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STELLINGEN
1. De definitie van de bodemstructuur van een bodemtype moet gebaseerd zijn
op de range van mogelijke bodemstructuren in plaats van op één
representatieve bodemstructuur. Gebruik maken van de relatie tussen
bodemmanagement en bodemstructuur maakt een dergelijke inventarisatie
mogelijk.
Bouma, J. 1994. Sustainable land use as a future focus for pedology. Soil Sei. Soc.
Am.J. 58:645-646.
Dit proefschrift

2. Naast de hoeveelheid "beschikbaar" water voor de plant speelt de
"toegankelijkheid" van dit water een belangrijke rol in gestructureerde
bodems.
Dit proefschrift

3. Drempelwaarden voor uitspoeling zijn zinloos indien de tijdschaal, waarover
debetreffende drempelwaardebeschouwd moetworden,ongedefinieerd is.
Dit proefschrift

4. Variatie injaarlijkse weersomstandigheden maakt landevaluaties, gebaseerd
opslechtsenkelejaren vanveldexperimenten, onbruikbaar.
Dit proefschrift

5. Een ecologisch geteeld produkt betekent niet automatisch een duurzaam
geteeld produkt.
Reganold, J.P. 1995. Soil quality and profitability of biodynamic and conventional
systems: areview.Amer.J.Alternative Agric. 10:36-45.

6. Bodemclassificatie iseenmiddelengeendoelopzich.
7. Het economisch belang van de Nederlandse landbouw wordt vaak sterk
overschat.
8. Bij de voorspelde gewapende conflicten betreffende de verdeling van het
schaarse water zal het water slechts functioneren als de spreekwoordelijke
stokomeenhond meeteslaan.
9. Voor elk natuurgebied in Nederland moet worden aangegeven welk
historischcultuurlandschap wordt nagestreefd.

10. Een duidelijk onderscheid tussen 'gelijkheid' en 'gelijkwaardigheid' maakt
veel principiële discussies helderder.
11. Om de langlopende procedures voor asielzoekers werkelijk te bekorten,
zouden asielzoekers die langer dan een jaar op een beslissing omtrent hun
status wachten, direct in aanmerking moeten komen voor een
verblijfsvergunning.
12. Het territoriumgedrag van natuurbeschermers staat een natuurbeleving, voor
mens én dier, in de weg.
13. De vermeende problemen van het AIO/OIO stelsel hebben vaak meer te
maken met algemene problemen die zich voordoen bij het uitoefenen van een
eerste baan, dan met het stelsel zelf.
14. De borden met het opschrift "fietsen buiten de rekken worden verwijderd" bij
overvolle fietsenrekken van NS stations, geven aan waar de prioriteit van het
vervoerbeleid in Nederland niet ligt.
15. Het feit dat computers het schaakspel beter beheersen dan de mens, toont
juist het intellect van de mens aan.

