress in recent years. In this context the increased
attention to microscopic studies into the rhizosphere ecology is noteworthy.
Last but not least the necessity of teaching and training in micromorphology is advocated. To
convince other related sciences that micromorphology is a very useful tool in their fields requires
that young scientists are taught at undergraduate level.
Introduction. Micromorphology provides a unique suite of tools for interpreting soil processes
emphasizing the 'in situ' nature and arrangement of features. In combination with other soil
analyses, micromorphology provides a framework for integrating and synthesizing data that is
invaluable for explaining the origin and effects of soil diversity from submicroscopical to larger
scales.
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The revival of interest in soil structure (in natural and agro-ecosystems) concerning the processes
of soil structure formation and soil structure functioning is in line with the concept of sustainability
in landuse. The potential of soil micromorphology is to link 'in situ' processes on the
(sub)microscopic scale through aggregation of knowledge at progressively larger scales to
morphometric methods of modelling of macroscopic functioning of soil structures. The modelling
necessitates quantified information on relevant parameters of soil behaviour. Increasingly such
quantitative information is provided, using new methods or applying methods from other science
fields.
The "Annotated bibliography of micromorphology 1968 -1986" (1) contained about 1700 literature
references. Stoops and Eswaran (2) published 25 benchmark papers on aspects of earlier
micromorphological research. A literature research for this present paper yielded some 800
publications since 1986 with soil micromorphology in title or keywords. A number of major
publications concerning micromorphology is mentioned in this introduction to illustrate direction of
(very) recent developments. Many more individual papers will be referred to in the section on
results and discussion.
The methods for sampling and thin section preparation are reviewed by Murphy (3). Ongoing
attention is given to improvement of methodology of sample impregnation (i.e. 4), thin section
preparation and staining techniques (i.e. 5,6,7,8,9). Methodological research remains of prime
importance because of the specific requirements for the subsequent analyses. Soil thin section
fluorescence microscopy was reviewed by Altemiiller and Van Vliet-Lanoë (10). This technique
provides knowledge of distribution and functioning of organic matter and organisms.
The application of micromorphology to agronomic and environmental sciences and the
micromorphological approach of the interaction between soil structure and soils biota was reviewed
by Kooistra (11,12). A special issue of Geoderma on Soil Structure/ Soil Biota interrelationships
(13) contains the proceedings of the 1991 international conference on this subject. A special issue
of Agriculture, Ecosystems and Environment (14) was published on modern techniques in soil
ecology. Many aspects of the effects of earthworms are presented in a special issue of Soil Biology
and Biogeochemistry (15). It is clearly demonstrated that the application of micromorphological
techniques is fruitful in the assessment of the effects of the biota on soil structure. In 1991 a special
issue of the Australian Journal of Soil Research on "Advances in soil structure" (16) was published,
including the use of micromorphological techniques. Brewer and Sleeman (17) published a book on
"Soil structure and fabric" describing methods to study soil structure from macroscopic field
descriptions to light microscopic levels. Unfortunately it introduces yet another terminology, next
to those of Bullock et al. (18) and earlier books of Brewer (19,20). Bresson et al. (21) reviewed
micromorphological aspects of crusting and crust formation during the 1992 International Working
Meeting on Soil Micromorphology held in Australia. Recently increased attention is given to effects
of different landuses to soil structure (i.e. 22) and natural or anthropogenic cementation processes
and agents in various soils (23,24,25,26,27).
Micromorphological techniques in research and teaching (submicroscopy) were reviewed during the
1988 International Working Meeting on Soil Micromorphology (29). The application of image
analysis at microscopic and submicroscopic levels in soil science has recently been reviewed
(30,31,32,33) with a special issue of Geoderma devoted to digitization, processing and quantitative
interpretation of image analysis in soil science and related areas (34). This provides an update of
developments and new areas and instruments to identify and quantify (sub)microscopical features.
In the book: "Soils and micromorphology in archaeology" (35) and MacPhail et al. (36)
achievements and possibilities for the application of micromorphological techniques in
archaeological studies are discussed. This topic deals very directly with human activity and
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micromorphology is becoming one of the major research techniques to reconstruct past and present
processes.
Papers continue to appear about aspects of soil genesis, including weathering studies, which has long
been the prime application of soil micromorphology. Progress here is in detection and understanding
the processes and the micro-environments where the processes take place and why. Douglas and
Thompson (37) presented the most recent comprehensive review on the micromorphology of soil
genesis and classification.
The objectives of this paper are:
1) To review and analyze the progress made in micromorphology and its applications over the past
4 years, especially related to direct and indirect effects of anthropogenic influences on soils;
2) To demonstrate that micromorphology becomes more and more an analytical and quantitative tool
in many application fields, instead of only a descriptive one;
3) To stress the necessity to teach micromorphology to young scientists of various disciplines;
4) To introduce the keynote papers in the micromorphological symposium, each assessing various
aspects of anthropogenic influences on soils.
Results and discussion.
METHODOLOGY. Murphy (3) summarized the methods for thin section preparation of soils and
sediments. Recent publications address a variety of methodological aspects:
-improved field sampling of topsoils for micromorphology (38,39);
-a method for rapid analysis of pore structure by field impregnation with opaque epoxy resin that
will cure in moist soil (40);
-the use of methyl metacrylate for impregnation (41). This resin is able to take up some water in
its polymerization and thus the samples to be impregnated need not be completely dried;
-the use of especially treated polished sections to study macro- and mesopores by light microscopy
(42);
-preparation of samples for stereometric 3-D study of soil pore geometry (43):
-impregnation after removal of water with dioxane (44) was compared with impregnation after
acetone replacement of water (45). The method with dioxane gave superior results in case of clayey
soils where acetone caused swelling of the clay. Health care measures should be observed strictly
using dioxane;
-rapid methods to obtain thin sections for organic soil layers (46) and without necessitating a glass
slip in the grinding phase (47);
-the method to use gamma radiation (12,48) to rapidly harden the impregnated samples without
further additives has been widely adopted;
-improved bonding to the object glass by adding an industrially available product to the
impregnation resin (49);
-ion milling (50,51) produces ultrathin sections that can be viewed under the Transmission Electron
Microscope (TEM).
-a method of microdrilling (52,53 - Fig. 1): in situ micro sampling from an uncovered thin section,
producing sufficient material for stepscan X-ray analysis. The minute quantities of soil material can
be fixed, reimpregnated and sliced with a microtome to allow TEM studies;
-removal of carbonates from the uncovered thin sections (54) allows a view under the masking
substance.
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Most recent efforts demonstrate promising progress in two main directions:
Figure 1. Microscope-mounted microdrill for in situ
*3-D imaging and derivation of quantisampling from uncovered thin sections (52,53).
tative parameters:
The use of X-ray Computed Tomography
Scanning (i.e. 55, 56, 57, 58, 59, 60)
demonstrates improvement of images and
resolution. The application of stereology
(61) to serial sectioning of thin sections
(i.e. 62,63,64) and multi-orientation thin
sectioning to approach 3-D (65) and 3-D
approximation by serial sectioning using
fluorescence staining of pores and point
counting techniques (66). A pin method
was used to study pore systems of loess
soils followed by computer assisted 3-D
presentation (67). A similar method was
used (68) to demonstrate earthworm pore
systems in 3-D. 3-D images using X-ray
autoradiography are not new (69) but are
still used (70). The main problem was
and remains the derivation of meaningful
quantitative parameters from such 3-D
images. Fractal dimensions are used in
the study of soil structure, providing
meaningful quantitative parameters to
model water flow in structured soils
(71,72,73,74,75,76). Combination of
these two types of approaches looks promising.
*staining techniques (fluorochromes) and
(epi)fluorescence microscopy (i.e. 5, 6, 7,
8, 9, 10, 77) especially designed to improve the recognition of microorganisms,
organic matter fractions, special anorganic components.
These techniques address especially the processes of decomposition of organic matter, the role of
various organic matter fractions and the crucial role of organic matter transformations in soil
structure formation and behaviour in the ecological functioning of soils (78,79,80). C13 Nuclear
Magnetic Resonance and Infra Red Microscopy (81,82) have been tested for its usefulness in
micromorphological studies, especially addressing the characterization of organic matter components.
SOIL STRUCTURE CHARACTERIZATION
QUANTITATIVE METHODS OF IMAGE ANALYSIS. In soil structure characterization one
should keep in mind that this involves processes and features associated with particle interaction at
nanometre scale to macrostructural functioning of soils on the field scale of observation. This means
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that it is necessary to integrate knowledge from progressively smaller magnifications to arrive at the
visible and measurable effects of field soil structure behaviour (Fig. 2).
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Bisdom et al.(28) presented an excellent review of submicroscopic imaging and analytical techniques. They arrange these techniques according to electromagnetic radiation, electrons and ions and
show the relation between imaging techniques from wavelengths smaller than 1 nanometre to more
than 1 metre and chemical and the associated microchemical analytical techniques. Acoustic
microscopy, sonography and scanning tunnelling microscopy are being used for imaging have not
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been used in micromorphology yet.
Automated image analysis (34) in studies of two dimensional images (thin sections, impregnated
field moist blocks (40) or unimpregnated blocks (83)) of pore space includes image preparation,
image choice and enhancement and image measurements (84). In their excellent paper Thompson
ét al. (84) point out that decisions about why pores are being measured and which pores are being
measured strongly depend on the purpose of the investigation and should be clear to the researcher
at the onset of sampling. The effects of pretreatment of the samples (air drying, oven drying, freeze
drying, acetone exchange, dioxane exchange, use of fluorescent dyes, incomplete impregnation) may
effect pores in different ways (85). This may lead to artifacts of which the researcher should be
aware. In image choice and enhancement the factors scale (magnification and resolution) and sample
number should be critically studied and applied in conjunction with the aim of the investigation.
Image processing to create a binary image by segmentation procedures can produce strongly
different results depending on the segmentation protocol used. It is virtually impossible for the
operator to recognize differences between the original, multi gray level image and the enhanced
binary image that is analyzed. In the image measurement many different parameters (i.e. area, length
and width, perimeter, shape index, number) of the two dimensional pores have been used and tested
for characterization. They yield deterministic data of two dimensional measurements of area which
can be converted by the application of geometric probability and stereology to estimates of three
dimensional pore volumes (63). Care should be taken to ensure that such conversions are allowed
(i.e. sufficient number of pores, isotropic or random distribution of pores, images drawn randomly
in terms of orientation, enough images analyzed). Standard images should be used for calibration
when segmentation protocols are varied is one of the suggestions for the future (84). Bouabid ct al.
(77) applied image analysis on impregnated blocks, sawed in half, polished and stained for
epifluorescence microscopy. They wanted to check the hypothesis that the lamellar Bt horizons
originated from initially present differences in pore sizes influencing the hydraulic properties to
initiate the accumulation of fine clay. Digitized images were edited to remove clays to simulate
initial conditions before the formation of the lamellae. The hypothesis was accepted based on the
results of the image analysis.
This type of image analysis is geared towards the quantification of the pore system, by digitization
and simplification into a binary image. The real micromorphological world, however, is a coloured
reality in which numerous coloured features indicate significant information about processes and
functioning. Recent advances try to tackle this multi-coloured reality. The use of spectral image
analysis (86) and the application of ERDAS GIS systems (used in Remote Sensing) to image
analysis (87) are exciting explorations of possibilities to delineate, display and classify various
coloured features in thin sections (87) or polished soil sections from soil samples impregnated with
polyester resin containing UV dye (86). The classification is based on expert knowledge to interpret
similarly features to be included or excluded. Such techniques of image analysis have been used for
the quantification of soil carbonates following staining (88). The technique by Protz et al. (86) was
used (92) to delineate, map and quantify areal percentages of pedological features present in selected
horizons of two Typic Haplaquolls from Ontario, Canada. They presented their results in colour,
which is imperative for the demonstration of micromorphology. Scientific journals should present
such information in colour, but at present unfortunately the price still prohibits widespread use of
coloured illustrations. This development is interesting and necessary, because it may yield
quantitative information about features, which formerly was only obtainable by laborious point
counting techniques. Yet point counting techniques remain a good alternative for those not having
access to automated image analysis equipment. The reliability of point counting results on ferric
nodules, pores and clay illuviation coatings was investigated (90).
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It appeared to be imperative to check if neighbouring counts (sampling distance) are spatially
independent, which can be checked by geostatistical means. In case of spatially dependent
observations (which was the case for the clay illuviation coatings) they present a method to estimate
an equivalent number öf independent observations from the sample size and the spatial correlation
structure of those observations.
Automated image analysis is also focused on mapping orientation patterns of solid soil particles of
varying size (91,92,93). This is particularly important as such orientation pattern determine the
geotcehnical and soil physical behaviour of the soil mass (94,95). Tessier (96) has demonstrated that
clay particle interaction and nanometre scale pore sizes (mercury porosimetry -97) fundamentally
govern processes like swelling and shrinking and hydraulic behaviour at that scale. This fundamental
knowledge of processes at particle interaction scale is indispensable for the understanding of the
macrostructure resulting from swelling and shrinking of Vertisols (98,99,100,101) as well as young
fluvial clay soils (102). The soil physical behaviour (Fig. 3) and the mechanism of capillary rise of
Late Pleistocene and Holocene fluvial soils of the Rhine in the Netherlands could be understood on
the basis of mieromass organisation and clay mineralogy (103,104). Anisotropic distribution of
microfahric types governed the hydraulic properties of some Australian grey clays and the
microfabrics correlated well with particle size analysis, cation suite and carbon content (105). For
Brazilian Oxisols water retention characteristics could be related to the SEM/TEM images and image
analysis of soil porosity (106). The importance of particle interaction between mineral and organic
components on micro- and macro-aggregates and their stability has been convincingly demonstrated
( 107). The concept of aggregate hierarchy (108,109) stressed that the range ofsiz.es involved covers
up to nine orders of magnitude, ranging from the nanometre-micrometre scale processes associated
with clay aggregates to the millimetres to decimetres scale macrostructures visible during field
investigations. Quirk and Murray (110). discusses a model for soil structural behaviour taking into
account the processes operative on all the levels from sunmicroscopic to field structure. Dexter (111)
has emphasized implications of aggregate hierarchy for bulk density and mechanical strength of
aggregates.
SOIL STRUCTURE CHARACTERIZATION
ECOLOGICAL FUNCTIONING OF SOILS. In the ecological functioning of soils the
(micro)structure. processes related to its formation, degradation and regeneration and processes
following from existing (micro)structures (12- Fig.2), play the prime role. Especially the role of
organic matter and its components, the interaction with mineral components and the crucial role of
soil biota in formation and functioning requires much research (78.79). This aspect has received
worldwide much attention in the recent years. The effects of soil structure in the functioning of
natural and agro-ecosystems has stimulated a renewed interest in roots and rhizosphere ecology of
vegetation and crops in uptake of water and nutrients. The preservation of organic matter in
agricultural ecosystems, its influences on soil structure and knowledge of processes of organic
matter turnover and decomposition illustrate the kind of research that is conducted presently in the
framework of sustainable use of land and knowledge of production of greenhouse gases in various
landusesystems. It is evident that we still lack basic knowledge of processes involved in the very
complex world of (micro)structure. Progress in improved methodology, new instrumentation for
identification, knowledge of microspatial distribution, knowledge of processes operating on various
scales and improved quantification is evident (i.e. 8,13,22.112.113.114). Mieromorphological
research topics include comparison of ecological functioning of integrated arable farming and
conventional arable farming in young polder soils in the Netherlands (114,115,116) where the
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various aspects of the root-soil contact were reported from identification to quantification of
parameterization for modelling purposes of water and nutrient uptake. The effects of the interaction
of a meadow ecosystem on earthworm activity and vegetation aspects (117) and the interaction
between structure development and vegetation and the ecological functioning of Andosols in Japan
(118) are further examples. Marfenina et al.(l 19) describe and compare fungi, mycelium and spores
in Podzoluvisols, Brown Forest Soils (Cambisols? - 120) and Chernozems in Russia. This is but one
recent example of Russian micromorphological research on structure formation and soil processes
occurring when natural ecosystems (zonal soils -122) are converted into anthropogenically altered
ecosystems (22). It is a very good idea to have the next International Working Meeting on Soil
Micromorphology (1996) in Russia, so that the Russian micromorphologists can demonstrate their
expert knowledge and progress in many fields of micromorphological research. Only part of their
micromorphological publications is translated into English (in Soviet Soil Science, now Eurasian
Soil Science) and correlation with international nomenclature (120,121) is necessary, but often
lacking.
The influence of polysaccharides in structure formation and stability is investigated (123) using light
microscopical and SEM of stained micro-aggregates, comparing a hot humid tropical environment
(Ghana) with a cold temperate environment (Canada). The changes in topsoil structure (qualitative
and quantitative) following deforestation of Costa Rican Ultisols and Inceptisols resulted in different
soil hydraulic behaviour (124 - Fig. 4).
Fundamental processes and location where such processes take place are reported in the following
studies:
-trapping of nematode destroying fungi using fluorescence microscopy (125);
-staining with Calcofluor White M2R on soil columns infested with bacteria and studying those with
fluorescence microscopy, phase contrast and oil immersion (126);
-studies on the distribution of bacteria in soils after elaborate testing of various staining techniques
also using Calcofluor White M2R (112);
-investigations on earthworm casts using staining techniques and fluorescence microscopy (127,128)
and the soil alteration by earthworms in laboratory experiments and experimental field plots (129).
Modern methods used in rhizosphere ecology include video analysis of root-soil-microbial-faunal
interactions (130) and X-ray computed tomography in soil ecology studies (131).
This is by no means an exhaustive review of papers regarding this topic. Many more papers on
aspects of this ecological functioning (degradation of soil structure, crusting, hardsetting,
compaction, regeneration) are quoted in the contribution of Chartres et al. (27), which will be briefly
introduced in this paper.
TEACHING AND TRAINING OF MICROMORPHOLOGY
This aspect merits a special treatment in this review paper. Colleagues like Fedoroff and Wilding
have stressed the necessity of teaching and training of micromorphology time and again during the
recent decade. How has this message been picked up?
Firstly on an individual basis students of earth sciences have been and are being basically trained
in micromorphology applying these techniques in their MSc or PhD research. This has been the way
in which many of the presently active soil scientists/ micromorphology specialists have been
educated. In this respect the MSc course of George Stoops in Ghent has to be mentioned and many
universities of the U.S.A., France, Britain and Australia, where many students also from developing
countries have received their training. They regularly publish their actual micromorphological
research, although rather often in local journals which are not always easy to trace.
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It seems important that these contributions appear in the major international journals more often.
They have access to these journals because often their MSc or PhD research has been published in
such journals. It is also worth mentioning that help in establishing a micromorphological laboratory
in developing countries has been given by many colleagues (for instance Miicher, Kooistra, Wilding,
Mermut, Dalrymple and Fedoroff).
Since micromorphological applications have advanced in many fields it is necessary to demonstrate
its possibilities to students of archaeology, biology, agriculture next to students in earth sciences
(geology, geomorphology, mineralogy, soil science). In this respect we can mention the 1st
European Intensive Course on Soil Micromorphology (1990, 25 participants) and the 2nd
International Intensive Course and Soil Micromorphology (1992, 28 participants), both of 1 month,
executed at Wageningen Agricultural University by a host of European teachers and Mike Vepraskas
from the U.S.A. These courses consisted of two modules:
1.basic knowledge of sampling for micromorphological research, methods of thin section
preparation, recognition, description and interpretation of features and introduction to submicroscopic
techniques and quantification (132,133).
2.applications to micromorphology in 7 fields: mineralogy, weathering and neoformations; soil
genesis and classification; agriculture; soil biology and organic matter; water and nutrient movement;
geology/geomorphology and archaeology/paleopedology (134,135).
There are plans to organize in conjunction with the 1994 ISSS congress in Mexico a workshop
dedicated to micromorphological training in Chapingo, Mexico for Latin American students.
Oleschko is one of the conveners of this training course. These initiatives for training of groups
should complement the individual MSc/PhD students. Financial support is indispensable to organize
such Intensive courses.
The terminology to be used is a constant bother, because many different systems have been
proposed and used. This certainly does not help in facilitating the understanding of
micromorphology and may turn off many prospective users. Using one single system (for instance
18) and/ or cross reference (i.e. 64, tables 3,4,5 and 6) to other systems (for instance 17,19,20) is
advocated.
Furthermore it would be extremely helpful to have a well documented reference set of slides of
micromorphological features. Such a collection is now available (1993) at a modest price from the
American Society of Soil Science. The American and Canadian colleagues are to be complimented
for their efforts which have finally come to fruition.
THE KEYNOTE PAPERS OF THE MICROMORPHOLOGY SYMPOSIUM
The theme of the 1994 ISSS congress is the assessment of anthropogenic influences on soils. The
5 keynote papers will address the role of micromorphology in certain aspects. These keynote papers
will be very briefly introduced here. The correlation with the main directions of recent progress, as
earlier discussed in this paper, will be indicated.
*C.J. Chartres, L.M. Bresson, C. Valentin and L.D. Norton (27):Micromorphological indicators of
anthropogenically induced soil structural degradation.
Recent developments on soil structure research (i.e. soil crusting: 136) regarding landuse related
degradation, often due to past or present anthropogenic influences, are explored. Recognition of very
early (Neolithic) anthropogenic disturbance demonstrates the relation with archaeological
applications (138). Aspects of methodology are discussed like use of polished sections or thin
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sections, different pretreatment methods, use of fluorescence staining methods, image analysis and
methods to convert 2-D data to 3-D reality. A detailed discussion is given on the micromorphology
of various crust types (formation processes and soil physical consequences). The crusting types form
genetically related time- and space-dependent sequences. Briefly micromorphological indicators for
hardsctting soils are discussed. This forms a bridge to the paper of Oleschko et al. (25).
Micromorphological indicators of sodicity are discussed, where particle to particle interaction
processes play a very important role. The role of land management practises and surface stubble
management on the structure and formation or prevention of crusting receives attention. This
contribution touches upon all areas of progress discussed earlier (methodology, quantification by
means of image analysis and ecological behaviour processes over the whole range of magnifications
in soil structure studies). Monitoring of the dynamic aspect of crust formation is of great practical
importance and is advocated for future studies. Micromorphological literature in the period 1988 to
1993 covers more than 50 papers on case studies and methodology.
•M.CRabenhorst, G. Stoops, M.J. Kooistra and M.C. Guttièrez (137):Wetland habitats - Qualities,
Processes and Attributes
In this contribution the following aspects receive attention with regard to recent developments:
-drainage of wet soils (coastal marshes and mangroves, interior wetlands, organic soils);
-Hooding of upland soils (flooding in paddy rice landuse systems and submergence of coastal areas);
-soils of wetlands constructed by man (for treatment of municipal waste, for treatment of acid mine
drainage, archaeological wetlands for agriculture and wetlands formed from dredged materials).
Recent reviews on hydromorphic soils are (139,140). The section on soils of wetlands constructed
by man (notably the topics: treatment of acid mine waste; dredged materials and treatment of
municipal waste) coincide in part with the contribution of McSweeney et al. (141). Crusting due to
irrigation forms a bridge with the contribution of Chartres et al (27).
The processes in mineral wetlands include soil physical processes (ripening: particle interaction
concerned with swelling and shrinking- i.e. 102, 142 - physical papers), or soil chemical and
biological aspects of ripening - introduction of oxygen, accumulations of iron/manganese, oxidation
of pyrite and introduction of oxygen needing organisms, next to effects of organisms). These aspects
are quantified by image analysis demonstrating the engineering properties of soils in relation to
micromass orientation. Micro-analytical methods are frequently used here to ascertain the
identification of features as to their composition. Between 1988 and 1993 some 40 papers on
micromorphological aspects of hydromorphic soils appeared in literature.
•Klaudia Oleschko. Claude Zebrowski, Paul Quantin, Nicholas Fedoroff and Ernesto Osores C.
(25):Thc nature and morphological patterns of hardened volcanic soils (Tepetate) cements in
Mexico.
The important pedogenetic processes concerning origin, characteristics and properties of Tepetates
(24,25,143) or cangahua (23) present examples of the interpretation of micromorphological features
into processes involved in cementation of soils or soil horizons. Are these processes to be
considered as natural soil formation or do anthropogenic influences play a role as well? This type
of research, using sophisticated methods of image analysis and microchemical and
micromineralogical analyses, illustrates quantification and unquestionable detection of
micromorphological features.
Many other cemented soils have been discussed in recent literature. The type of soil and the specific
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cementing processes involved include carbonates, gypsum, silica and aluminium alone or in
combinations (for instance as clay particles) in duripans, calcretes, silcretes but also in cemented
Spodosols and in soils with a fragipan (144- adhesive and cohesive forces in cementation; 145silicification processes in duripans; 146 -hardening of fluvial soils influenced by volcanic material;
147 -siliceous cements; 148 - cementing agents investigated by SEM and micro-analysis; 149 fragipans with dense microfabric; 103 - fragipanlike behaviour due to dense microfabric; 150calcareous duripan; 151 - loose and cemented podzols and biological activity; 26micromorphological explanations of strength of spodic horizons).
The micromorphological properties of Australian hard-setting soils (152) form a bridge between the
papers on cementation and on crusting. Between 1988 and 1993 some 20 papers appeared in
literature about micromorphological aspects of cementation.
*M.A. Courty, P. Goldberg, R.I. Macphail (139):Ancient people - Lifestyles and cultural patterns.
The book of Courty et al.(35) marks a milestone in the application of soil micromorphology in
archaeological research. Davidson et al. (153) evaluate micromorphology as an aid to archaeological
interpretation. It is noteworthy that among archaeological students there is a very ardent wish to
participate in courses on soil micromorphology. In the two courses in Wageningen we have had
several students of archaeology now publishing on micromorphological aspects (for example: 154).