Stellingen behorend bij het proefschrift van P. Droogers Quantifying differences
insoil structure induced byfarm management, Wageningen, 16september 1997.
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GENERAL INTRODUCTION
Expanding populations and economic development have placed pressure upon soil,
water and plant resources in both developing and developed parts of the world.
Sustainable land management practices have become therefore an increasing matter of
concern inrecent years (Pieri etal., 1995).Itis widely accepted that current agricultural
practices have many detrimental effects and cannot be regarded as sustainable
(Rabbinge, 1997).On the onehand, this unsustainability is based onpoverty. People in
developing countries often have no means to invest in measures to prevent degradation
of natural resources. They cannot afford to purchase inputs to use land efficiently,
resulting in aconsiderable amount of new land, often less suitable for agriculture, being
brought under production. On the other hand, riches can impede sustainability as well.
Exclusive consideration for high productivity hasencouraged anexcessive useof inputs
like machinery, fertilisers, pesticides, combined with mono-cropping at a large scale.
Leaching of agro-chemicals, loss of biological diversity and soil structure deterioration
are examples of the negative effects of these high-input production systems (FAO,
1991).
Sustainability
Many definitions have been proposed, and are likely to be proposed in future, for
sustainability and sustainableland use,ranging from verybroad andgeneralised towards
more restricted and detailed. Peskin (1994) extracted from literature three categories of
definitions for sustainability: sustaining the environment, sustaining the economy and
sustaining either the environment or the economy subject to the other. For example,
FAO (1991) stated that agriculture was basically a sustainable process "as long as
renewable resources areused at arate compatible with their natural regeneration". This
restrictive definition is not realistic as food must be produced for approximately 5.5
billion peoples nowadays, a figure which will at least have doubled in the next century
(Opschoor, 1994). Therefore, a modified definition, with four criteria was formulated
starting with "meeting the basic nutritional requirements of present and future
generations, qualitatively and quantitatively" (FAO, 1991). The entire definition
covered twofull pagesoftext!
From the large amount of definitions the one proposed by FAO (1993) was followed
here,asitcombinescompleteness andcompactness:
"Sustainable land management combines technologies, policies and
activities aimed at integrating socio-economic principles with
environmental concerns soasto simultaneously:
• maintain orenhanceproduction and services (productivity)
• reducethelevelofproduction risk (security)
• protect the potential of natural resources and prevent degradation of
soilandwaterquality (protection)
• beeconomically viable(viability)
• and socially acceptable (acceptability)."
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The question arises whether or not sustainability can be achieved considering the
growing world population. Two groups of studies can be distinguished: the optimistic
versus the pessimistic scenarios (FAO, 1991). Optimistic scenarios are based on the
concept of potential productivity and argue that the gap between potential and actual
productivity is very large. Transferring existing knowledge and technologies to areas
that are far below their potential productivity will be the solution for sustainability.
Other studies emphasise that current development patterns are not sustainable and
conclude from extrapolating current trends in population, land availability and food
production that a "nightmare scenario" is likely (FAO, 1991). This can also be
expressed as "weak" and "strong" sustainability. The "weak" sustainability approach
considersnaturalresourcesand economy assubstitutes, whilethe "strong"sustainability
approach considers natural resources and economy to be complementary (Duijnhouwer
etal., 1994).
Sustainabilityindicators
Definitions of sustainability are mainly conceptual and not focused on practical
applications. Therefore, attempts have been made to translate sustainability into
indicators to assess,monitor and evaluate the quality of land resources in a quantitative
way. One of thefirstindicators toquantify sustainability was theLandQuality, defined
as "a complex attribute of land which affects its suitability for specific use in adistinct
way"(FAO, 1976).Recently, arenewed interest indefining sustainability indicatorscan
be observed in literature. FAO (1993) proposed a strategic Framework approach for
Evaluating Sustainable Land Management (FESLM), based on the original Land
Evaluation Framework. They defined Indicators as "environmental statistics that
measureorreflect environmental statusorchangein condition".
Pieri et al. (1995) indicated that economic and social indicators are already in regular
use, but only few are developed to assess land qualities. They defined Land Quality