Figure 5:

Compaction due to trampling in archaeological sites in the Dutch coastal provinces
Compare the original layer thickness -left photo with the compacted sequence - right
photo (source: 154).
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In the keynote paper the following topics are addressed:
-interpretation of a large diversity of anthropogenic microfabrics, such as ashy deposits, relevant to
the use of space and the spatial organisation of human activities in ancient habitations;
-recognition of structural modifications of the soil substrate as a consequence of human trampling
(Fig. 5) that is a key aspect to the identification of living surfaces;
-evaluation of the respective role of cultural and natural formation processes in forming site patterns;
-study of interactions between human and environmental factors on the geodynamic of cultural
landscapes with special attention to the identification of ancient farmed soils.
The fimic horizon (120) is an example of a completely man-made horizon. Mücher et al. (155)
investigated micromorphologically an example of a fimic horizon.
In archaeological research especially the unquestionable detection of features has benefitted much
from the sophistication of the methods of microchemical and micromineralogical analyses. We
expect that also application of fluorescence microscopy in combination with appropriate staining
techniques will enhance the possibilities of detection of the many organic and/or phosphatic
archaeological remains. Especially the topic on cultivation (past and present landuse changes)
bridges with the paper of Chartres et al. (27). Between 1989 and 1993 some 20 publications
appeared in literature involving the use of micromorphology in archaeology.
*K. McSweeney et al (141):Drastically disturbed and polluted lands. Micromorphological
implications.
In the general literature review on micromorphological publications some 20 papers deal with
aspects of pollution. The topics include methods for study, bauxite processing, coal mine wastes,
sewage sludge (here bridging with 137); fly ash and heavy metal pollution from the air or from the
water, and influences on the ecological functioning following air pollution. The literature found
includes: submicroscopical analytical techniques suited to study pollution products in soils and
applied to heavy-metal pollution simulation columns (48,156); chemical treatments used in bauxite
processing. Secondary carbonates may form quickly (157); sewage sludge and sewage sludge
amended soils. A study of the distribution of trace element bearing solids by means of SEMEDXRA (158,159). Fedoroff and Weber (160) report on the alteration of an Alfisol by 90 years of
sewage percolation; heavy metals in wetlands have been studied regarding the absorption of Zn and
Pb into clay coatings (161); laser spectral micro-analysis of micro-elements, their limit of detection
and the reproducibility of the measurements (162); residues from a copper smelter were studied in
Poland using SEM and microprobe analysis (163); fly-ash from coal combustion, studied by means
of SEM with regard to trace element composition and distribution (164); weathering in coal dump
material (165); SEM studies about heavy metal loads to soils (166); mountain spruce tree and air
pollution/effects on ecosystem functioning (167); air pollution studies with SEM regarding Pb uptake
in Pisolithus tinctorius (168); a micromorphological study of compacted mine soil in East Texas
(169) and formation of a cemented subsurface horizon in sulfidic minewaste (170).
Conclusions. The progress of micromorphological research in the last 4-5 years has been towards
an analytical and quantitative tool in soil structure research, from particle interaction level to
macrostructure behaviour and modelling. This ability to bridge many orders of magnitude, studying
processes related to soil structure 'in situ' is unique. The ecological functioning of soil structure has
been an area with considerable progress. This is in line with the renewed interest in soil structure
related to sustainable landuse. The application of techniques from GIS and Remote Sensing to the
quantification of soil structure and micromorphological features, enabling also automated
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quantification of coloured objects is exciting. The same holds true for the 3-D imaging and the use
of fractal dimensions in soil structure studies.
The necessity to teach and train young scientists from various disciplines is stressed.
Micromorphology is being applied in an increasing number of fields.
The symposium papers cover in more detail aspects of micromorphological research related to
anthropogenic changes. Improved methodology, detection techniques and quantification enable a
better understanding of processes involved and yield parameters for modelling of soil behaviour.
Methodology development is geared towards realizing the necessary prctrcatmcnt of the samples for
subsequent analyzing techniques, or speed up procedures of thin section preparation.
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Soil Degradation and C l i m a t e - I n d u c e d Risks
of Crop Production in t h e Tropics
I. Pla Sentis. Institute» de Edafologia.
Fac. de Agronomics,.
Universidad
Central de Venezuela. Maracay.
Venezuela
Abstract. Soil degradation and associated risks of crop production
are generally stronger in tropical regions due to the climate and
soil characteristics, but also due to inapropiate use
and
management of the natural resources imposed by population pressure
and social & economic factors. This has led to a generalized non
sustainable agricultural production, and to an increased inability
to produce food for the growing population in many developing
countries of the tropics. Not less important are the increase of
risks of catastrophic floodings, sedimentations,
landslides,
mudflows. etc, and the effects on the global climatic changes.
Most of the agricultural production in the tropics is still mainly
based on rainfed crops, growing in seasonaly rainfed areas with
semiarid to subhumid climates. These climates are characterized by
continuous high evapotranspiration rates and a high variability
and unreliability of rainfall, mostly concentrated in a few high
intensive storms. Therefore, water is the main single limiting
factor of crop production, and the main responsible of the high
risks of crop production and soil degradation. These risks are
further accentuated with the increasing physical and chemical
degradation of soils. To decrease those risks there is required a
better understanding and prediction of the efficient use of
rainfall water, and its relationships to rainfall characteristics
and soil properties. Rainfall records, together with adequate
information on crops and hydraulic properties of soils, and their
dynamic changes under different land use and management, may be
integrated
in
simple water balance models, to assess the
intensity, timing and probabilities of conditions affecting crop
production and soil degradation. The generated information would
be used in planning strategies on land use, and in the selection
of water and soil conservation and management practices based on
probabilities of success, levels of risk,
and
long
term
sustainability. The development and application of those models
must take into consideration the limited availability of the
required climate and soil data in many tropical regions, and the
possibility to gather the missing information through direct
measurements using simple and reliable field methodology instead
of unreliable computer generated data. Examples of application of
the proposed approach to different agroecological systems in
tropical Latin America are presented.
Introduction. Soils and water are the most important resources for
ensuring sustainability of food production. Reduction of the level
of production risk is one of the basic objectives of sustainable
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and management (12). Production risk include adverse effects such
as fall in production, fall in profits, and soil degradation,
derived from unforeseen environmental changes. Much of the risk is
related to climate. Subsistence farmers often develop and use
cropping patterns that produce low, but dependable yields under
situations of risk and uncertainty.
Poor soil and water management may cause severe land and soil
degradation. Soil degradation has been defined as a decrease on
the ability of the soil to perform its function as medium for
plant growth, regulator of the water regime, and as environmental
filter, due to natural and man-induced causes. Unfavourable
alterations of the soil's physical, chemical and biological
properties have a negative effect on plant productivity and
environmental quality. The process of soil degradation starts with
the degradation of soil structure, specially the functional
attributes of soil pores to transmit and retain water, and to
facilitate root growth (22). The deterioration of those attributes
is manifested through interrelated problems of surface sealing,
soil compaction, impeded root growth, poor drainage, frequent
drought, excessive runoff, and accelerated erosion. Although land
degradation problems are not confined to tropical regions, they
are generally worse in those regions because of the prevailing
climate and soil characteristics, and the increasing pressures
brought about by population growth and lack of resources.
In spite of some
technological
advances
in
agricultural
production, still millions of people in developing countries of
tropical regions do not have enough to eat. There are a number of
causes, but the main one is the fast reduction in the productive
capacity of land and in the quantity and quality of water
resources,
by
increasing
rates of soil erosion and land
degradation in general (16). Land degradation directly affects
food supplies, diminishing crop yields and increasing risks of
production .
According to some evaluations about 70% of the potentially
cultivable
lands in the World lies in tropical developing
countries, and presently less than half of that land is used for
agriculture (10). Only two or three decades ago it was assumed
that there was plenty of potentially arable land in the tropics,
specially in Africa and Latin America, from which to feed
additional population. The real situation is that most of that
land is marginal for agricultural use, or it is geographycally
inaccesible. In other cases the economic resources for their
development and the required inputs for sustained production are
not available, with the result that. some of the land already
cultivated exceeds what is compatible with sustained agriculture
(5). Previous projections of production potentials in the yet
unexploited land resources of the tropics have also failed because
the effects of soil degradation were not previewed (32). The
result is that problems of sustainable crop production in the
tropics have led to inability to produce enough food, and per
capita food production is even lower that two decades ago in some
tropical regions and countries (27)(37). It is considerd that land
degradation, due to different processes of soil degradation, has
become the main limitation for the expansion and intensification
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of agriculture in the whole world, especially in tropical regions,
therefore limiting the possibilities to produce the food required
for the increasing population (4)(11).
Increased food production in tropical regions can be achieved by
expansion of land under cultivation, and increased yields or
increased cropping intensities on land now being cultivated. Most
of the new food production in the tropics during the last 30 years
has
been
by
expansion
of
agriculture,
mainly
through
deforestation, in lands with semiarid to subhumid climates, where
some of the more fertile soils are found. But the requirements to
substitute degraded lands that have become non productive, and to
provide food to the growing population, has led to accelerated
deforestation,
use
for agriculture, and overexplotation of
increasing fragile ecosystems and marginal lands in the humid, dry
semiarid, and steep tropics. This leads to a fast reduction in
chemical fertility and deterioration of the
soil
physical
properties, with accelerated erosion in many cases, resulting in a
rapid decline of productivity, loss of farmland, floodings, and
silting of water reservoirs (18). Marginal lands are often the
ones more used for traditional food crops in the tropics, because
the relatively better agricultural lands are used for cash crops
to export, with high level of costly inputs. The food crops for
the local markets are generally not able to pay the cost of the
required inputs for a sustainable production, due to the low
prices the farmers get for these crops. In this way, small and
poor farmers are many times forced to move into less productive
marginal lands or uncut forests, promoting further deforestation
and increased risks of soil degradation (55). Additionally, the
increase of foreign debt of most of the developing countries in
the tropics in the last decade, has led to further intensification
and changes in use of land resources, to increase the export
income.
As a result of soil degradation due to deforestation, overgrazing
and innapropiate agricultural practices, close to IX (7-8 Mha) of
the land resource is lost every year in the tropics, which is not
compensated by the production of new land (10-12 Mha) brought
annualy into cultivation, resulting in a shrinkage of
the
productive potential of tropical lands. Technical limitations and
socioeconomic constraints make more and more difficult
and
expensive the expansion of agricultural lands, woth increasing
production and degradation risks due to poorer and more fragile
soils, inadequate climate, and low availavility and high costs of
required inputs. There has been increasing international concern
about the continued and incresing destruction of tropical forests
(10-12 Mha/year, half of them in Latin America), because of the
effects on hydrological changes, and the potential effects on
global climate. More recent, and less publicized, is the concern
about the unsustainability of agriculture, due to the widespread
problem of soil degradation, and the present and increasing
possibilities of food deficits in developing countries of tropical
regions. It is previewed that due to a population growth slightly
higher than 2% per year, the demand for food and agricultural
production will double in the next 20 years (10).
Presently, more than 85% of the agricultural land in the tropics
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is rainfed, with problems of uncertain or low rainfall in 3/4 of
them. Although limitations from poor chemical fertility, common in
many soil sin the tropics, may be relativelly easily corrected in
some cases, the required lime and fertilizers are generally scarce
and expensive in tropical developing countries, and the economic
possibilities of the farmers to buy and use them is very limitted.
Therefore, under those conditions chemical fertility may be a
strong limitation to food crop production, but for large areas in
the seasonally rainy tropics water continues to be the main single
limiting factor for crop production. The posibilities to decrease
risks and increase food production by increased use of irrigation
where water resources are available, is limited due to the high
costs
of development and maintenance, and the scarcity of
resources. Most of the agricultural land presently being irrigated
in the tropics is concentrated in Asia, with only 7% and 2% of the
cropped land presently being irrigated in Latin America and Africa
respectively. Almost 50% of that irrigated land is already
affected by problems of salinization and sodification (30).
Therefore, much of the additional agricultural production in the
near future in the tropics, will have to be based on rainfed
cropping'.
Risks of Soil Degradation in the Tropics. In a large proportion,
the soil degradation in the tropics is a result of inadequate use
and management of land as a consequence of poverty, caused or
increased by population growth and unfair distribution of land and
resources among countries and within each country. The poor
farmers are responsible for land degradation when they are obliged
to do so to cover their food and fuel requirements to survive, but
also large public and private land development projects, pursuing
short term objectives, lead frequently
to
extensive
soil
degradation (37)(40). Severe soil erosion and degradation is also
caused by overgrazing and improperly
managed
rangelands,
especially in steep lands (33).
Risks of soil and environmental degradation are high in the
tropics
when already cultivated lands are overused due to
population pressures and limited resources, or the agriculture is
extended to marginal lands. These risks are further accentuated by
the resource based and low input agriculture widely practiced in
tthe tropics. Shifting cultivation based on long fallow periods,
was generally effective in the humid and subhumid tropics, for
subsistence food production, with low inputs and low risks of
degradation. With the shortening of the fallow periods due to
increased population and food needs, that system has become
increasingly inefficient, leading to fast soil degradaton and
production decline (21). Introduction of permanent farming and
continuous cultivation in humid tropical regions has been only
exceptionally succesful, requiring the use of large amounts of
fertilizers and organic residues. The increasing large scale farms
in
the humid and subhumid tropics, with annual crops and
mechanized practices, are often not sustainable unless there are
used suitable crop rotations and management practices to minimize
soil degradation. Large scale plantations with perennial crops
(coffee, cocoa, rubber, tea, oil palm) may be highly sustainable
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in the humid tropics, protecting the soil against leaching,
compaction and erosion, if they are associated with agrophorestry
systems, with carefull soil and vegetation management. Therefore,
the possibilities of soil degradation, and not only the short term
production, must be considered before any deforestation and change
in use or intensity of cropping in tropical lands, in order to
develop or adopt cropping systems to maintain and increase
productivity. In many countries in the tropis, the application of
conservation measures is limited by lack of integration between
conservation
and
development,
lack
or no application of
legislation, and shortage of basic information and of economic and
prepared' human resources.
The physical degradation of agricultural soils in the tropics is
mainly due to deterioration of soil structure, with loss of
porosity and of pore continuity, and different consequences, being
erosion the most frequent. In surface soil it is manifested by the
formation of seals and crusts, resulting in decreased water
infiltration,
waterlogging,
increased runoff, poor seedling
emergence, and increased erosion, depending on the particular
situation. In deeper soil, it may result in general compaction, or
in the development of shallow compacted pans, leading to decreased
available water holding capacity, poor drainage, and aeration
problems. Another important consequence is the reduction in plant
root development and root depth. Therefore, the maintenance of
good soil physical properties is very important, besides chemical
fertility and crop varieties, to maintain soil productivity in the
tropics (41). For many years the research on management of soil
physical properties of tropical soils was, and still is in many
tropical regions, neglected, assuming that most of them nad only
chemical
fertility
problems,
and an inherent very stable
structure.
Incorrect tillage and intensity, both in low input agriculture and
in large scale mechanized farms in the tropics, may be one of the
main causes of soil degradation. But tillage, the main management
practice for surface soil, may also be an effective tool to
alleviate some soil-related
physical
constraints
to
crop
production, like compaction, low infiltration, and poor drainage.
Appropiate tillage methods differ among soils, crops and climate,
and the right cholice depend on a range of interacting factors
(36).
Risks of Crop Production in the Tropics. It is generally assumed
that climatic conditions in most of the tropics are suitable for
growing a wide variety of crops through the year, but in many
cases there are climatic constraints derived of unreability of
rainfall in onset, duration, intensity and volume, and high
concentration of a substantial part of the rainfall in a
few
intensive storms (15). This is further aggravated by soil related
constraints (40). Although no valid general statements can be made
about the production potential and limitations of the tropical
soils, where all orders and extremes can be found (25), a large
proportion have inherent limitations related to low fertility and
high acidity, low available water-holding capacity, mechanical and
chemical restrictions to root development, and low
structural
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stability of surface soil to raindrop impact. Different levels
on these constraints, and on the possibilities of using external
inputs by farmers, makes agriculture in the tropics more or less
sustainable, limiting crop and pasture production more in some
soils, environments and socio-economic conditions than in others.
The high variability of rainfall in the humid and subhumid
tropical
regions,
and
inadequate
amounts
and
irregular
distribution of rainfall in the semiarid tropics, result in large
variations in water supply to the crops during the growing season,
with periods of excesses and deficits of available soil water,
which create a risky environment for plant growth (44).
Soils may serve to buffer the erratic and variable supply of water
through rainfall, or to accentuate the conditions of moisture
excess or deficit. With soils having a low chemical, and usually a
poor physical fertility, the levels of productivity are generally