Indicators as: "measures that describe land quality and human actions which relate to
it". These indicators convey the most significant information in summary form and can
be subdivided into: "descriptive indicators" and "performance indicators". Examples of
Land Quality Indicators, some of them somewhat remarkable for soil scientists, are
given: cropyield, nutrient balance, maintenance of soilcover, soilquality, soil quantity,
water quality and water quantity (Pierie et al., 1995). A discussion paper, describing a
theoretical framework for land evaluation, concentrating on how Land Qualities
(according to the FAO 1976 definition) should be expressed in time and space, was
presentedbyRossiter(1996).
Meanwhile,the Soil Science Society ofAmericadeveloped asystemfor evaluating soils
using the terms Soil Quality and Soil Quality Indicator (Karlen et al., 1997). The
simplest definition for Soil Qualityis "the capacity of a soil to function". An expanded
version was proposed as "the capacity of a specific kind of soil to function, within
natural or managed ecosystem boundaries, to sustain plant and animal productivity,
maintain or enhance water and air quality, and support human health and habitation".
An example of aSoil QualityIndicator,considering production, environment and risk,
wasproposed by Bouma and Droogers (1997).This indicator resulted directly from the
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studies reported in this thesis. Regardless of the applied indicator, selecting and
considering the appropriate space, time and knowledge-level is essential. Establishing
research chains, representing the sequences of activities based on these three
characteristics, is necessary for a clear analysis of the problem to be studied (Bouma,
1997).
Soilsurvey
Traditionally, activities of soil survey were focused onproduction of soil maps and soil
classification systems.However, in many countries soil survey has nearly completed its
task and pessimistic views have been expressed about its future (Zinck, 1995). On the
other hand, this can be seen as a challenge to use soil survey expertise to focus on
answering current questions about sustainability, as was already argued by Bouma
(1988). Moreover, Dumanski (1995) advocated that soil survey should change their
focus towards amore problem-oriented approach, instead of traditional, systematic data
collection practices. Keywords should be "flexibility" and "diversity" in order to deal
with actual topics like land evaluation, soil conservation, soil quality monitoring and
sustainable land management. Van der Pouw (1995) described a very optimistic view
for the Dutch soil survey, in which a combined use of existing knowledge and new
scientific and technological methods can be used to answer questions posed by society.
Alinkof soilsurvey with land management isproposed byalltheseauthors.
Management
Foralongtime,farm management wasfocused ononlyone objective: theproductionof
an adequate amount of food. About two decades ago, this objective was reached in
Western countries and now a surplus of food is being produced. At the same time, an
increasing concern on environmental issues arose. These two aspects have initiated the
development of new farm management practices, with keywords like organic,
biodynamic, ecological, no-till and minimum-till (Reganold, 1995). These definitions
are mainly related to the decisions taken at the strategic level. However, tactical and
operational aspects can cause differences within management types defined at the
strategic level. A farm referred as "organic" or "biodynamic", for example, does not
explicitly meanthatitis sustainable (Reganold, 1995).
It is logical to concentrate on soils when evaluating and comparing the effects of
different managementpractices astheseeffects areexpressed by soilfeatures that canbe
observed and measured. Especially soil structure and the organic matter content are
important aspects as they reflect management practices at an integrated level (Kay,
1990).Bouma et al. (1993) argued the importance to include this farm management in
sustainability studiesrather than onlyfocusing ataregional level.
So/7structure
Soil structure is defined here as: "The physical constitution of a soil material as
expressed by the size, shape and arrangement of the solid particles and voids, including
both the primary particles to form compound particles and the compound particles
themselves" (Brewer, 1964). As stated before, differences in soils originate not only
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from their genesis and their natural soil-forming processes, but also from the applied
management. It is therefore likely that each soil series has a range of soil structures
associated with particular management practices. Each soil structure will have its own
characteristic properties, which leads to the conclusion that each soil series has a
characteristic range of properties as expressed as different soil structures for land use.
Thisrangecanbe defined as"windowsof opportunity" (Bouma, 1994).
Differences in soil structures can be expressed in a qualitative way by describing the
morphological features of soil profiles, or using thin sections for detailed analysis.
Measurements, in field or laboratory on disturbed or undisturbed samples, provide
quantitativedataonsoilstructure.Many,welltested, techniques areavailable nowadays
(e.g. Klute, 1986a and Page et al., 1982). Quantitative data give the opportunity to use
simulation models to assess sustainability indicators based on practical applications. In
this thesis, emphasis was put on parameters related to soil-water-crop dynamics,
nitrogen and organic matter dynamics. Hydraulic characteristics, retention and
conductivity data, describe the macro- as well as micro-soil structure in a concise way,
withpracticalapplications for plantgrowth andleachingpotential.Nitrogen dynamicsis
usedherebecauseitisanimportant factor for crop growth,butalsobecauseitcanresult
in pollution of groundwater and, consequently, our drinking water. Finally, organic
matter can be considered as an integrating soil parameter, reflecting management
practicesoverperiodsofdecades.
Methodology
Effects ofdifferent management types areoften analysed byusingexperimental plotson
experimental farms. A field is divided into small plots and a random selection
procedure, considering replicates, determines the treatment for the different plots. After
acertaintime,effects oftheapplied management aredetermined andconclusionscanbe
deduced. Although useful information has been obtained from such experiments, they
have some serious drawbacks. First of all, conditions of small experimental plots are
different from realfieldsituations. Second, experiments areinfluenced by unpredictable
weather conditions. Results of experimental plots are often characterised by statements
like "weather conditions during the experiments were extremely dry/wet/sunny/
cloudy". Third, effects of management can take decades before they are in an
equilibrium state(Phillips and Phillips, 1984).Finally, agriculture changes in waysthat
cannot be foreseen, making carefully designed long-term experiments obsolete within
oneortwodecades(Jenkinson, 1991).
A methodology based on two central themes can avoid theseproblems: (i) making use
of different management practices as performed by "normal" farmers and (ii) applying
well-tested simulation models for soil, water, plant and nutrients dynamics. Bouma
(1969) compared soil structures of two farms on a similar soil type and concluded that
managementhadastrongeffect on soilstructure.Also Kooistraetal. (1985) studied the
effect of different farm management practices on soil structure, which was combined
with simulation modelling (Van Lanen et al., 1992) to assess the sustainability of the
different systems. Also this approach has some weak points, which, however, can be
diminished by a careful consideration of these weak points. First of all, only
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management types which exist already can be analysed, but field visits and discussions
with farmers will lead to a surprisingly number of management practices. Second,
natural heterogeneity between fields will be bigger than heterogeneity of experimental
plots within onefield.But variation within onefieldshould not be underestimated (e.g.
Verhagen, 1997). Characterising natural variation in and between selected fields can
resolve this problem. Finally, simulation models are simplifications of the real world,
which may lead to errors as well. However, using well tested and validated simulation
modelscandiminish thisproblem.
Outlineofthe thesis
InPartIacomparison ismadebetween conventional andbiodynamic farm management
using soilstructure differences induced byfarm management combined with simulation
models. Potential productivity as well as workability and trafficability was used to
expressdifferences between thetwosystemsinquantitativeterms.
Part II describes processes which have to be considered during the evaluation of soil
structure differences as a result of different management practices. First, chapter 3
describes theeffects of using arepresentative soil profile vs.individual profiles and the
effect of variation in weather conditions on transpiration ratios.Time aggregations over
which critical values of nitrogen leaching should be considered are explored thereafter.
Asmacro-porosity might have a significant influence on water and solute dynamics,an
extensive analysis has been performed to relate macro-porosity with management,
emphasising appropriate parameters to describe this macro-porosity. Part II finishes
with a chapter related to water accessibility to plant roots. Again, soil structure types
formed by different farm management practices were used, in combination with a
methodology based onmeasurements and simulation modelling.
Implications for future soil science, especially soil survey, are described in Part III.
Chapter 7 describes how existing soil survey information can be used to define
indicators for sustainable land management, and chapter 8concentrates on implications
for future soil survey methodology. Finally, general conclusions deduced from the
different parts ofthis study arepresented.
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PARTI