low, and the risks of crop production very high. Periods of water
deficits may occur frequently even in subhumid tropical regions.
Therefore, drought stress is an important climatic constraint to
crop
production in large areas of tropical regions, being
attributed to poor rainfall distribution, variable and inadequate
rainfall amount, high evapotranspiration rates, low water holding
capacity of the soil's root zone, and poor structural stability
and high compactability of soils resulting in reduced infiltration
rates and high runoff and erosion. In some cases, even short
periods of waterlogging and of excesses of soil moisture may
result in strong reductions in plant growth, and even a total kill
of
plants (31). Variability in net returns coming from a
combination of crop yields and purchased inputs, increase the risk
of losses, lessening the degree of security. That is why many
farmers in the tropics are resistant to adopt new management
practices or systems requiring more inputs, if more risky, even if
they are more profitable in average.
Soil and water conservation practices minimizing those climatic
and soil constraints will contribute to improve crop growth and to
reduce production risks (31) (39)(42). On the other hand, cropping
systems and land management practices leading to soil degradation,
with further loss of soil chemical and physical fertility, may
result in a decreased productivity and increased production
risks. Soil and water management systems must also be developed to
restore productivity of land already degraded, if that is still
possible.
The risks of soil degradation and drought, and the difficulties of
developing sustainable agricultural systems, increase with higher
temperatures and lower precipitation, and in the soil orders more
commonly found in tropical regions (47). These effects are related
to the decomposition rates of soil organic matter, to the
possibilities to produce enough residues for mulch cover, to the
evapotranspiration rates in relation to the amount, distribution
and uncertainty of rainfall, to the available water-holding
capacity of the soil root zone, and to the fertility of subsurface
soil. There are some exceptions, especially in the humid tropics,
where the extremelly high rainfall may increase erosion and
nutrient leaching and acidification in soils used for agriculture.
With similar soils and climate, the agriculture is more sensitive
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o risKS in crop proauction due to climatic variations and soil
degradation in some regions and countries than in
others.
Different factors, including low and unstable yields and food
production, limited economical resources to import food, etc,
increases the vulnerability of tropical developing countries to
climatic variation.
Soil Degradation and Productivity in the Tropics. Soil erosion is
one of the major threats to a sustainable agriculture in the
tropics, because much of the rain occur during short intense
storms. Erosion is particularly severe following deforestation,
by the introduction of mechanized seasonal crops leaving the soil
unprotected, overgrazing, improper maintenance of plantations,
etc. common in tropical regions. The susceptibility of soils of
the tropics to surface erosion, is on the average not much higher
than in other climatic regions, but the erosive power of rainfall
is much higher (19). All erosion processes are active in the
tropics. Mass movements and slip erosion are common in steep
slopes. This process of erosion generally affects soils with
exceptional resistance to sheet erosion due to the excellent
structural and hydraulic properties of the surface soil (38).
A given amount of soil loss by erosion generally causes a more
serious decline in crop production in the tropics than it does in
temperate environments, due to shallower soil rooting depths,
nutrient concentration in the surface soil layer of the profile,
unfavourable subsoil properties, and higher water requirement for
the crop in tropical climates. Yields generally decline linearly
with soil loss for soils with uniformly distributed nutrient
reserves, and exponentially in texture contrast soils and in those
with nutrients concentrated in the upper layer, common in the
tropics (48).
As the result of erosion, soil physical, chemical and biological
properties are changed, usually reducing the amount of water and
nutrients available for crops to use, and leading to reduced
yields and more risky production. As erosion brings subsoil
horizons, richer in clay or more compacted, closer to the surface,
the risks of runoff and further erosion increases (23). In
adittion to effects on productivity and crop production risks, in
many tropical regions soil erosion and subsequent sedimentation
degrades hydrographic catchments,
affecting
negatively
the
production of hydroelectric power and irrigation of low lands
(33). Natural disasters (flooding, landslides) are also rooted in
soil degradation and are affecting with growing incidence the
developing tropical countries. In both cases, the decrease of
risks of those problems depends on a appropiate land use and
management planning for sustainable agricultural development. This
requires
an
adequate identification and evaluation of the
processes and of the relations cause - effects of the different
problems. For example, although a grassland or mulch cover may be
very good to increase infiltration, reducing runoff and surface
erosion in moderate slopes of semiarid to subhumid tropics, it may
the reverse on steep lands with humid tropical climates.and soils
prone to lanslides and mass movements (38), where the tree root
shear strengh given by an appropiate forest cover may be important
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prevent that form or' erosion and main source or sediments in
the tropical steep lands (14).
Soil compaction , mainly associated to agricultural mechanization,
arid to decrease in organic matter and in aggregate stability, is
'.•lie of the Leading processes of soil degradation in tropical
regions, affecting directly crop growth, and increasing risks of
crop production. These effects are mainly derived of reductions in
water and nutrient absorption by roots, due to reduced aeration
and reduced root growth (51). Indirectly, by decreasing soil
permeability, soil compaction may affect risks of crop production
and erosion by increasing water runoff in sloping land, or by
enhancing waterlogging in flat lands.
The response to a given compactive force depends on the soil
characteristics. Not all crops respond in the same way to a given
compaction, and the response will also depend on the climate and
soil moisture regimes during critical growing periods. In years,
when due to a good rainfall distribution during the growing season
a favourable soil water environment is maintained, the differences
of yields between soils with shallow compacted pans or not may be
negligible.
It is not clear, because the available information is largely
based on work under controlled and artificial conditions, wether
under tropical conditions high soil temperatures may be an
important and generalized negative factor for increasing risks of
crop production. In any case, this hypothetical effect would be
decreased with the same management practices to enhance soil and
water conservation.
Global Clinate Changes and Risks of Crop Production in the
Tropics. Increasing concentration of trace gases, mainly CO2, in
the atmosphere, are likely to produce a substantially warmer
climate on the Earth, by what is known as greenhouse effect. If
the present trend continue, it is previewed that a global warming
of a few centigrades will have a profound effect on climate in the
next century. The impact of this climate change is difficult to
predict, but it will probably incresase evaporation rates and
annual global rainfall.
Although the temperature changes previewed for the tropics are
less pronounced than in temperate or cold regions, rainfall
probably will increase in that region, while sub-tropical regions
might become drier. The consequences for soils and the associated
vegetation in tropical regions will be very complex and largely
unpredictable (54). We may guess that increased levels of CO2 in
the atmosphere would promote plant growth, which together with
higher rainfall would deplete soil nutrients faster, increasing
the needs of fertilizers. In depresional sites or level soils,
increased rainfall would cause prolonged waterlogging or water
saturation, and temporary floodings. The increased intensities and
continuity of rainfall events, and the increased total rainfall,
would give rise to larger runoff and erosion on
tropical
cultivated sloping lands, and to increased risks of landslides,
mass movements and mud-flows in steep lands (38). Problems of
increased sedimentation in low lands, and the salinization of
tropical coastal plains and river delatas may be also of great
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and indirect consequences of climate change, the soil management
measures would have to concentrate in mitigating the effects of
high rainfall events, and drought. They should be directed to the
maintenance of a complete and continuous soil cover, to minimize
rainfall impact and non beneficial evaporation, assure good
infiltration and aeration, and promote deep root penetration. In
any case, under the present and previewed future trends in
deforestation, and agricultural land use and development in the
tropical regions, mainly derived of previewed population pressures
and socio-economic factors, the changes in soils leading to their
degradation by direct human action, and the on-site and off-site
effects may be faster and more important than the expected future
climate-change
induced effects. Besides, human induced soil
degradation indirectly contributes to accelerate such climatic
changes.
Soils can be the main source, or the main sink of most greenhouse
gases, specially of CO2. Soil degradation contributes directly to
an increase in atmospheric CO2 through rapid decomposition of soil
organic matter, especially in tropical and subtropical climates.
As world contains aproximately three times more reserves of
organic C than all living things in it, that source of CO2 is
potentially the most dangerous to global warming (1). Indirectly,
soil
degradation
and
the resulting declining agricultural
productivity, also contribute to the increase in atmospheric CO2,
bringing new and more fragile lands under cultivation, with
deforestations, and burning of vegetation, in tropical regions.
Only an annual deccrease of 0.15 % of soil organic C, or a
decrease of 5% in the C fixed by photosynthesis, will double the
present annual rise of atmospheric CO2 (13). This situation could
be reversed
by
reforestations,
restoring
the
biological
productivity of degraded lands, controling soil degradation, and
increasing yields to produce more food from less land. To reach
that objective there are required appropiate policies of land
development, and adequate land management systems and practices,
in the whole world, but especially in tropical regions.
Assessment of Soil Degradation and Risks of Crop Production in the
Tropics.
The
assessment and long term prediction of soil
degradation risks requires information, with quality and quantity
to guarantee the effectiveness and possibilities of aplication of
the outcome. The required information may be gathered through
different approaches, including observations of present trends,
analyzing historical evidence of the site, comparing similar
sites,
and
through
theoretical
projections, using direct
measurements, statistical sampling, and predictive models. One way
of doing direct measurements is through trial and error field
experiments, but this approach is too slow and very expensive to
cover the whole range of posible combinations of factors (52).
In any case, for the assessment of soil degradation and its
consequences,
there
is
required a complete or appropiate
characterization - physically, chemically and biologically - of
the soil resource, and of the climate, for a better understanding
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it the agricultural management systems ana their sustainability.
It is required a better use of climate probabilities, and to rely
les:7 on averages, which have little meaning, particularly in the
seasonally rainfed (semiarid and subhumid ) tropical regions. The
selected soil attributes (indicators) for sustainability or rate
<>t degradation analysis must include the ones determining the soil
qualities having more direct or indirect influence on
the
stability of the use being investigated (8), mainly productivity
•if rainfed or irrigated crops, and hydrological regulation. The
selection of the attributes, which may be measured, observed or
estimated, requires an understanding of cause-effect relationship
among
them and soil qualities. It is preferable that the
attributes used are readily observed or measured in the field,
rather
than
being dependent on laboratory and on complex
processing. There is a need to eliminate insignificant attributes
prior to the analysis, in order to minimize the cost and effort, of
eva 1ua tion .
In tropical regions with seasonal rainfall distribution, the
rainfall pattern, with large variability from year to year, from
place to place, and within the same year at any one place, is the
major factor determining crop yields and soil degradation. This
variability has to be taken into consideration for planification
and selection of management and conservation practices to minimize
risks. Therefore, the quantitative evaluation of crop-production
risks, as influenced by soil degradation or soil conservation
measures, as influenced by climate, has to be done on the basis of
yield variability. Conclusions based on the results of one or two
years experiments can be misleading. Instead of using only slow
and expensive field experiments, they can also be estimated in a
relatively fast and cost-effective manner analyzing historical
climatic data and using computer simulation models. These models
are able, through various combinations of soil, crop, rainfall and
management practices, to predict crop success or risk, and to
identify optimum combinations, based on research findings of short
term experiments in particular sites. In this way the selection of
management practices may be based on the probabilities
of
different rainfall patterns, and not on results of experiments
carried on short time span with extreme or low probable climate
conditions.
Therefore, under the high variability and uncertainty of tropical
climate, rainfall data analysis, integrated with information from
soils and crops are crucial for predictive purposes, on the
evaluation of risks of crop production and of soil degradation
under different management systems and
practices,
and
on
agricultural
planning for a most efficient use of natural
resources. A serious limitation for that is the
lack
or
insuficiency of available climatic data in many tropical regions,
where the records are generally too short or discontinuous, and
from sparse recording sites. There have been developed spatial
weather generators for daily weather sequences of given tropical
conditions, trying to fill the gaps in space and time, but this
cannot substitute the requirements on longer, better and more
continuous climatic data for reliable predictions and planning
purposes.
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.^ moisture stress or excess for prolonged periods, during and
after the establishment of the crop, are generally the most
important cause of crop failure and production risks,
the
assessment of the soil moisture regime during the growing season,
integrating climatic data with
soil
and
land
management
information is very important. The concept of length of growing
period (.9), or period where the climatic constraints would permit
growth of crops, is based on average values of amount and
distribution of rainfall, evapotranspiration, and temperature, and
on an assumed fixed (100mm) soil available water capacity. It is
only useful for regional or
global
assessments
of
land
suitability. The use of average values is an oversimplification,
not useful to define the soil moisture regime in a particular
situation, because it say nothing about the distribution and
variability of rainfall during critical growth periods. The
effective growing season is also a function of the soil available
water-holding capacity, which depends on soil characteristics and
root depth, very variable in the tropics. It is also necessary to
take into consideration the way in which water can be stored in
the soil for latter uptake by roots, which depends on rainfall and
soil surface characteristics, affecting infiltration and runoff.
When variable rainfall is irregularly distributed, it is also
very important to evaluate the amount of water roots can extract
from the soil, known as available water-holding capacity. It is
difficult, and subject to significant errors to calculate the
amount of water roots can actually extract from soil, based only
on laboratory measurements of water retention (44). If roots are
not growing in some parts of the soil, depending on crop species
and soil mechanical and chemical properties, no extraction is
possible except for some amount of flow that sometimes will occur
from wetter deeper soil where roots are not growing to upper drier
soil with roots. This amount is less important when there is a
sharp
contrast
between
the
two
layers,
and with high
evapotranspiration and
root absorption rates (26), the most
common situation in tropical soils and climates. There is also a
strong interaction between the pattern and rate of evaporation
from the soil surface, affected by climate and soil cover, and the
dynamics of water movement from deeper soil to the root zone (39).
It is also common that those contrasting layers below the root
depth have a low hydraulic conductivity, restricting the internal
drainage of the soil profile. Under those conditions a significant
amount of water, above the classical laboratory upper limit of
available water, can be held at root depth for enough long period
of time to be used by plants, or to create aeration problems. In
humid tropical climates and steep slopes this situation may
increase the risks of lanslides and mass movements.
Accurate evaluation and prediction of the soil water regime and
water balance in general, also requires an estimate of the amount
of rainfall water able to infiltrate. In many cases,
and
especially
in
tropical regions with most of the rainfall
concentrated in a few high intensive storms, this is more
important than the total amount of rainfall and the capacity of
soil to store water in defining the best beginning and effective
length of the growing season, and on the prediction of levels and
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risks of crop production. A large amount of rainfall is important,
but it does not ussualy compensate for the lack of infiltration if
the rainfall is not well distributed (31). The proportion of
rainfall able to infiltrate depends mainly on the volume and
intensity of rainfall, on the soil type, vegetation cover, slope,
surface roughness, and initial water content of the surface soil.
Some of these soil properties responsable of how much water
infiltrates into the soil, especially the soil surface conditions,
are subject to rapid dynamic changes by cultivation and effects of
raindrop impact. These changes are also a consequence of soil
degradation processes, including structure degradation in surface
soil, and water erosion. That is why many infiltration equations,
or statistical models that have been proposed to estimate water
intake are often useless, or cannot be extrapolated outside the
site and conditions where the experimental data for
their
development or test were taken. The use of indices or values
obtained using direct measurements in the field or laboratory with
rainfall simulators, have probved to be more useful for such
purpose (28)(31)(32).
Not only temporal variability in rainfall, but also spacial
variability has to be of concern in evaluating water available
capacity, drainage and infiltration characteristics of the soil
under field conditions. There has been a lot of work being done on
statistical methods to deal with spatial variability, but in
practice
still
the identification of such variability and
decissions about sampling and measurements taking
it
into
consideration, have to rely mainly on the experience of the
technician to recognice it in the field,
on the scale and
precission of previous soil surveys, and on empirical field tests
using simple equipment as penetrometers.
The only practical
approach at field scale will be to estimate the average or
predominant water balance for a whole area, based on estimates at
the
same
leve.1
of
surface
runoff,
infiltration,
evapotranspiration, soil-water storage and root depth.
Information about the time, length, probabilities and frequencies
of the periods with critical soil moisture conditions, for single
crops and cropping sequences, would be required for better
planning of cropping cycles and for decissions about land use and
management to increase production and minimize risks of crop
failures and soil degradation, while maximizing rainfall use
efficiency. For this, the dry or wet spells, based on the soil
moisture conditions, must be interpreted according to treshold
moisture values for the soils and crops under consideration, and
their occurrence in different crop growing periods. The effect of
soil physical
properties,
especially
the
ones
affecting
infiltration, water retention, drainage, and root development, is
critical in the assessment of the soil moisture regime in relation
to availability of water to the crop during the growing season.
Chemical fertility is of obvious importance, but the natural or
man induced defficiencies can often be easily rectified, whereas
the reclamation of eroded and physically degraded soils in the
tropics is a rather difficult and often uneconnomical task. An
important factor in the widespread non reversible land degradation
in many tropical regions has been the failure to recognize the

174

importance of soil physical properties in
maintaining
the
productivity of tropical soils (18).
Relationships between soil physical characteristics and soil
hydrological properties are the beginning point to simulate or
predict dynamic soil processes, including water supply. erosion
hazard, etc. Standard soil profile descriptions in soil survey are
more oriented toward taxonomie grouping, with observations and
simple
measurements of long lasting features. Most of the
important soil physical
characteristics
required
for
the
assessment of the soil moisture regime for crop growth, or of soil
erosion, are overlooked at that point (.17). Some times there are
used pedotransfer functions to translate, through mostly empirical
relationships, the basic information collected in soil survey into
soil properties, to be used to deduce land qualities. This is only
possible if an appropiate set of accurate primary data is
available, but in any case emphasis has to be placed upon
measurement and estimation of soil-water properties, preferably in
situ. Through simulation models it is possible that the measured
or estimated intrinsic soil properties may be converted or
interpreted in terms of dynamic soil qualities, as the soil water
regime.
The techniques for measuring the soil hydraulic properties to
model the soil water regime include from simple, straightforward
field techniques (24), usually providing rough estimates of those
properties, to rather complicated techniques for accurate time
consuming measurements, requiring
sophisticated
skills
and
equipment. In general, but specially in the scarce resource
developing countries of the tropics, the simple field techniques
must. be prefered (32;, because of operational considerations, and
because they are more able to be adapted to the required sample
volume and spatial variation of soil hydraulic properties under
field conditions. In soil survey, in addition to the usual
recognition in the field of soil morphology, efforts shoud be made
for a further physical characterization by applying simple field
tests such as cone resistance, soil moisture, rooting patterns,
infiltration,
and water flow
in
the
profile
following
infiltration. In general, it is required that soil surveys move
from a purely qualitative description of soil to
a
more
quantitative process-oriented approach.
Methods of predicting soil erosion have been and are widely used
to identify excessive soil losses and to select the best erosion
control practices. In tropical regions, direct measurements of
soil erosion is not practical because erosion varies greatly in
time and space (34). Therefore, the prediction of water erosion is
generally done using mostly empirical, and much less process based
methods and models, combining climate, soil, topography and
management. Among the empirical models the one more widely used in
the tropics to assess soil erosion problems for different land use
systems has been the so-called Universal Soil Loss Equation
(USLE), some times with adaptations to the tropical conditions
based on results obtained in runoff plots and in rainfall
simulation studies (7). This model, among other problems to be
used for tropical soils and climates, does not predict adequately
the effect of disastrous storms occurring frequently in the
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•".ropics, and causing most of the erosion. The erosion control
practices have to take into consideration the probabilities of
those events and their consequences. Process-based prediction
models, based on equations that represent fundamental hydrological
and
erosion
processes,
including
rainfall,
runoff
and
infiltration, may be more usefull and reliable for tropical
conditions,
if
they are based on fundamental or critical
available, or easily measured information, and use probability of
risk approaches. Up to now, these process-based models have
received little or no application in tropical regions (7).
The long term effect of erosion on-site is the loss of the soil's
productivity,
with
generally
faster and stronger negative
consequences in tropical regions. Although considerable data has
been obtained about soil loss from different soils and cropping
systems in the tropics, very few assessments of the effects of
those losses on soil productivity have been done. Some early
approaches tried to relate crop yield to topsoil depth, affected
by soil erosion removal, but the relations were site and time
specific, and only valid for each combination of climate and soil
properties. Now, it has been proposed to quantify the long term
effects of erosion on soil productivity, using parameters of
available water capacity in the surface soil, and of pH, bulk
density and permeability of the subsoil, wiewing the soil as the
environment for root growth and water depletion. Projections about
the effects of erosion on crop productivity are difficult to
validate.
The
difficulty
to
separate erosion from other
degradation processes, the short-term and site-specific nature of
most e.rosion studies, and the inadequacy of available data base
required for asssessment in many tropical regions, are the main
constraints for those projections (28).
Probability or risks of soil compaction depend not only on the
soil susceptibility, but on rainfall, soil moisture, and cultural
practices. The effects of soil compaction on crop growth cannot be
based only in laboratory measurements, but on field measurements
and observations, including root development. Restricted root
development due to limitations imposed by compaction, affects crop
production levels and risks because of reduced water availability,
and some times also reduced nutrient absorption.
Use of Simulation Models for Risk Prediction in the Tropics. The
increased
requirements
of
more
quantitative
results
in
probabilities and risks of soil degradation and crop production in
the tropics, often require the use of physically-based models,
where the large number of important variables and their complex
interactions can be integrated. Climate variability and the
associated high risks of crop yield and food production in many
tropical regions, requires strategies based on models using
real-time information on soils, climate and crops, for decision
making. Modern computer technology permits to store, process and
interpret a large amount of soil, climate and crop data. Although
simulation modeling is a rapid and cheap method of investigation,
which is the main reason of their
increased,
and
often
indiscriminated use, in the scarce resource tropical developing
countries, it can not replace completelly field gathering of data
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and field experiments, but it increases the efficiency of those
two activities. The identification and selection of the main
critica] factors of soil, climate and crop, affecting risks of
crop yield, soil degradation, and natural desasters, must be
generally based on observations, experience and short-term field
experiments.
Simulation models must be able to analyze in a quantitative way
the interactions among land characteristics (soil attributes,
climate, slope) to deduce land qualities (moisture availability,
resistance to erosion) to be used as independent diagnostic
criteria for risk of crop production, and risks and effects of
soil degradation processes. These models must allow a detailed
quantification of hydrologie prosesses for both actual
and
potential
conditions,
answering major questions about crop
production and problems of degradation, related to different
alternatives of soil management (3). In this way, modeling can be
used to determine the most productive and/or
least
risky
combination of management practices, for different combinations of
soils, climates and crops. It can be also used to explore the
possible effects on soil rehabilitation of different cropping and
soil management practices (46). In tropical regions where water is
available to supplement temporal deficits of rainfall, the model,
using the same soil, climate and management information, may also
give the amount of irrigation requirements in deffinite periods of
the crop growing season. Combined with
short
term
field
experiments in particular sites, simulation modeling can provide a
better understanding of results, enabling us to extrapolate them
to a wider range of site conditions. This would require the
collection of more and better quantitative soil physical data, not
provided by the regular soil survey, both in the site of the
experiment and on the sites where the results will be transferred.
Predictive simulation modeling can provide, if properly used, the
scientific basis for evaluating the production and environmental
impact of proposed land use changes, and the consequences of
climatic variations in the tropics. Combining climatic data with
soil data and land management information, these models would
permit identify which crops can be grown in a particular area of
the tropics, how the crop will perform, and to evaluate the level
of risk under different land use and management (2). They would
also permit the prediction of other problems of great social and
eoonomic importance in the steep and low lands of the tropics,
like floodings, landslides, etc(56). When coupled with computer
technology, geographic information systems, and expert systems,
the simulation models may be very useful for design of sustainable
management systems (53), with minimum risks of crop production and
soil degradation, derived of variability on soils and climate.
Models must
be based
on
well
established
cause-effect
relationships for prediction, and validated for the conditions and
purpose to be used. The guidelines must be flexible enough to be
able to include the variety of soil-climate-cropping situations
prevailing or possible in tropical regions, and to be constantly
improved, as more is known about the influence of specific land
characterisitics and qualities on crop yields and degradation
processes. It is also necessary to keep in mind that good
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pv6'tift ions by using models will be only possible if they are
based on good data trom field observations and measurements. which
many Limes are scarce in tropical regions (.49), and not on
generated
or
assumed
data.
Modeling
has
permited
the
identification of the most important inputs and has increased the
requirement for more and accurate observations and measurements of
soil properties; under field conditions (50). Therefore, when
necessary, gathering of the missing data, and quality control of
the available data, would tie a prerequisite to use models. In any
i-ase, models should only be used when the user has wide field
experience, so that unreasonable results can be detected and
exp la ined.
The fundamental data required for models used in predicting crop
performance and soil degradation processes in the tropics, derived
'f the impact, of land, use and management practices in the soil
hydrology, must include weather (mainly rainfall) variability in
space and time, ami soil properties and their spacial variability.
The data about soil properties generally required are those
influencing water entry and retention in the soil, limits of water
retention capacity of the soil, loss of water by evaporation, and
environment, for root, growth. When there are not possibilities for
the direct measurement of the soil attributes required to execute
a simulation model, there have been
proposed
methods
to
approximate
the
needed soil properties from existing soil
taxonomie data, but many times, when the correlations have not
bi=en obtained in situ, the possibilities of large errors in the
output of the model are very high. The weather data required for
the models are the ones influencing potential water supply to the
crop and to runoff, and evapotranspiration. These includes daily
values of rainfall, and monthly values of solar radiation and of
maximum and minimum temperatures. When long term weather records,
or daily rainfall, are not available, an alternative procedure is
to use stochastic time-series modeling to generate a sequence of
weather data, similar to historical sequences (45).
As an example of the proposed approach to evaluate and predict
crop production and soil degradation risks, there are presented
three isolated examples, showing different combinations of soil,
climate, slope, cropping pattern and land management. The soil
moisture regime, is calculated using an agroclimatic
model
(35 )(38 )(39 ). that simulates the evolution of the soil water
balance with a time step of one day. The output of the model
includes the soil moisture regime of the soil in a daily basis,
including average soil moisture in the root zone, water losses by
runoff
and
internal
drainage,
duration and intensity of
waterlogging, and suplementary irrigation requirements. The soil
moisture conditions, and waterlogging, may be interpreted in
relation to drought and aeration problems along the growing
periods of different crops.
The graphs in figures 1, 2 and 3 represent in a simple way some of
the inputs and outputs of the model. The left vertical coordinate
represents the mm of rainfall (Rain) (vertical bars) and of water
stored (horizontal lines) at effective maximum root depth, at
saturation (Satn), field
capacity
(F.Cap.),
liquid
limit
(Liqu.Lim), 0,15 Mpa suction (WP), 1,5 Mpa suction (PWP), and mm
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• r actual soil moisture (Soil Moist. > (.solid curved line; at root
depth. The right vertical coordinate represents the total mm oi
runoff, drainage below the root depth (Int.Dr.) and waterlogging
(W.Loggmg). The horizontal coordinate are the days from sowing of
ilv? crop (Fig.1), of the first crop in the cropping sequence (Fig.
3), or of the period with higher rainfall concentration (Fig.2).
Figure I shows the risks of erosion and drought, due to surface
sealing under raindrop impact on bare soil, and shallow root depth
i in cm) derived of previous soil erosion losses, in an Alfisol on
gently sloping land (6% slope), and semiarid climate (900 mm/year
of average rainfall) in the Central Eastern Plains of Venezuela.
The Land is used for continuous, high input mechanized cropping oi
rainfed grain sorghum, with crop residues mostly used for cattle
feeding on place. The most striking effects observed in the graph,
with rainfall data from a year with average rainfall (frequency of
5 years), are the high concentration of rainfall and runoff at the
beginning of the growing period (,12-20 days) of sorghum, with low
soil protection, and therefore high risks of accelerated soil
erosion with losses of surface soil, fertilizers and seedlings;
and the very high risks of drought (SM < WP) during the critical
flowering and grain filling stages of the crop after 60 days.
Figure 2 shows the risks of mass movements by landslides in a
Ultisol on very steep slopes (30-100%), in the SW of the
Venezuelan Andes, with sub-humid to humid tropical
climate
V1500-2000 mm/year of rainfall), during the wetter part of the
rainy season of an exceptionally rainy year (frequency of ten
years), where the natural forest is being changed to grassland,
usually overgrazed, and to continuous subsistence, low input
cropping, with cassava, sugar-cane, coffee, etc. The continuous
rainfall during the 56-64 and 110-116 days of the main rainy
season on a a soil already wet, results in very wet topsoil, above
liquid limit and saturation, with possibilities of associated
concentrated runoff during those periods, and high risks of
lanslides.
The topsoil (30 cm) consists of
very
stable
microagregates, which are very sensitive to liquefaction when the
soil remains very wet, due to the restricted drainage of the
underlying argillic horizon.
Figure 3 show the risks of low yields and crop loss
by
waterlogging and drought, during critical growing periods on the
cropping sequence corn-sesame, in a flat Inceptisol, under a
subhumid climate (1400 mm/year 'of average rainfall), in the
Western Plains of Venezuela. The land is continuously used for
high input, mechanized, rainfed agriculture, where the repeated
use of disk harrowing generally leads to the formation of shallow
(15 cm) compacted pans. Due to surface sealing, and reduced
internal drainage and root depth, in a year with rainfall close to
average (frequency of three years), the risks of waterlogging at
the beginning of the growing period of corn (upper graph), and of
drought in the 2nd half of the growing period of sesame (lower
graph) are very high.
The same way, we might simulate the effects on those risks, of
management practices providing surface cover, surface drainage,
and breaking or preventing the formation of compacted pans, for
various crops and cropping patterns, on wetter and drier years.
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Fig.