Comparingbiodynamicandconventional management

Chapter1
Droogers, P., and J. Bouma. 1996. Biodynamic versus conventional farming
effects on soil structure expressed by simulated potential productivity. Soil Sei.
Soc.Am.J.60:1552-1558.
Chapter2
Droogers, P., A. Fermont, and J. Bouma. 1996. Effects of ecological soil
management on workability and trafficability of a loamy soil in the
Netherlands.Geoderma73: 131-145.
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Chapter1
BIODYNAMIC VERSUS CONVENTIONAL
FARMING EFFECTS ONSOIL STRUCTURE
EXPRESSED BYSIMULATED POTENTIAL
PRODUCTIVITY
Abstract Effects of alternative farming systems on soilstructure needto bequantified tojudge
the sustainability of the systems. This study was conducted to compare two farming
systems byconverting"static"basic soilproperties intoa"dynamic"assessment using
simulation modeling. Increasingly popular biodynamic farming systems use no
commercial fertilizers and pesticides but apply organic manure and compost. Soil
conditions on four fields on two farms where biodynamic and conventional soil
management had been practiced for about 70 years were investigated with morphologicalandphysical methods.Soils(loamy, mixed,mesicTypic Fluvaquents) were
pedologically identical. Four procedures were used to express differences in soil
structure as a function of different management: (i) morphological description; (ii)
measurement of basic and static soil parameters such as bulk density, organic
matter, and porosity; (iii) measurement of soil hydraulic characteristics; and (iv)
determination simulated water-limited yields.The latter procedure provides a criterion
that isquantitative,isdirectly relatedtoapractical aspect of soilbehavior, and reflects
the highly nonlinear soil-water processes. The WAVE simulation model was used to
predict water-limited potato {Solanum tuberosum L.) yields with climatic data of 30
years. Basic static soilparameters were not significantly different but simulated yields
were significantly different and were 10 200 and 10 300 vs. 9400 and 9700 kg dry
mattertuberyieldha"1yr"1forthe biodynamic andtheconventional fields, respectively.
Simulation modeling of crop yields thus provides a relevant expression for the
productionpotentialofthetwodifferent farmingsystems.

INTRODUCTION
Conventional farming systems haveevolved with aprimary emphasis onhigh yield and
quality of crop production, and secondary considerations for the condition of the soil.
Sustainable farming systems are being developed to help modern agriculture solve
important problems in soil productivity, such as erosion, leaching, or runoff, and to
ensure long-term crop production. One of the alternative production systems that is
increasingly popular is biodynamic farming (Reganold, 1995). Like organic farming,
biodynamic farming uses no synthetic chemical fertilizers and pesticides, and instead
emphasizes use of compost and animal and green manure, control of pests by natural
means, use of crop rotation, and diversification of crops and livestock. The major
difference with organic farming is thatbiodynamic farmers add specific amendments to
their soils, crops, and composts to enhance soil and crop quality and to stimulate the
composting process (Koepf et al., 1976). Reganold (1995) reported that only a few
studies examining biodynamic methods or comparing biodynamic farming with other
farming systems have been published. These publications have shown that the
biodynamic farming systems generally have better soil quality, lower crop yields, and
equal or higher net returns per hectare than their conventional counterparts. Complica-
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lion in comparative studies is that they cannot be based on systems that are only a few
years old, but should be based on systems that have existed for decades (Phillips and
Phillips, 1984), thus excluding most short-duration research work based on experimental plots. This problem was avoided in this study by focusing on farms where a given
typeof managementhadbeen applied for about70years.
Biodynamic farming emphasizes the importance of natural biological, physical, and
chemical soil processes to create favorable circumstances for plant production. Soil
structure provides an integrative expression of the effects of these processes and can,
therefore, be a useful focal point for a comparative study on soils in conventional and
biodynamic farming systems (Elliott and Coleman, 1988). Soil structures can be
compared in a descriptive, qualitative manner, but a dynamic, quantitative approach
results in amorerelevant analysis (Larson and Pierce, 1994).Wagenet et al. (1991) also
advocated the use of simulation models for comparative studies to convert "static" soil
properties into "dynamic" assessments with practical relevance. Kooistra et al. (1985)
gave an example of the first approach in a study on the influence of different soil
management types on soil structure in a loamy soil. Soil structure is characterized with
morphometric techniques. A dynamic assessment focuses on the consequences of
different types of soil structure on productivity and/or on environmental issues such as
leaching. It may require use of simulation models as an exploratory tool. Van Lanen et
al. (1992) used a simulation model to quantify differences found in soil structure by
Kooistra et al. (1985) in terms of important land qualities such as moisture deficit,
workability, and soil aeration. Physical measurements of hydraulic conductivity curves
and moisture retention curves were used to quantify differences in soil structure as
expressed bymorphometric techniques.
In this study, first acomparative assessment was made between soils in twofieldseach
at a biodynamic and a conventional farm. Secondly, data from this comparative
assessment were used to predict water-limited potato yields by use of an integrated
simulation modelfor watertransportprocesses andcropproduction.Climatic dataof the
last 30years wereused toevaluate theeffects of arange of weather conditions on water
transport andcropgrowthintheobserved soilstructures.
In summary, the objectives of this study were to: (i) describe soil structure differences
between identically classified soilsinfields of aconventional and abiodynamic farmby
morphology, by basic soil properties, and by soil hydraulic characteristics and (ii)
convert these "static"soilproperties into a"dynamic"potential productivity by use ofa
simulation model.