1: Soil Moisture Regime (CHAGUARAMAS)
1 June-20 Sept.(Sorghum. 10cm Root Depth)
(6% Slope. Bare. Average Rainfall)
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Fig. 3: Soil Moisture Regime (TUREN)
15 May-20 Sept.(Corn. 16 cm Root Depth)
(No slope. Bare. Average rainfall)
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General Conclusions. The actual and potential damage to soil and
environment
by agricultural developments in the tropics is
generally more dangerous than in other climatic regions of the
world. Due to increased demand of food by the fastly growing
population, or to urgent requirements to increase export income,
the traditional low input shifting cultivation in the tropics
based on long fallow periods is intensified or changed to
continuous cultivation, and the cultivated land is expanded
through deforestation and development of new land mostly in
fragile ecosystems. In both cases, the degradation of the soil's
life support processes is accelerated, reaching in many cases the
point of no return.
The major constraint for sustained rainfed agricultural production
in the tropics is the variability in the supply of soil water to
plants, due to the variability, uncertainty, unreability and
pattern of rainfall, and the variable and dynamic soil properties
limitting the infiltration
of
rainfall
water,
and
root
development. With high potential evapo-tranpiration rates the
result are unreliable soil moisture availability during critical
growing periods, leading to low yields and high production risks.
These problems are being intensified when also due to the climatic
and soil characteristics, the soil is degraded by erosion, loss of
structure and decline in chemical fertility.
The objective of agriculture and land management systems in the
tropics must be to achieve a high and stable production, with low
probabilities of risk, and
desirable yields, while causing a
minimum degradation of the soil quality. Conservation practices
have to be designed to compensate for non-uniformities , excesses
or inadequacies, in amount and distribution of rainfall, and to
reduce risks of crop failure, and stabilize crop yields at
economic levels. Low input systems, like traditional shifting
cultivation, cannot solve any more the problems of food deficit
for the increasing population in most of the tropical developing
countries. A large portion of the food required for the near
future in the tropics will have to come from intensification and
improving the crop production in the present agricultural lands,
making more effective use of water and fertilizers, and using
practices that minimize risks of production
and
of
soil
degradation. The most effective way to control erosion and
increase crop yield in the tropical semiarid to subhumid tropics,
is through better rainfall water management. Practices that reduce
water related constraints (excesses or deficits) that limit crop
production, and minimize runoff losses, result in more efficient
use of rain water for crop production, while reducing erosion. To
reach those objectives, the management efforts have to be mainly
directed to maintain or to increase the effective plant available
water-holding capacity of the soil, by giving the physical and
chemical conditions for a non restrictive root development,
together with providing sufficient protection and stabilization of
the surface soil to prevent strong reductions in infiltrability by
sealing effects. With higher crop yields, also higher crop
residues levels can be managed
to
further increase water
conservation, reducing the level of risk of crop production and of
soil degradation. In another words, this means using a sustainable
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land management. The new areas to be developed are .situated in
more adverse environments, where production risks will be higher
due to increasing hazards such as droughts, floods, erosion,
compaction, etc, unless drastic measures are undertaken to combat,
the causes and effects of land misuse.
Improved systems for the conjunctive use of the inherently
unpredictable
rainfall and suplementary irrigation for crop
production in the semiarid and subhumid tropics, may be an
important factor for a greater use efficiency of both water
resources, increasing and stabilizing, with decreased risks,
future agricultural activities on those areas. In regions or areas
with high population pressure, it may be the only way to reach
sustainability.
In some tropical regions the previous traditional strategy for
sustainable agriculture through soil modifications (fertilizers,
tillage, irrigation) to suit the needs of annual crops for food
production, will have to be substituted by crop (mainly perennial
crops) adaptation to
adverse
conditions
and
low
input.
Agricultural systems based on perennial crops, including trees
(coffee, tea, rubber, oil palm, cocoa; and grasses, alone or in
combination with annual crops, have been, and may be the best
solution for proper and efficient use and management of soil and
water resources, while keeping relatively high productivity, in
many tropical areas where sustainability of production of annual
crops would be not possible or too costly.
In tropical areas where soil resources
for
expansion
of
agricultural production are limited in extension and quality for
cropping, efforts have to be also directed to the rehabilitation
of already degraded lands. It is necessary to investigate the
extent to which the degradation-induced productivity loss is
reversible, and if it is more cost effective to intensify
production on already cultivated lands of higher quality than to
invest in rehabilitation.
The development and selection of agrotechnology for a better
management of soil and water resources, to optimize productivity
and to decrease levels of risk of crop production and of
degradation of soil and water resources to a minimum in tropical
regions, requires a better understanding of the efficient use of
water and its relationship to soil properties. This understanding
is also required for the study of possibilities and development of
technologies for the rehabilitation of already degraded lands.
Historical climatic records, including statistics of past events
and trends, together with adequate information on crops and on the
hydraulic properties of soils and their dynamics under different
land use and management, may be integrated in simple water balance
models, and used to assess the intensity, timing and probabilities
of unfavourable soil moisture conditions, and other environmental
factors affecting crop production and soil degradation in a
particular
area.
When
these
assessments are analyzed in
conjunction with other social, economical and
environmental
issues, they may provide a very meaningful information on risk
levels, and possible consequences of drought,
wateTlogging,
surface erosion, floodings, sedimentation, landslides, etc, in
different tropical regions. This information can be used in
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planning strategies about agricultural or other uses of land, and
to select water and soil conservation and management practices and
cropping systems based on probabilities of success, level of
risks, and log term sustainability. Once the strategies based on
predictions are adopted, monitoring, using real information and
not predictions of high uncertainty in tropical climates, is
required for rapid adjustments of soil, water and crop management
practices designed for sustainable agricultural production.
The climate aand soil data required for the proposed assessments
of risks of crop production and soil degradation, and to evaluate
potentially useful sustainable land management practices, are
generally not sufficient, both in quantity and quality, in many
tropical regions of the world. Under those circunstances, use of
highly detailed models, which require more and better climate and
soi data than available, is worthless, and may lead to dangerous
mistakes in land use and management decissions. The increased use
of information technology such as geographic information systems,
and of simulation modelling procedures, generally need more and
better climate and soil data to be properly applied. Even the
possibility
of using "pedotransfer functions" to infer the
unaivailable soil parameters which are needed for simulation,
require of accurate primary soil data to relate with.
In conclusion, land use and soil management practices in the
tropics, have to be based on the principles of soil and water
conservation, with the partial objectives of preventing
or
minimizing degradation of soils and environment and rehabilitating
already degraded lands, while increasing
productivity.
The
effective design, selection and implementation of technologies to
reach those objectives require of more and better information
about climate and soil resources in the tropics. Considerable
effort must be directed to the development and selection of
adequate and applicable field and laboratory methodology, to
gather the minimum required data set, where this is not available.
Especially needed are better and simpler methods to monitor
important hydraulic properties of soils, and their dynamics, on a
field scale, for both diagnostic and prediction purposes. The
overall objective must be the improvement of food production in
sustainable systems, with the minimum inputs and levels of risks.
With a rapidly increasing population and social needs in many
tropical regions, this would be only possible transforming the
prevailing low-input subsistence agriculture in marginal, very
steep and fragile tropical ecosystems, into sustainable and
intensive commercial farming in the more rich and stable, flat or
gently
sloping
lands.
This
will
require
of important
socio-economic changes and control of population growth in many
developing tropical countries, with the solidarity and cooperation
of the international community.
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Faunal activities and soil processes : Adaptive strategies
that determine ecosystem function
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Knowledge of (faunal) effects will no doubt
become of utmost importance in the near future
when man will distinguish that soils have to be
rich in life for his survival (Bal, 1982)
Introduction. Soils host an extremely high diversity of organisms. In one hectare of temperate
forest, several hundred species of soil invertebrates may coexist (Lavelle and Spain, 1994). It has
been -and it still is- an enormous task for zoologists to identify and classify all these species.
However, the perception of the functional importance of soil invertebrates is as old as the interest for
their classification. Aristoteles called earthworms "the intestine of the earth" and Darwin was the first
of a long lineage of zoologists that have been fascinated by the unwearying and multiform activity of
earthworms.His book "The formation of vegetable mould through the action of worms with
observations on their habits" (1881) and the work of Muller on humus forms (1884) are still famous
products of an active scientific community which inspire the creation of soil ecology (Bal, 1982). At
the same time, Dokuchaev (1883) formulated the basic concepts of pedology, but soil biology and
pedology largely ignored each other for several decades while they devoted considerable efforts to
soil classification and the separate elucidation of basic soil processes.
In the 1970's, the International Biological Programme (IBP) produced a large amount of
quantitative data on the abundance of soil invertebrates and their participation in energy fluxes in
different ecosystems (see e.g., Petersen and Luxton, 1982). It was concluded that their direct effects
on the release of CO2 from soils was limited to a few percent of the total, microorganisms being by
far the major decomposers. During the following decade, considerable efforts were devoted to the
description and quantification of the direct and indirect effects of soil invertebrates on the major
processes that determine soil function, i.e., regulation of microbial activities, the dynamics of soil
organic matter and nutrient cycling, and the formation and maintenance of the physical structure (see
e.g., Lavelle, 1978; Barois, 1987; Coleman, 1985; Anderson and Ineson, 1982 ; Eschenbrenner,
1986; Martin, 1990; Andren et al., 1990; Blanchart, 1991). Experiments in small laboratory chambers
called microcosms, and field observations and experimentation, mainly developed over short time
periods, gave a large amount of results, sometimes quite contradictory (Anderson, 1987). The effects
of soil invertebrate activities on plant growth have been considered in a number of studies, as a means
to ultimately test their effects on fertility (e.g., Stockdill, 1959, 1982; Setala' andHuhta, 1991; Spain
et al., 1992; Okello-Oloya and Spain, 1986; Pashanasi et al., 1992).
These experiments have demonstrated that 1). in small laboratory designs, soil invertebrates often
have effects which are largely disproportionate to their abundance and biomass, especially on shortterm processes, e.g., the release of mineral-N and P from decomposing litter, or aggregation of soil;
2). in field conditions, the addition of these short-time effects may not have significant effects at a
larger scale of time and space since climate, soil characteristics or the chemical composition of organic
matter may have a larger impact in determinating soil processes than invertebrate activities.
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The increase in problems linked to soil management has recently stimulated the development of
multifactorial experimental approaches which tend to integrate biological, chemical and physical soil
components and processes into comprehensive models of soil function and apply them to 1). sustain
soil fertility; 2). monitor their ability to store and release Carbon and pollutants in a globally changing
environment, and 3). quantify and understand the function of their biodiversity (Swift, 1985;
Anderson and Flanagan, 1989; Coleman, 1984,1989; Lavelle et al., 1993; Moore et al., 1993; Swift
and Anderson, 1993).
Two major kinds of approaches may be distinguished: the foodweb approach, that tries to describe
and quantify fluxes of carbon and nutrients through trophic networks associating mainly protozoa,
nematodes and microarthropods to microorganisms and evaluate the impact of such interactions on
soil-plant systems (see e.g., Ingham et al., 1986; Andren et al., 1990; Moore and De Ruiter , 1991).
The other approach considers "biological systems of regulation" i.e., large entities such as
earthworms or termites (or roots) and the part of the soil that they influence and try to elucidate
mechanisms of soil function at the scale of these specific units (e.g., Lee and Wood, 1971; Lavelle,
1984; Coleman and Trofymow, 1984; Clarholm, 1985; Lee, 1985; Wood, 1988; Abbadie and
Lepage, 1989; Lavelle et al, 1992).
This paper first aims at linking the diverse approaches into a general conceptual model of the
relationships between soil invertebrates and the other animate and inanimate components of the soil
system. A functional classification of soil organisms based on their adaptive strategies is then
attempted. Three large functional groups (guilds) of soil invertebrates are defined and their effects on
soil organic matter dynamics, nutrient cycling and the soil physical structure are detailed.
The place of invertebrates in the soil system. Soils receive part of the energy that flows
through the ecosystem in the form of 1).biological energy as dead organic matter 2)., physical
energy, i.e., the convective and diffusive energies linked to water infiltration, drainage and
temperature changes, and 3. chemical energy released by oxidation and hydrolyses.
Physical and chemical energies are largely dissipated through the processes of soil formation.
These involve alteration and fragmentation of the bedrock at time scales of of a minimum of ten
thousand years, and a minimum spatial scale of e.g., a water catchment Biological energy received as
decomposing residues is dissipated along the decomposer foodweb at much shorter scales of time and
space. The energy flow based on the decomposition of organic resources allows the creation of
physical structures and the release of intermediate reduced chemical compounds which further
participate in the above mentioned processes of alteration by means of oxidative reactions (see e.g.,
Berthelin et al., 1979). Soil faunal activities may become significant determinants of pedogenesis
e.g., when they facilitate the stabilisation of aggressive organic compounds by mixing them with clay
minerals, or when they accumulate organomineral pellets which are the component elements of
aggregated structures. In some cases the participation of earthworm casts to the formation of soils is
so evident that they have been called vermisols (e.g., Nye, 1955; Wielemaker, 1984; Eschenbrenner,
1986; Pop, 1993).
Decomposition of organic residues is almost a purely biological process: 80 to 99.9% of CO2
released by soils is released from oxidative digestion processes (Scharpenseel et al., 1984; Seastedt,
1984; Moorehead and Reynolds, 1989). The rates at which this energy flows, and the forms that it
takes, are determined by environmental factors and specific properties of soil organisms. Interactions
with other organisms and the creation of specific microsites where these interactions occur, are
characteristic features of the impact of organisms on soil processes.
Soil invertebrate activities are part of the multiple factors that determine microbial activities.
Physical and chemical determinants, and the effects of soil invertebrates operate at different scales of
time and space; this network of interactions among all these determinants of microbial activities may
be best represented by a hierarchical model in which climatic factors that operate at the largest scale of
time and space are likely to constrain edaphic determinants (especially the abundance and mineralogy
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of clays and nutrient stocks), the quality of organic inputs, and finally activities of soil invertebrates
and roots (Lavelle et al., 1993)(fig 1 ).
Soil microorganisms, roots and invertebrates have developed complementary adaptive strategies
whereby they influence three major processes in soils i.e., decomposition and the dynamics of soil
organic matter, the formation and maintenance of soil structure, and the supply of nutrients and water
to plants.
Figure 1: An hierarchical model of (he factors determining soil processes in
terrestrial ecosystems (modified from Lavelle et al., 1993).
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Adaptive strategies of soil organisms : the sleeping beauty and the ecosystem
engineers. Soil organisms have evolved to face three major constraints i.e., l).to move in a
compact environment with a loosely connected porosity, 2). to feed on low quality resources and 3).
to adapt to the occasional drying or flooding of the porous space (Lavelle, 1988). A continuum of
adaptive strategies based on size is observed in soils, with microorganisms at one end and
macroinvertebrates at the other end (Swift et al., 1979). The apparent contradiction between the short
potential generation time of microorganisms (ca. 20 h; Clarholm and Rosswall, 1980) and their slow
turnover time (1 to 1.5 years e.g. Jenkinson et al.., 1981; Voroney 1983, Chaussod et al. 1986) has
been defined as the "Sleeping Beauty paradox" when evidence was gained that soil invertebrates and
root activities were necessary to stimulate dormant microflora (Lavelle and Spain, 1994). Microbial
communities are both numerous and diverse, but they are largely dormant. Their inability to move in
the compact soil environment limits their activity to immediate microsites. They are to a great extent
dependent on larger organisms, roots and soil fauna, to have access to new feeding substrates.
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Among the organisms thus acting as the "Prince Charming", special attention is paid to the
"ecosystem engineers" i.e., those which are able to modify the soil environment through their
mechanical activities (Stork and Eggleton, 1992).
Soil invertebrates have developed a continuum of strategies from the smallest hydrobionts of
microfauna that colonize the water-filled pores like microorganisms at the one end, to the "ecosystem
engineers" i.e., macrofauna that change the soil environment for their living at the other end. The size
of invertebrates and the aquatic or aerial nature of their respiration, reflect their way of adapting to
spatial constraints. Three groups have thus been distinguished (Bachelier, 1971; Swift et al., 1979)
i.e.,
1 - Microfauna. which comprise aquatic invertebrates living in the water-filled soil pores. They are
small, less than 0,2 mm on average, and mainly include protozoa and nematodes, plus other groups
of lesser abundance;
2 - Mesofauna. which comprise microarthropods (mainly Collembola and Acari) and the small
Oligochaeta Enchytraeidae which have an average size of 0.2 - 2 mm and live in the air-filled soil
pores and in the litter,
3 - Macrofauna, which include invertebrates larger than 2 mm on average. Termites, earthworms
and large arthropods are the main members of this group. They have the ability to dig the soil and
create specific structures for their movement and living activities (e.g., burrows, galleries, nests and
chambers) plus casts and fecal pellets resulting from their feeding activities. These organisms have
also been called "ecosystem engineers" for their ability to deeply affect soil structure and hence major
soil processes via the structures that they build (Stork & Eggleton 1992).
Since soil invertebrates having limited proper abilities to digest the complex organic substrates of
the soil and litter environment, have developped interactions with microflora to symbiotically exploit
soil resources. With increasing sizes, the relationship between microflora and fauna gradually shifts
from predation to mutualisms of increasing efficiency and the foodweb concept becomes more and
more difficult to apply as the trophic structure becomes increasingly "fluid and interactive with
individual species operating on several levels which might be distinguished as trophically different"
(Swift et al., 1979). Excrements of invertebrates are structures of utmost importance in the evolution
of organic matter posterior to digestion and their participation in the formation and maintenance of soil
structure and, over long periods of time, in specific pedological processes called "zoological ripening
of soils" (Bal, 1982; Martin and Marinissen, 1993).
Three major groups (guilds) of soil invertebrates may be distinguished on the basis of their
relationships with soil microorganisms and the kind of excrements that they produce (Fig. 2).
Microfoodwebs mainly comprise microfauna and their bacterial and fungal preys. Microfauna do not
seem to produce recognizable solid excrements and hence, their effect is not prolonged in structures
that are stable for some time after deposition. They have, however, a significant impact on population
dynamics of microorganisms and the release of nutrients which had first been immobilised in
microbial biomass (Trofymow & Coleman, 1982; Clarholm, 1985). This process is especially
developed in the rhizosphere. Predatory Acari or Collembola, and even larger invertebrates
(earthworms) may extend this foodweb over several trophic levels;
Litter transformers mainly comprise mesofauna and large arthropods which normally ingest purely
organic material and develop an external ("exhabitational" sensu Lewis, 1985) mutualism with
microflora based on the "external rumen" (Swift et al., 1979) strategy. This digestion system is not
able to efficiently digest tannin-protein compounds and highly polymerized polysaccharides (lignin)
which accumulate and hamper the progress of decomposition (Minderman 1968; Gourbière, 1981;
Toutain, 1987). The acid organic compounds released in the course of decomposition are not
floculated in the presence of mineral particles and behave as aggressive compounds that may leach
and actively participate in the weathering of minerals, thus favouring processes like podzolisation
(Berthelin et al., 1979; Pedro, 1989).
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Figure 2 : Regulation of microbial activities by three guilds of soil invertebrates
operating at increasing scales of time and space.

Litter arthropods may digest part of microbial biomass or develop mutualistic interactions in their
fecal pellets: in these structures, organic resources which have been fragmented and moistened during
the gut transit, are actively digested by microflora. After some days of incubation, arthropods often
reingest their pellets and absorb the assimilable organic compounds that have been released by
microbial activity, and occasionally, part of the microbial biomass (see e.g., Hassal, 1982). This
specific type of exhabitational mutualism is called the external rumen type of digestion (Swift et al.,
1979). Inside this general adaptive strategy, a large diversity of behaviours may be identified
(Vannier, 1985). Some insects like e.g., Diptera Sciaridae which have comparatively efficient
enzymatic equipments produce liquid feces that they never reingest (Deleporte and Rouland, 1991).
Finally, the ecosystem engineers, comprise invertebrates of macrofauna, mainly earthworms and
termites that are large enough to develop mutualistic relationships with microflora inside their proper
gut. These interactions may involve obligate (like protozoa contained in the posterior pouch of lower
termites) or facultative symbionts; the latter occur in the gut of higher termites and also in earthworms
(Barois et al., 1987; Breznak, 1984). These organisms usually ingest a mixture of organic and
mineral elements. Organic acids produced by digestion and the subsequent incubation of organic
matter in casts are normally floculated in the presence of clay minerals and a high microbial activity.
Digestion is efficient and complex organic compounds like cellulose, lignin and tannin-protein
complexes are assimilated (e.g., Butler and Buckerfield, 1979; Toutain, 1987; Breznak, 1984;
Rouland et al., 1990). Fecal pellets which are large (in the range of 0.10 to 2cm and more) may be the
component elements of macroaggregate structures and largely participate in the formation of stable
structures through the regulation of porosity, aggregation, bulk density and surface features (Bal,
1982). These organisms also build large structures like mounds and networks of galleries and
chambers which have significant impacts on the evolution of soils at medium scales of time. Ants may
be considered as part of this group although the majority of them only use soil as an habitat and have
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a limited impact on soil organic matter dynamics. They will not be considered in this paper due to the
low number of studies devoted to their effects on soil processes.
Whenever conditions are suitable for their activities, macrofauna, and especially earthworms and
termites, become major regulators of microbial activities within their sphere of influence (i.e., the
termitosphere of termites and the drilosphere of earthworms, Lavelle, 1984) in which they also
determine the abundance and activities of smaller groups of soil fauna (see Dash et al., 1980; Yeates
1981 for nematodes. These "biological systems of regulation" also comprise the rhizosphere in which
roots are the major determinant (Lavelle et al., 1993).
The apparent looseness of the soil trophic structure may be due to the juxtaposition of two
fundamentally opposite types of relationships between invertebrates and micro-organisms i.e., 1). a
"classical" foodweb in which organisms of a given size feed on organisms of a lower size, at a lower
level in the foodweb; and are eaten by larger organisms which comprise the upper level and 2).
biological systems of regulation which are binary systems of interactions based on the mutualism
between micro-organisms and invertebrates of different sizes.
The overall structure of the foodweb is further complicated by the effect of interactions between
these binary units; in some places, e.g., favourable conditions may promote high levels of activity of
termites or anecic earthworms and, hence, significantly reduce resources available for the
development of arthropod communities and their fungal associates. Interactions among entities of
different sizes, e.g., micropredatory protozoa and their bacterial preys, and larger organisms
generally exist inside structures created by e.g., roots in their rhizosphere or the anecic earthworms in
their "drilosphere". For example, the growth of bacteria may be stimulated in earthworm casts, and
serve as a feeding resource for protozoa which are further digested by earthworms when they reingest
their own casts (Piearce and Phillips, 1980; Rouelle, 1983).
Microfauna: microbial regulations in microfoodwebs. Microfoodwebs, are defined as
the part of the foodweb that links microorganisms to their predators; they are clearly distinguished
from systems organised by litter arthropods and the "ecosystems engineers" that are based on
mutualistic relationships of larger organisms with microflora.
The composition of microfoodwebs . The soil micropredator foodweb includes microorganisms,
mainly bacteria and fungi, protozoa, nematodes and some predacious Acari. Several levels of
complexity exist since the system includes microbial grazers, predators and superpredators. None the
less, foodchain length is normally limited to 3 to 4 transfers (Moore et al., 1993).
The structure of microfoodwebs has been established in a number of sites (Hendrix et al., 1986;
Elliott et al., 1988; Ingham et al., 1989) and models have been built to simulate the effects of such
assemblages on soil processes (Hunt et al., 1987). The composition of foodwebs is largely
influenced by the predominance of either fungi or bacteria which in turn is determined by abiotic
factors (Whitford, 1989) and management practices (Hendrix et al., 1986).
Microflora are generally divided into bacteria and fungi, which perform distinct functions and often
colonise distinct microsites. Small populations of predatory bacteria and fungi may be found. They
are bacterial predators of bacteria, e.g., of the genus Bdellovibrio (Casida, 1988) or Nematodetrapping fungi (Cooke and Godfrey, 1964; Mitsui, 1985). The latter are considered for their potential
to control populations of phytoparasitic nematodes. Other fungi of genus Dactylella have been
reported to capture and consume amoebae .
Predatory protozoa mainly feed on bacteria; cases of mycophagy exist, but they are rare (Petz et al.,
1986). They are active consumers: a single heterotrophic nanoflagellate may ingest 3 to 9 bacteria per
hour (Bloem et al., 1988) and Bryant et al.(1982) calculated that 8300 bacteria are consumed for each
new amoeba produced in soil microcosms at 23°C. Stout and Heal (1967) estimated that protozoa
consume 150-900g bacteria nr 2 year -1 . Bamforth (1988) distinguishes two kinds of protozoa : a
group which may serve as food for a large variety of organisms and others which are endosymbionts
(comensals or parasites). The latter are regularly found in the gut of some termites and earthworms
(Astomata) and may have endosymbiotic bacteria in their cytoplasm. Protozoa of the former group are
often considered as transformers of bacterial protoplasm into higher trophic levels.
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Mycophagous amoebae and colpodid ciliatcs may also ingest fungal spores and thus play a role in
the suppression of phytopathogenic fungi and control of fungal populations (Chakroborty, 1985;
Couteaux, 1985).
Nematodes are another constant component of microfoodwebs, normally one step above protozoa.
A few adult nematodes may actually ingest flagellates and some amoebae (Elliott et al., 1980)
although a vast majority are either bacterial- or fungal-feeders. Nematodes are attracted to their food
sources through a number of stimuli including pheromones, CO2 and t° gradients (Freckman ,1988).
Bacterial feeders are active predators that ingest up to 5000 cells/min or 6.5 times their own weight
per day. Overall consumption may be as much as 800 kg bacteria ha"1 year 1 and the amount of N
turned over in the range of 20-130 kg (review by Coleman et al, 1984). Finally, mycophagous
nematodes have been reported to suppress plant diseases by ingesting pathogenic fungi (Curl, 1988).
Some members of the mesofauna i.e., Acari, Collembola and Enchytraeidae, may also be part of
micropredator foodwebs, although the majority of them probably rely more on mutualist relationships
than predation (Moore, 1988). Predatory mites can feed on nematodes (Martikainen and Huhta,
1990). In North American desert systems, they have been reported to regulate nematode density
(Elkins and Whitford, 1982).
The vast majority of invertebrates of macrofaunal proportions rely on mutualist relationships with
microflora for their digestion and, hence, do not participate in microfoodwebs. Nonetheless, some
degree of predation exists, especially on protozoa. For example, earthworms can digest Ciliates
(Piearce and Phillips, 1980) and Amoebae (Rouelle, 1983). On the other hand, protozoa may aid in
the functioning of the external rumen type of digestion in association with earthworms: incubation in
feces results in the excystment and development of protozoan populations which are further digested
by invertebrates. In a microcosm experiment, earthworms were introduced into 570g sterilized soil.
After 5 days, density of protozoa found in the soil was 3-70xl06g"1 soil with a dominance of
Amoebae (50-60%) (Shaw and Pawluk, 1986).
Distribution and dispersal of microsites. The activity of soil microfoodwebs mainly occurs in the
water-filled soil porosity and water films which cover solid particles. These microsites have a discrete
distribution in time and space. They largely depend on soil moisture content and porosity, which in
turn depend on texture and the overall biological activity. Finally, the presence of carbon resources
determines the accumulation of a large microbial biomass which feeds micropredators. The size of
pores determines populations at the microsite level. Flagellates and small amoebae colonize pores of a
minimum diameter of 8^m ; larger protozoa and nematodes live in larger pores and most nematodes
live in the external medium, outside the aggregates (Hattori, 1976). Soil texture and porosity are
therefore critical determinants of micro-foodwebs. The importance of porosity was demonstrated
e.g., in an experiment in which bulk density of humus being increased from 0.25 to 0.41, the
abundance of pores larger than lO^im decreased and growth of Ciliates and Thecamoebae was
inhibited. (Couteaux, 1985).
The availability of organic resources and transport of invertebrates across soil microsites are critical
to the multiplication of microsites favourable to micropredator foodweb activities. As a result, such
microsites are regularly found in the rhizosphere where root growth provides energy for bacteria and
their micropredators and disseminates communities in the volume of soil explored by the root system.
In the presence of guilds of larger invertebrates, microsites may exist in their biological structures, or
simply disappear.
Evidences for the functional importance of microfoodwebs: effects on SOM dynamics
The functional importance of microfoodwebs has been several times demonstrated in small-scale
laboratory chambers called "microcosm". Effects on carbon and nutrient cycles have been observed
and quantified.
C cycle : Respiration of microfauna only represents a few percent of overall soil respiration (0.6 to
2% for nematodes according to Freckman, 1988). Nonetheless, their effect is disproportionate to their
size and they significantly stimulate the growth and turnover of microbial populations thus promoting
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faster rates of mineralisation, decomposition and nutrient turnover (Wasilewska, 1979; Hendrix et
al., 1986; Hunt et al., 1987; Sohlenius et al., 1987, 1988).
The N cycle is particularly affected by microfoodweb interactions since bacteria have C:N ratios of
6:1 on average, close to that of protozoa (5:1 according to Reich, 1948) and slightly inferior to that of
nematodes (10:1: Meyers and Krusberg, 1965). Predation on micro-organisms thus results in the
release of mineral-N that may be further used by plants. In the presence of nematodes ammonification
by bacteria is greatly increased (Clarholm et al., 1981; Ingham et al., 1985). N-fixation may be
greatly enhanced through the maintenance of a young population, provision of stimulating
compounds or decrease of O2 concentration (Hervey and Greaves, 1941; Darbyshire, 1972).
The P cycle is also affected although contrasting results have been produced. Coleman et al., 1984
observed that, in the presence of amoebae, a significant part of P accumulated in microbial biomass is
transformed into bicarbonate-extractable P. Nonetheless, the flux of P affected by this transformation
may be reduced; this would explain why little effects on P cycle have been noted, even in microcosms
(Baathetal., 1981).
Positive effects of microfoodweb activities on plant growth have been measured in microcosms :
Wheat plants grown in sterilised soil into which bacteria + protozoa had been added, had a production
increased by 80% and N mineralisation from soil organic matter was increased by 59% . In a control
soil without plant, no increase in inorganic nitrogen was observed which emphasises the role of rootderived carbon to provide energy to the system (Clarholm, 1984 ). In another 35d microcosm
experiment, bacterial biomass was divided by 8 and N uptake by plants was increased by 20% by
protozoan activity. Shoot:root ratio of plants had increased and +65% of bacterial ^N was taken up
by plants (Kuikman and Van Veen, 1989).
Saprophagous arthropoda: the litter transformers. Mesofauna and non-social large litter
arthropods live in the air-filled pores of the soil and litter, the smallest ones live inside the soil in
cracks and crevices, the largest ones in the looser strata of the An horizon. They are big enough to
create specific structures in which microbial activities are regulated : these are the fecal pellets that they
accumulate in the litter layers and in the rhizosphere. However, they do not ingest significant amounts
of mineral soil and have a limited ability to dig the soil and create galleries or aggregates. The kind of
mutualism that they develop with microflora seems to be mostly exhabitational (i.e., in structures
created outside the bodies of both components of the association) and examples of inhabitational
mutualist relationships are not known.
These invertebrates which do not possess a proper cellulase mainly rely on the external rumen type
of digestion to digest polysaccharides: they periodically reingest their feces (or feces produced by
other invertebrates) and thus take advantage of the release of assimilable compounds due to microbial
incubation (Swift et al., 1979). They comminute, fractionate and moisten the ingested' material
thereby enhancing microbial activity. Most litter feeding epigeic arthropods use this digestive system.
Macrotermitine termites or ants of the tribe Attini which cultivate fungi on especially elaborated wood
or leaf material belong to this group, although they also develop inhabitational relationships with
microflora. Epigeic earthworms and Mollusca which are restricted to the litter layers also belong to the
guild of litter transformers.
Structures . Litter transformers influence soil processes by 1). disseminating fungal spores and
mycelium and 2). accumulating fecal pellets which are basic structural units of the holorganic layers
(AH) and microsites for enhanced microbial activity.
The size and shape of fecal pellets produced by arthropods are highly variable (Bal, 1982).
Nonetheless, the vast majority of them are small (<100|im) and unstable aggregates made up of
untransformed organic matter. They have a low proportion of mineral elements and the rate of
decomposition which is often enhanced in fresh pellets may be lower in ageing excrements than in the
surrounding litter (Nicholson et al., 1966; Reyes and Tiedje, 1976; Hanlon, 1981; Griffiths et al.,
1989) due to compaction and accumulation of chemical compounds that are resistant to
decomposition.
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SOM dynamics. Litter arthropods may ingest litter at different stages of decomposition although they
preferably ingest already decayed litter when given a choice (e.g., Hassall et al., 1987); Diptera
Sciaridae which possess cellulases (Deleporte and Rouland, 1991) contrary to the other arthropods
actively feed on leaves of the L litter layer and assimilate better fresh litter than already decomposed
material (Deleporte, 1987). Assimilation rates greatly vary among zoological groups and also depend
on the quality of the litter ingested: they may vary from 9 to 92% in the Diptera larvae Bradysia
confuus although most data are in the range of 5 to 20% (Petersen and Luxton, 1982). Assimilation
rates of different chemical components of litter show great differences: Bocok (1963) stated that the
millipede Glomeris marginata, utilizes 6-10.5% of the dry matter contained in its food (Fraxinus
litter), 43.2% of crude fat, 28.4% of the holocellulose, 28.7% of the soluble carbohydrates, and 0.30.4% of the nitrogen. Another part of the nitrogen is mineralised and appears as ammonium in feces.
Microbial communities are modified in fecal pellets as a result of the digestion, compaction and
fragmentation of the litter material. In feces of isopods derived from freshly fallen leaves of Betula
pendula, densities of fungal and bacterial propagules were multiplied by 3.2 and 126 respectively
(Hassall et al., 1987). Similar effects were observed by Hanlon (1981) with the millipede Glomeris
marginata and the isopod Oniscus asellus fed oak litter: bacterial standing crop was multiplied by
ca. 10 whereas pH increased from 4.4 to 6.3-6.6. Differences in the relative response of bacteria and
fungi seemed to be a result of the compaction of the litter material in fecal pellets: in artificially
compacted samples consisting of small particles of litter (<0.2(am) fungal growth was reduced
whereas bacterial growth was not changed (Hanlon, 1981b). Similar effects occuring in fecal pellets
which mainly comprise fine particles would explain this difference.
The introduction of isopods into microcosms containing litter incubated for 40 days first resulted in
a significant increase of CO2 evolution which was doubled with the optimal number of introduced
isopods after 14 days (Hanlon and Anderson, 1980). Microbial respiration further decreased to levels
significantly higher to the control after 40 days with optimal numbers of arthropods; in the treatment
with a high density of isopods respiration was lower than in the control. These results suggest that
invertebrates promote, in their excrements, an active respiration which is further decreased , possibly
due to changes in the composition of the microflora (decrease of fungal densities) and the compaction
of the litter material (fig. 3).
Figure 3 : Effects on microbial respiration of the isopod Oniscus feeding on lg of
: 6 individuals;
: 10
oak leaf litter in 60x58mm Perspex cylinders, o control;
individuals. (Hanlon and Anderson, 1980)