MATERIALSAND METHODS
Soilsandmanagement
The soils studied are located in the southwestern part of the Netherlands in young
marinedeposits.They arelocated inpoldersthat werereclaimed inthe 15thcentury and
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belong all to the same mapping unit (Mn25A, according to the Dutch soil map scale
1:50 000, Pleijter et al., 1994). Soils have a loamy texture and are classified as loamy,
mixed mesic Typic Fluvaquents (Soil Survey Staff, 1975) and as Calcaric Fluvisols
(FAO, 1974). These soils occupy 103,000 ha in the Netherlands, are considered to be
primeagricultural land,andaremainly used asarableland.
Within this soil type,abiodynamic and aconventional farm were selected, 15kmapart,
both with a management system that has been applied for about 70 years. On the
biodynamic farm, the oldest one in the Netherlands, no chemical crop protection or
commercial fertilizer has been applied since 1924. Animal manure and a crop rotation
system with clover is intended to supply the required nutrients. However, soil tillage
activities do not deviate from those at conventional farms. The selected conventional
farm is a research station for arable agriculture, with emphasis on crop research. Here,
nutrients are mainly applied as commercial fertilizer. Two fields were selected from
each farm where measurements were made: a temporary grassland and an arablefield.
Abbreviations used here and crop rotations for the last 5 years for the four fields are
showninTable 1.1.
Table1.1.Experimentalfields,abbreviations,andcroprotationforthelast5years.
Field
Biol
Bio2
Convl
Conv2

Management
biodynamic
biodynamic
conventional
conventional

1990
bean
grass
sugarbeet
pea

1991
lucerne
grass
barley
barley

1992
lucerne
potato
grass
potato

1993
potato
grass
grass
sugarbeet

1994
barley
grass
grass
barley

Measurements
A thorough morphological and physical soil characterization was made. Measurements
on each of the four fields were concentrated at four randomly chosen plots of 4 m2.
Samples were collected for standard soilcharacterization: texture by the pipette method
(four samples per field per horizon, Gee and Bauder, 1986), bulk density by the core
method (16 samples per field per horizon, Blake and Hartge, 1986), organic matter by
theWalkley-Blackprocedure (four samples perfieldperhorizon, Nelson and Sommers,
1982), and porosity by the density method (eight samples per field per horizon,
Danielson and Sutherland, 1986). Twelve samples of 20-cm diam. and 20-cm height
wereused for eachfieldto obtain saturated and near-saturated conductivity by thecrust
method (Booltink et al., 1991).This method allows a distinction between K,^ when all
theporesarefilledwithwaterand K{sal)wherethe soilmatricpressure headis still0cm,
but where macropores do not conduct water, which only moves through the matrix
(Bouma, 1982). Undisturbed samples of 300cm3weretaken ineachfieldand multistep
outflow experiments were carried out in the laboratory yielding data for unsaturated
conductivity and moisture retention (Van Dam et al., 1994).Atotal of 96 samples were
taken for these outflow experiments, 24 from each field, eight for each horizon at 20,
50, and 80cmbelow the surface. Additional retention points atpressure heads of -1000