In a comparable study, Hassall et al. (1987) concluded that the overall effect of arthropods on
chemical and physical parameters of litter does not necessarily accelerate decomposition very
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significantly. The major process whereby they accelerate decomposition is the deposition of their fecal
pellets into more humid microsites, deeper in the soil profile.
One major limitation of the guild of litter arthropods seems to be their inapability to digest complex
tanin-protein compounds which normally block a large proportion of proteins from the cytoplasm of
fresh leaves. In such conditions, decomposition of these compounds is slow and only proceeds
through weak hydrolyses which slowly unwind the complex phenolic chemical structures of litter
(Toutain, 1987).
Another major characteristic of litter invertebrate communities is their ability to stimulate nitrogen
mineralisation and ammonium release, that may be further nitrified and taken up by plants, or
temporariliy accumulated before it is lost through volatilisation or reorganised in microbial biomass.
In laboratory experiments, Anderson et al, (1985) established a correlation between the biomass of
litter invertebrates and mineral-N release. In a field experiment using microlysimeters, Anderson et
al., 1983 showed that during the first 32 weeks, from spring to leaf fall, the activity of soil fauna
(13g fresh weight m"2) increased the total nitrogen losses by 11.6 kg ha' 1 (5.2kg NO3-N + 6.2 kg
NII4-N), which represents about one third of the annual nitrogen input through litter. After leaf fall,
less mineral-N was released in the presence than in the absence of fauna. Roots when present,
absorbed about half of the mineral nitrogen.
Effects on physical parameters of soil. Litter invertebrates normally ingest low amounts of mineral
particles, if any. Their participation in physical soil proceses is therefore limited although some
components, e.g., Enchytraeidae may occasionally produce intensive burrow systems in selected
microsites (Jegen, 1920 in Didden, 1990). They are active agents of fragmentation and transfer of
litter material to deeper strata where they accumulate and gradually form the amorphous organic matter
of the H layer. Some groups, however, may ingest significant proportions of mineral elements and
play some role in the development of the soil structure. Didden (1990) observed that 21-35% of the
enchytraeids of a dutch agro-ecosystem contained mineral particles in their guts and that the annual
transfer of soil due to Enchytraeids amounted to 10-75g nr 2 of soil of the upper 40 cm, i.e., 0.001 to
0.01% of the total soil. The proportions of aggregates corresponding to the size of their fecal pellets
and of the pores of a size corresponding to their body size , and air permeability were significantly
increased. Nonetheless, differences were limited to a few percent in spite of favourable experimental
conditions (sieved soil and exclusion of other soil fauna components).
Effects on plant growth in microcosms. Effects of the guild of litter transformers on chemical and
physical characteristics of the litter system may have positive effects on plant growth. This has been
demonstrated several times in laboratory microcosms and larger field designs that simulated
conditions of the real forest. Setala and Huhta (1991) have observed significant effects of litter
invertebrates on the growth of seedlings of Betula pendula.: after two years, leaf, stems and root
biomass were respectively 70%, 53% and 38% greater and respective N and P contents were 3 and
1.5 times higher.
Termites and earthworms : the ecosystem engineers. Termites and earthworms are major
components of the guild of the "ecosystems engineers". Ants and some large arthropods may to some
extent be included in this group. When present, these organisms play a dominant role in the regulation
of soil processes since 1). they ingest a mixture of organic and mineral particles and their fecal pellets
are large-sized and contain stabilized organic matter, 2). they have developped efficient mutualist
digestion systems in association with soil microflora which enable them to digest the most complex
substrates i.e., tanin-protein complexes, lignin and humic compounds; and, 3). they create diverse
and abundant structures in soil and hence, have a dramatic effect on the soil physical structure and
pedogenesis.
Earthworms and termites produce a large variety of structures which may significantly affect soil
function and pedogenetic processes at different scales of time and space (fig.4). The abundance and
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texture of these structures are detennined by the consumption rates and selective ingestion of mineral
and organic particles. Behavioural characteristics of species, and, to some extent, local edaphic and
climatic conditions determine the type of structures created which in turn affect all soil processes.
Figure 4 : Effects of soil macro-invertebrates on soil structure
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Selective ingestion ofparticles. Soil invertebrates often select the size and quality (organic or mineral)
of the particles that they ingest. The behaviour of endogeic earthworms is highly variable and
depends on the species, the size of the individuals and soil type. For example, when kept in a loose
sieved soil in laboratory cultures, the common pantropical species Pontoscolex corethrurus may
preferentially ingest small particles of 0-20[im in a coarse textured regosol of Mexico, and coarse
particles in a fine-textured ultisol (Barois, 1992 in Lavelle et al., 1992a). There is some evidence that
earthworms may select independently for mineral and organic particles and, when given the choice,
ingest large organic and small mineral particles. Nonetheless, in a natural soil, endogeic earthworms
ingest the soil to feed and move into this compact environment and this does not leave many
possibilities for a true selection of particles. It is likely that any observed selection results from the
selective exploitation of microenvironments and selective behaviours which are still unknown.
Termite distribution and activity are both affected by, and affect soil texture. The mound-building
termites are largely excluded from heavy clay, or excessively sandy soils which are not convenient for
the building of their nests (Holt and Coventry, 1982; Lee and Wood, 1971). Termites generally select
the smaller particles from within the soil profile and bring to the surface significant amounts of clay
materials (Williams, 1968; Boyer, 1982). Species-specific effects and variations depending on the
soil type have been often mentioned although a comprehensive understanding of these effects is still
lacking (Anderson and Wood, 1984 ; Butler and Buckerfield, 1979; Cox et al., 1989; Garnier-Sillam
et al., 1987 ; Lee and Wood, 1971; Löpez-Hernandez et al, 1984; Okwakol, 1987; Rajagopal, et al,
1982; Spain etal, 1983).
Ingestion rates and bioturbation. Earthworms and termites may ingest large amounts of soil and litter,
and hence actively participate in the bioturbation process and become major regulators of the
dynamics of litter and SOM in the ecosystem. Anecic earthworms, when abundant, may incorporate
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the total annual litter production in as little as 2 to 3 months (Lee, 1985). Their activity however, is
limited by food availability and the environmental determinants of their activity. In a pasture in
southern France, Bouché et al. (1983) estimated that earthworms had assimilated 30% of the carbon
available in the litter in 17 weeks. Such a figure is only acceptable if earthworms reingest several
times the litter contained in their casts. In humid regularly burnt savannas of Ivory Coast anecic
earthworms incorporate yearly 180 to 510 kg of dry litter to the soil. This represents ca. 30% of the
weight of litter annually decomposed (i.e., mineralized or incorporated into the soil instead of being
destroyed by fire), but less than 10% of the annual production (Lavelle, 1978). Endogeic earthworms
which mainly feed on soil from the A\ horizon, and anecics which ingest a mixture of soil and 2050% litter (Bouché and Kretzschmar, 1974) may annually ingest several hundred tons of dry soil per
ha (Lavelle, 1978; Lee, 1985). A maximum value of 1250t ha"1 year 1 has been measured in humid
savannas at Lamto (Cöte d'lvoire) where this soil is normally taken from the upper 10 cm of soil;
some species, however, particularly in the humid tropics, have specialised in the ingestion of soil
from the deep (20-50cm) soil horizons. Most of this soil is egested inside the soil profil: at Lamto,
only 3 to 18% of the soil is egested as surface casts, depending on the species (Lavelle, 1978).
Termites may also ingest significant amounts of litter and soil. In low-lying parts of sahelian
grasslands of Senegal, they may consume up to 49% of the annual herbage production and in
semiarid pastures of Kenya, they have an impact similar to grazing mammals with an annual
consumption estimated at 1 Mg ha-1 (Lepage, 1974, 1981). Several estimates indicate rates of
consumption in the range of 1-16% of the annual primary production in tropical forests and
savannads (Lee and Wood, 1971; Collins, 1983). Soil brought to the surface in surface nests and
sheathings may represent up to 2400 Mg ha"1 and cover 10% of the soil surface (Meyer, 1960).
Structures. Macroinvertebrate activities create three types of structures: nests and chambers that host
individuals or parts of a society, "dejections" (casts) which may be deposited at the soil surface or
inside the profile, and voids, i.e., pores and galleries that result from the movement of the
invertebrates within the soil or at the surface (like surface galleries of termites).
Nests may be compact and somewhat complex structures made of selected materials and/or fecal
pellets; they may remain intact for several decades, as long as the colony is alive. At the death of the
colony, they start to decay. This is a slow process which may leave visible mounds which often
represent islands of soils with a relatively high fertility on which the density of trees is high (Lavelle
et al., 1992). Some termites and ants may have diffuse nests made of small subterranean chambers of
a few cm connected by a dense network of galleries. Termites also produce surface sheathings which
cover the soil and litter when they go foraging.
Earthworms produce large amounts of casts; the majority of them are round-shaped and compact
structures which are isolated from the rest of the soil by a thin cortex of clay minerals and organic
colloids (Blanchart, 1990). Their size and shape depends on the soil texture and the size and feedinghabits of the species. Lee (1985) and Lavelle and Spain (1994) thus distinguish globular casts made
of the fusion of oval-shaped pellets 1 to several mm in diameter into "paste-like slurries", and
granular casts made of an accumulation of small and fragile fine-textured pellets.
Galleries are a frequent product of activities of the "ecosystem engineers": they may be
subhorizontal and connect chambers of a nest, or subvertical and connect deep soil horizons (where
anecic earthworms find suitable conditions of temperature and moisture, out of the reach of predators)
to the surface where they come at night to ingest litter. Endogeic geophagous earthworms also dig
subhorizontal galleries that they immediately refill with their casts since they eat their way through the
soil. Gallery networks may be extremely dense: in temperate pastures of France, Kretzschmar (1982)
found 4000 to 29 800 galleries nr 2 with a total length of 142 to 890 m nr 2 depending on the season;
of these galleries, 16.3% were found deeper than 60 cm depth and the overall surface of the gallery
walls was 1.6 - 12 m2 nr 2 . In a large survey in several regions of France, Lopes-Assad (1987)
examined 24 different soil profiles and found 60-290 active (i.e., opened to the surface.) galleries m"2;
their total length ranged from 6.2 to 66.6 and they comprised ca. 0.6% of the total volume of soil.
Galleries are cylindrical and their walls areregularlycoated with cutaneous mucus each time the worm
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passes through. Casts deposits and iron linigs are regular features of these galleries (Jeanson, 1979;
Kretzschmar, 1987; Lamparski et al., 1987).
Termites may also dig extensive networks of galleries; the diameter of termite galleries is in the
range of 1-20 mm and their networks may comprise up to 7.5 km ha'1 (Grassé, 1984; Darlington,
1982; Wood, 1988). Some Macrotermitinae may open holes at the surface that they use to go out
foraging at night; the overall surface of these openings has been estimated at 2-4 m2 ha-1 (Lepage,
1981).
Digestion of SOM: importance of priming effects. Termites and earthworms have developed highly
efficient digestion systems which allow them to digest woody material or live on the highly dispersed
and low quality soil organic matter.
Earthworms digest soil organic matter with enzymes that are produced partly by the worm itself
and partly through a mutualist association with the ingested microflora. They add to the ingested soil
80-120% water and 5 to 38% of the dry weight of soil mucus, a readily assimilable substrate that they
energetically mix in the anterior part of the gut. The addition of mucus to the soil triggers a priming
effect (sensu Jenkinson, 1966) on soil organic carbon: Microbial activity is greatly enhanced and, in
the second part of the gut, when mucus has disappeared, micro-organisms digest soil organic matter
for their benefit and that of the earthworm (Barois and Lavelle, 1986; Martin et al., 1987; Trigo and
Lavelle, 1992; Lavelle and Gilot, 1994). Although the earthworm is able to produce some of the
enzymes that are found in the gut content, there is evidence that important enzymes such as cellulase
and mannanase (which degrade important components of root material) which are not produced in
pure cultures of intestinal tissue, are actually released by micro-organisms in the gut lumen (Zhang et
al., 1993).
Priming effects have not been described in the gut of termites. These insects seem to be able to
produce a large variety of enzymes which interact with enzymes produced by the associated
microflora to digest cellulose, lignin and other components of SOM (see e.g., Rouland et al., 1989;
1991). Some termites have protozoan symbionts whereas fungus growers rely on a mixture of
inhabitational mutualism with microflora in their gut and external rumen with fungi cultivated in
fungus gardens. Assimilation rates in the termites are high and published values range between 54
and 93% of the food eaten (Wood, 1978). Endogeic earthworms, on the other hand, feed on soil
organic matter and may live on soils with only 1% organic matter with assimilation rates of only a few
percent (Martin and Lavelle, 1992).
Effects on SOM dynamics. Earthworms and termites have contrasting effects on SOM dynamics
depending on the scale (Fig. 5 ).
At the short scale (hours and mg to eg of soil) of a gut transit, mineralisation of SOM is strongly
increased. In a few hours (and even 30 min in the case of some tropical earthworms) part of the
ingested SOM is assimilated. Detailed studies performed on temperate and tropical earthworms with
bomb radiocarbon and natural 13C labellings demonstrate that they mostly assimilate young organic
matter from the labile fractions (Scharpenseel, 1989). Nonetheless, Millsonia anomala, an
endogeic African earthworm is able to digest all particle-size fractions of a savanna alfisol with the
same efficiency, which would mean that they are able to digest some resistant organic matter (Martin
et al., 1991). Earthworm digestion results in the fragmentation of the ingested organic debris and the
release of significant amounts of mineral nitrogen and phosphorus (e.g., Sharpley and Syers, 1976;
Barois et al., 1987; Lavelle et al., 1992b). The ability of earthworms to release mineral N and P from
resources with high C:N and C:P ratios is a result of 1). their high efficiency at digesting C
compounds -that they excrete as intestinal and cutaneous mucus- which leaves nutrients in excess; 2).
the fast turnover of Nitrogen in biomass (Ferrière and Bouché, 1985; Barois et al., 1987; Cortez et
al.,1989), and 3). the continuation of mineralisation for some hours in freshly deposited casts
resulting from enhanced microbial activity. Effects on phosphorus are especially interesting since part
of the pool which is normally adsorbed in soil may be desorbed after a transit through earthworm guts
(Lopez-Hernandez et al, 1993; Brossard et al., in press). Estimates of the overall release of
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assimilable-N range from 25 to 150 kg mineral-Nha'1 in tropical grasslands (Barois et al., 1987;
Lavelle et al., 1991) whereas Brossard et al.(in press) estimated 50 kg ha-1 of mineral-P may be
released in a vertisol in Martinique covered with a pasture.
Figure 5 : Effects of earthworms on SOM (Soil Organic Matter) dynamics at
different scales of time and space.