12

Chapter1

and -16000cm wereobtained with apressure chamber system (Klute, 1986b).The outflow data, the conductivity data from the crust test, and the additional retention points
were used to obtain parameters for analytical descriptions of the soil hydraulic characteristics.The commonly used Mualem-VanGenuchten equation (Van Genuchten, 1980)
resulted inapoor fit of themeasured outflow, retention points and saturated conductivity.Vereecken etal. (1989and 1990a)noticed sameproblems and used for the retention
curvetheVanGenuchten equation withm= 1 andwithout theconstriction ofn> 1:

where 0 is the soil water content (cm3 cm"), 9Sis the saturated soil water content (cm
cm 3 ) and 0risthe residual soil water content (cm3 cm"3),his matric pressure head (cm),
anda (cm'1) andnareshapeparameters.Fortheconductivity curve,theGardner function
(Gardner, 1958)wasused:
KW

Äi

(L2)

=T^
\+\ßh\

v
whereKishydraulicconductivity (cmd" ),Ä"satisthe
sat saturated hydraulicconductivity (cm
d"),and ß(cm")andXareshapeparameters.

A comparison of the highly nonlinear soil hydraulic characteristics based on the
coefficients of the curves themselves is impossible but can be performed on derived
properties (Wösten et al., 1986). Here, the eight individual soil hydraulic characteristics
per field were compared using total and easy available water, which were defined as the
amountofwaterbetweenasoilwaterpressureheadof -100and-16000cm,and-100and
-1000cm,respectively.
Onemeanretention andconductivity curve wascalculated for eachfieldandeachhorizon
by averaging the eight individual curves on the basis of the pressure head, assuming
normal distribution for theretention curve and geometric distribution for the conductivity
curve:

T! eAh)
0(h)=•*-"-='
K(h)=\[[K
n(h)\
>=(n^(A))'

log(-fc)=0.0, 0.1, 0.2, ..., 4.0
\og(-h)=0.0,0.1, 0.2, ...,4.0

(1.3)
(1.4)

where 0 isthemeanretentioncurveand K isthemeanconductivitycurve.
Thesimulation modelwasvalidated usingmeasured soilwatercontentsfor thefour fields
usingtimedomain reflectometry (TDR, Toppet al., 1980)at four depths: 20,45,65,and
100cm, near the plots where other soil properties were determined. Measurements were
madebiweekly duringthegrowing season. Groundwater levelswerealsoobserved onthe
same dates. Weather conditions, rainfall, global radiation, temperature, and potential
evaporation were measured at standard meteorological stations about 5 km from the
experimental fields.
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Simulations
Soil water transport and crop growth were simulated by the WAVE package
(Vanclooster et al., 1994).This package is an integrated mechanistic simulation model
for water, solute,N, and heat processes in the soil and crop growth rates.For this study
only thesubmodules for watertransport andcropgrowth wereused.Thewater transport
moduleisbased onthe SWATREmodel(Feddesetal., 1978)and hasa finite difference
solution schemefor solvingthewell-known Richardsequation:

K(e^+i\-s(h)

(1.5)

dt ~ dz
where 0 is the volumetric water content (cm cm" ),z is a vertical coordinate (cm),t is
time (d),Kis hydraulic conductivity (cm d"), his soil water pressure head (cm), andS
is sink term (d~). Root water uptake is driven by the potential transpiration and is
reducedbythe soilwaterpotentialandbyamaximum defined uptakerate:
L,

T„= j a(h)S^(z)dz

Ta<T„

(1.6)