Although termites have a highly efficient digestion, they do not seem to release important amounts
of assimilable nutrients in their feces. In the short-term, they have developped highly efficient
mechanisms for N conservation, and N fixing organisms have been found in their guts as in the guts
of earthworms (Breznak, 1984).
At the scale of days to months, earthworms and termites affect the dynamics of SOM in the structures
that they have created: in earthworm casts, mineralisation rates rapidly decrease after a few days
following their deposition. In casts of Millsonia anomala fed a poor sandy alfisol, concentrations of
NH4-N in casts decreased to control levels after 8 days (Lavelle et al., 1992). In casts of european
Lumbricidae (Syers et al., 1979) and the pantropical species P. corethrurus fed with richer soils
Lavelle et al (1992b), the amount of NH4.N and nitrates was still higher than in the control 2 weeks
after the deposition of the casts. On a longer period, mineralisation is inhibited in the compact
structure of casts and, after one year of incubation at field capacity and 28°C, the decomposition rate
in casts of M. anomala was three times lower than in a control soil sieved at 2-mm. Interestingly,
there was clear evidence in this experiment that the coarse organic fractions had been significantly
protected from decomposition whereas the decomposition of the finest fractions was increased
(Martin, 1991). Termites also have significant effects on the release of mineral-N in the structures that
they create. The walls of chambers of fungus gardens of Trinervitermes geminatus , have much
higher potentials for N-mineralisation than the bulk soil in short-term incubations (Abbadie and
Lepage, 1989).
In the long term, i.e. from a few years to decades, the overall effect of earthworms and termite is still
uncertain since long term experiments are scarce. In a 3-year field experiments comparing low-input
agricultural systems with and without earthworms, differences between treatments were limited: the
introduction of earthworms had not impeded the rapid loss of organic matter following the cropping
to annual cultures, and only slight differences were seen in the proportion of different particle size
fractions (Gilot, 1992; Pashanasi et al., 1992 in Lavelle et al., 1992). However, after the fifth crop at
Yurimaguas (Peruvian Amazonia), soil organic content decreased slower in earthworm treatments and
a significant protection of SOM became apparent. In the same experiment conducted at Lamto (Cöte
d'lvoire) there was no evidence of a better conservation of SOM due to the presence of earthworms.
Nevertheless, the quality of SOM had changed since standard laboratory tests indicated that the CO2
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evolution was significantly higher in the earthworm treatment than in the control. There are, therefore,
some indications that the presence of earthworms may limit the losses of organic matter in disturbed
systems such as annual crops and modify the quality of SOM by operating a relative protection of
young organic matter and facilitating the assimilation of part of the old resistant organic matter. Longterm experiments based on natural 13C labelling of organic matter will permit testing this hypothesis.
It is likely that the effect of earthworms will depend in the end on a hierarchy of factors including soil
characteristics (especially the abundance and mineralogy of clays), the quality and quantity of organic
inputs and last, but not least, species specific effects. The diet of earthworms and the shape and
structure of their casts will probably be critical criteria to consider when looking for a comprehensive
explanation of the process involved.
In the long-term, termites tend to accumulate the undigested organic matter of their feces in the
walls of termitaria; they are conserved as organo-mineral compounds which resist decomposition.
This is e.g., the case of humivorous termites of the species Thoracotermes macrothorax, a dominant
species in the Mayombe forest in Congo (Garnier-Sillam et ah, 1990). Generally speaking, the
organic matter content of walls of the termitaria may be up to 50% greater than in the surrounding
soil. This organic matter has a low C:N ratio and forms stable complexes with clay minerals (see e.g.,
Lee and Wood, 1971; Garnier-Sillam et al., 1985; Okwakol, 1987; Arshad et al., 1988). Some
fungus growing termites such as Macrotermes mulled do not incorporate their feces to the walls of
their termitaria and consequently, the walls are lower in organic matter than the surrounding soil.
These termites do not seem to play any role in the long-term conservation of soil organic matter in the
ecosystem (Garnier-Sillam et al., 1985).
Effects on soil physical parameters and pedogenesis. The activities of earthworms and termites
mainly affect surface roughness, porosity and aggregation with significant effects on hydraulic
properties of soil, especially rates of water infiltration.
Infiltration of water and gases. Termite galleries and earthworm burrows have a significant effect on
water infiltration despite their low contribution (<1%) to the soil volume (see review in Lee, 1985; for
eathworms; Lepage, 1979). Experiments in arable land have demonstrated that when direct-drilling
substitutes to ploughing, anecic earthworms are favoured and, as a result, hydraulic conductivity at
the interface between the A and B horizons may be doubled (Douglas et al., 1980; Urbanek &
Dolezal, 1992). In West Africa, Casenave and Valentin (1988) have found a significant relationship
between the presence of earthworm casts and termite sheathings and water infiltration rates:
infiltration increased with the percentage of soil covered by earthworm casts and termite sheathings
and maximum values were obtained when more than 20% and 30% of the soil surface were
respectively covered with earthworm casts and termite sheathings. Kladivko et al.(1986) also
concluded that earthworms could diminish surface crusting.
The increase in infiltration stems mainly from water retention resulting from an increase of surface
roughness and the presence of macropores and galleries below surface structures. Similar effects
have been mentioned by several authors (Lai, 1988; Aina, 1984, Lavelle ed., 1992, and review in
Lee, 1985). However, species-specific effects on water infiltration have been observed with
earthworms: In pot experiments at Lamto (Cöte d'lvoire), Derouard et al. (1993) clearly distinguished
species which compact the soil and decrease infiltration rates (e.g., Millsonia anomala) and species
which decompact the soil and increase water infiltration (Hyperiodrilus africanus and Chuniodrilus
zielae) whereas associations of species might give intermediate results (fig.6). In the same
experiment, there was evidence that the effect of earthworms on soil physical parameters might
change, depending on the plant that was present in the experimental unit : in similar experimental
conditions soil compaction and surface crusting were maximum in pots cropped to rice (Oriza sativa)
and minimum in pots with peanut (Arachis );
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Figure 6 : Effect of different earthworm species or assemblages of species on the
aggregation of a savanna alfisol in 80-days pot experiments (Derouard, 1993).
Blocks of a same category with different letters are significantly different (p<0.05).
Control with plant but no worms

Oryza sativa

Arachis

Treatments :

El
D
E3
M
EJ
D

C: Control
M : M. anomala
E : Eudrilidae
H : H. africanus
ME : MillJEud.

> 5 mm
5-2 mm
2-1 mm
1-0.5 mm
0.5-0.25 mm
< 0.25 mm

Gas diffusion is affected in the same way as water infiltration, although diffusion around galleries
is more important than direct diffusion along the burrows (Kretzschmar, 1989).
Similar effects have been observed with termites and their exclusion from the soil of a North
American desert significantly increased the bulk density of soil and erosion while water infiltration
was decreased (Elkins et al, 1986).
Porosity. Earthworms and termites generally contribute to the maintenance of a relatively high
porosity by digging galleries. Deposition of earthworm casts at the soil surface is a mechanism that
regulates soil porosity, since a volume of voids equivalent to that of the casts is created inside the soil.
This may represent volumes of tens of m 3 of voids ha^year 1 which are created preferably at times
and in sites where compaction is occuring. Seasonal variations of soil porosity have been sometimes
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related to variations in the abundance of earthworm populations (Hopp, 1973). Correlations between
soil porosity and colonization of new soils by earthworms always results in a significant increase of
porosity which may reach 75 to 100% (Hoeksema & Jongerius, 1959).
Soil aggregation. Endogeic earthworms especially affect the soil structure by promoting
macroaggregation i.e., the combination of soil particles into stable compound structures larger than 2
mm in diameter. These earthworms may annually ingest between a few hundreds of tons to more
than one thousand Mg dry soil per hectare (Lavelle, 1978). In four arable soils with unfertilized and
fertilized barley, a grass ley and a lucerne ley, the annual cast production of Aporrectodea caliginosa
was estimated at respectively 36 to 108 Mg ha"1, of which 20 to 50% were deposited at the soil
surface (Boström, 1988). In humid tropical grasslands, endogeic earthworms may ingest daily 5-6
{Pontoscolex corethrwus) and up to 25-30 (Millsonia anomala) times their own weight of soil
(Lavelle, 1978; Lavelle et al., 1987). As a result the overall annual production of casts may be as high
as several hundreds, and up to 1250 Mg per hectare. A low proportion of these are deposited at the
soil surface, and subterranean casts are the component units of stable macroaggregate structures .
Experiments have demonstrated that such structures may be built in surprisingly short periods of
time, thus pointing to the fact that factors other than the simple production of globular casts participate
in aggregation (Blanchart et al.; 1989): in 33 days, the activity of 5g of Millsonia anomalaresultedin
the formation of 2883 g of aggregates (i.e., 42.4% of the soil in the experimental container), as
compared to 906g (13.3%) in a control treatment and 1075g (15.8%) in a treatment with a plant, the
graminea Panicum maximum. Production of casts by the earthworms was estimated at 1815g i.e.,
26.7% of the aggregates formed; the remnant 15.7% might have been due to a proliferation of fungal
hyphae.
When earthworms were excluded from a soil in which they had built a macroaggregate structure,
this structure remained stable for a long time (at least several years) due to the stabilisation of
aggregates with time. However, the introduction of earthworms producing granular casts produces a
destruction of the structure as large aggregates are split into much smaller and fragile ones (Blanchart,
1990). As a result, there is aregulationof soil aggregation with small earthworms breaking large
aggregates and thus preventing an excessive accumulation of large compact aggregates which
otherwise may negatively affect plant growth (Rose & Wood, 1980).
Fecal pellets of some termites are organomineral microaggregates (Gamier-Sillam et al., 1985)
which comprise the walls of termite mounds and even surface soil horizons of some tropical soils
(Wielemaker, 1984; Eschenbrenner, 1986). These effects are largely dependent on adaptive strategies
of species and much information is still necessary before a comprehensive understanding of these
processes is available.*
Long-term effects of invertebrates on pedogenesis have not yet been comprehensively considered
and studies that specifically address this issue are needed. A few studies have indicated that termites
and earthworms may be significant determinants of pedogenetic processes in the upper 30 to 60 cm of
soils (e.g., Lee and Wood, 1971; Pop and Postolache, 1987). Vermic soils with high earthworm
activity have been recognised as a separate entity in the USDA "7th approximation". Pop and
Postolache (1987) state that "by definition, a normally developped soil must be vermic" because when
defining mull, Kubiena states "practically all aggregates are earthworm casts or residues of them".
There is also some evidence that termites may influence pedogenesis in deeper soil strata but more
studies are needed (Wielemaker, 1984; Eschenbrenner, 1986).
Effects on plant growth. The effects of macro-invertebrates on soil processes, at different scales of
time and space, may considerably affect soil fertility and, ultimately, result in dramatic changes in
plant growth. Short-scale experiments have given somewhat variable results due to species-specific
effects and large scale field experiments are still scarce.
The effect of termites on plant growth and production is still largely ignored. An abundant literature
describes the negative effects of termites on crops and wood products and ways to get rid of them
(e.g., Harris, 1969; Vinson, 1986; Cowie et al., 1989; Rajagopal et al., 1991; Kumarasinghe, 1991).
Indirect effects via the modification of soil processes induced by termite activities do not seem to have
been evaluated so far. Experiments have demonstrated that soil from the walls of nests of Amitermes
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laurensis may be much better for plant growth than the surrounding soil (Okello-Oloya and Spain,
1985). This effect was significant with soil taken within lm from the termite mound and at a depth of
up to 50cm. This effect has long been recognised by indigenous populations and the use of soil from
some termitaria as fertiliser is not an uncommon practice (e.g., Swift et al., 1989). Nevertheless, no
comprehensive scientific study has ever evaluated this practice in the general context of a farming
system.
The effects of earthworms on plant growth have been largely documented, especially in short-term
pot experiments. Most studies indicate clearly positive effects on plant growth (Stockdill, 1959 and
1982; Rose and Wood, 1980; Hoogerkamp et al., 1983; Senapati et 1985 a and b; Curry and Boyle,
1987; Tomati et al., 1988; Buse , 1990; Galli et al., 1990; Clements et al., 1991; Spain et al., 1992;
Haimi et al., 1992; Pashanasi et al., 1992; and Lee, 1985 for a complete review). Nonetheless, there
is some evidence that not all plants equally respond to the activities of earthworms of a given species:
Pashanasi et al., 1992 observed a 14-24 fold increase in biomass of seedlings of the tree Bixa orellana
in a 120 d pot experiment after the inoculation of Pontoscolex corethrurus, whereas the growth of
Eugenia stipitata seedlings was only 1.6 to 2.5-fold higher, and that of the palm-tree Bactris gasipaes
was 1.8 to 2.7 lower than control. A likely explanation was that Bixa, having a dense root system
made of fine roots was much more receptive to earthworm activities than the little developed and
coarse root system of Bactris. Other pot experiments have demonstrated that the effect of earthworms
may vary considerably depending on the species used and biomass. Some combinations of
earthworm and plant species may give negative results and an excessive, or insufficient biomass may
also have nil or negative effects on plant growth (Derouard, Vilcosqui, Tondoh and Lavelle, unp.
data). Plants produced in the presence of earthworms may also have higher nutrient contents (e.g.,
Spain et al., 1992).
Larger-scale field experiments have confirmed these observations, although these effects tend to be
much lower due to limitations of earthworm activities by climatic factors or organic resources
provided by soils. On the other hand, the introduction of earthworms may sometimes trigger a flush
of activity which may not be sustained for a long time if the increase of production does not result in
an increased ability of the soil to sustain large populations.
Introduction of earthworms in ecosystems which did not have them, or that were colonised by an
inefficient populations often cause spectacular results (Hoogerkamp et al, 1983). In New-Zealand, the
replacement of native grasses by European species resulted in a better production, but a thick mat of
slowly decomposing litter accumulated at the surface. The introduction of European Lumbricidae
accelerated the incorporation of litter to soil and pasture production was further improved (Stockdill,
1952; 1982). The introduction of earthworms is currently used in projects of land reclamation or
creation of new soils as in polders (Hoogerkamp, 1981; Marinissen and van den Bosche, 1992).
Recent experiments have tested the effect of earthworm inoculation on tropical soils in Mexico,
Peru and Cöte d'lvoire submitted to slash-and-bum low-input agriculture (Barois et al., 1992; Gilot,
1992; Pashanasi et al., 1992 in Lavelle et al., 1992). Soils under that type of management practice
generally have very low populations due to the lack of adaptable populations. A significant correlation
was observed between the increase of plant production and earthworm biomass where earthworms
were introduced (fig. 7).
The major limitation to earthworm biomass was actually the ability of the system to provide fresh
organic matter to feed the worms. The addition to the soil of organic residues which are normally not
used in farming systems is envisaged as a means to increase earthworm biomass; coir, sawdust,
coffee residues might be used for that purpose (Lavelle et al, 1993).
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Figure 7 : Relationship between the difference of earthworm biomass measured
between a control and a plot inoculated with earthworms and the increase of grain
production (maize or rice) in field experiments carried out at three sites of the
humid tropics (Lavelle and Gilot, 1993)(each point represents one crop).
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The mechanisms whereby earthworms stimulate plant growth are still unclear. They certainly are
many-fold and include 1). mobilisation of nutrient pools that )normally are not available (e.g.,
adsorbed P and nutrients contained in resistant organic fractions); 2. favourable changes in water and
oxygen supply to roots; 3). a more efficient use of nutrients based on an improved synchronisation
and synlocalisation of nutrient release and nutrient uptake by plants (Swift, 1986; Van Noordwig and
De Willigen, 1986); and 4). "hormone-like" effect of earthworms (Tomati et al., 1988). In
experiments where 15N labelled plant material or microbial biomass had been added, the recovery of
15
N in plant biomass was always improved in the presence of earthworms (e.g., Spain et al., 1992;
Lavelle et al., 1992).
Conclusions. Significant advances have been made in the understanding of the role of soil fauna in
soil function. Their relation to soil fertility is better understood although several detailed mechanisms
are still unclear. It is now possible to revisit a few old questions and myths of soil science regarding
soil zoology and propose novel research avenues.
Does soil fauna create fertility, or is it fertility that sustains faunal communities? There is now clear
evidence that faunal activities contribute to soil fertility since they operate a careful management of soil
organic matter and nutrients, at different scales of time and space, which optimises their turnover and
conservation, and probably improves the efficiency of nutrient use by plants. Digestive processes and
physical structures created by soil invertebrates significantly contribute to these improvements.
Nonetheless, mechanical activities necessary to these processes have a cost in terms of carbon that the
ecosystem must be able to provide. Faunal activities consume carbon whereas nutrients are only
temporarily immobilised in their biomass. In humid savannas of Cote d'lvoire at Lamto e.g.,
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earthworms which annually turn over ca. lOOOt dry soil ha"1 annually assimilate 1.2 Mg ha"1 of soil
organic matter containing some 700kg C, of which 96% are used for respiratory and mechanical
activities (Lavelle, 1978). Studies on soil fertility and sustainable use often put a major emphasis on
nutrient cycling and stocks. Our synthesis supports the commonly accepted idea that SOM is the key
element to sustain soil fertility; nonetheless, more attention should be paid specifically to the energetic
role of SOM which is still poorly addressed. An optimised production (or import) and allocation of C
should be considered as an important objective, as much as nutrient supply and conservation of the
soil structure. This might prevent cultivated soils from having deficient faunal activities as is usually
observed, and would probably improve the sustainability of their use. Carbon budgets should be
considered at relatively large scales, from the watershed catchment (in which parcels of different
shapes with different treatments may interact, and exchange carbon and fauna), to the farming system
or region where transfers of Carbon residues may be operated, like e.g., using sawdust produced
from industrial settlements to low-input agriculture. These include an accurate evaluation of the
quantity and quality of the organic matter produced, the allocation of carbon and nutrients from this
source to soil biota and the different compartments of soil organic matter.
The contribution of soil invertebrates to pedogenetic processes. The role of biological processes in
pedogenesis has rarely been directly addressed so far. The role of organic acids released by litter
transformers in their fecal pellets, and the impact of the structures built - and transfers of elements
operated by- large invertebrates ("ecosystems engineers") should be quantified and incorporated into
models of soil formation. This is particularly true of tropical soils in which termite and earthworm
activities may have a considerable impact on soil formation through bioturbation and the transit of
enormous amounts of soil through their guts. Intestines of macro-invertebrates are powerful microbial
and chemical reactors in which unexpected modifications of minerals and organo-mineral compounds
are likely to occur. Changes in the cristallisation of clay minerals and desorption of P from resistant
pools are examples of processes that are suspected to occur (Boyer, 1982; Lopez-Hernandez et al.,
1993; Brossard et al., 1994).
Reaction to human activities and global environmental changes. Soil invertebrates should be
considered as a resource that is highly sensitive to human impacts. High input annual crops have
definitely negative impacts on their communities through mechanical disturbances, depletion of
assimilable carbon and non-target effects of chemicals. Attention should be paid to conserving
biodiversity of soil invertebrates and assess the impact of land use practices on their spatial
distributions, at different scales, from that of a parcel to that of a watershed catchment and regional
and biogeographical scales. Dynamics of communities during agricultural rotations or long-term
disturbances are not known. Due to specific biogeographical features and slow rates of colonisation,
the most efficient species in terms of stimulation of plant growth and soil conservation are not always
present everywhere. This is especially true when artificialisation creates somewhere ecosystems
which have never existed, e.g., a grassland in the middle of a very old rainforest, or a fertilised
pasture with high-quality grasses in a land which was always covered with low-quality grasses
adapted to nutrient deficiencies. Under such circumstances, the management of soil fauna should be
considered; pioneering introductions of European earthworms in New-Zealand indicate that it is both
feasible and useful. At a shorter scale, attention should be paid to the impact of the shape and relative
localisation of parcels dedicated to different uses on the conservation and colonisation of soil fauna
populations.
Acknowledgements : I am grateful to Roger Schaefer and George Brown for language editing and
useful comments.
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