2=0

where 7ais actual transpiration (cmd"1),zis depth (cm),LTisrooting depth (cm),a isa
reduction factor as afunction of the soilwaterpotential hand accounts for water deficit
and water surplus,Sfmx is the maximum defined uptake rate (d") andTp is the potential
transpiration (cm d"). The incorporated crop growth module SUCROS (Spitters et al.,
1989) calculates crop development rate, dry matter accumulation rate of the different
plant organs, and leaf area index development rate as a function of radiation, temperature, and plant phenologic parameters. The calculated potential crop growth is limited
by soilwaterdeficit or surplusaccording toEq. 1.6.
Although model performance has already been tested (e.g., Diels, 1994), we chose to
validate it for thisparticular case for the year 1994.Soils were divided into threerepresentative horizons and soil water transport was simulated with soil layers of 2-cm
thickness.Theupperboundary condition, theweather, wasderived from aneighbouring
weather station on a daily basis. The observed groundwater levels were used as lower
boundary conditions. Simulated moisture contents at three depths were compared with
themoisturecontentsmeasured byTDR technique.
Land qualities are defined as: "Attributes which act in a distinct manner in their
influence on the function of land for a specific kind of use" (FAO, 1976).In fact, land
qualitiesexpressdifferences among soilsintermsof criteria that arerelevant totheuser.
Examples of important land qualities are workability, trafficability, aeration status,
moisture deficit and leaching potential (Hack-ten Broeke et al., 1993).In this study the
land quality "water-limited yield" was used to express and quantify differences in soil
structure. The water-limited yield is defined as the yield that can be reached when only
water limits yield and there are no other limitations such as nutrient shortage,
occurrence of diseases, or weed growth. Both water deficit as well as surpluses were
taken into account for thecalculation of the water-limited yield. Thewater-limited yield
isused toreflect differences in soil structure becauseonlythemoisture retention andthe
hydraulic conductivity curvediffer, whileotherparameters in themodelareidentical for
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all sites. Leummens et al., (1995) used the same approach to compress the effect of
macropores onexpressions of thehydraulic conductivity curve.TheWAVE simulation
model was used to calculate water-limited yields, using daily weather data for a period
of 30years.Potatowasusedasacropbecauseof itssusceptibility tostructure differences.
Rooting depth and root development were calculated by the model, but a maximum
rooting depth of 40 cm was given as an input parameter. Although potato cannot, of
course, be grown for 30 years on the same field, these 30 years were only used here to
obtain a distribution of yields as a function of differences in soil structure and weather
conditions. The lower boundary conditions were assumed to be identical for the four
plots.Thus,alldatawereidenticalfor the30-yearsperiodexceptfor soilstructure.
Table1.2.Soiltextureofthefourexperimentalfieldsfordepthsof20and50cm.
Field

clay

Depth 10-30 cm
silt
sand

clay

Deptl 40-60 cm
silt
sand

-%Biol
Bio2
Convl
Conv2

14
15
20
16

47
42
42
43

12
15
18
16

39
43
38
41

39
49
37
50

49
36
45
34

RESULTS AND DISCUSSIONS
Morphologyandsoilproperties
Influence of the different management practices is evident mainly in the topsoil;
therefore emphasis was given to the characteristics of the first 50 cm of the soil. Soil
texture data are shown in Table 1.2. Basic soil properties, including a multiple-range
testbythe least significant difference procedure (SAS, 1985)arepresented inTable 1.3.
Bulk densities were lower for the biodynamic fields and organic matter contents were
higher (atP<0.1 significantly different for allfields).
Table 1.3. Bulk density, organic matter, porosity, and saturated (A'sal) and near-saturated
conductivity[ Ä ^ ] ofthefourexperimentalfields.
Bulk density
0-20 30-40
— Mgm" —
Biol arable
1.52 b 1.55 a
Bio2 grass
1.47 a 1.51a
Convl grass 1.68 c 1.59 a
Conv2 arable 1.54 b 1.52 a
Depth (cm)

Organic matter
10-30 30-60

%
2.2a
3.3 b
1.7 a
1.9a

0.9 a
1.1a
1.0 a
1.1a

Porosity
10-30 30-60
3

-3

—m m —
0.39 b 0.39 a
0.42 c 0.40 a
0.36 a 0.40 a
0.41 be 0.43 a

^sal

*HsaO

10-30 30-60
— cmhr'' —
2.3 a 5.0 a
10.1a 6.5 ab
6.7 a 10.5b
6.6 a 9.9 ab

10-30 30-60
— cmhr' —
0.3 a 0.7 a
0.9 a 1.1a
1.3 a 4.3b
0.9 a 2.0 a

Valuesfollowed by the same letter are not significantly different (P <0.05) according to LSD
multiple-range test.
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Morphological structure descriptions for the four fields are presented in Table 1.4. The
overall impression was that structural differences were relatively small. Compaction
processes, leading to large structural elements with relatively low internal porosity, had
been active under both types of management, but appeared to be more pronounced for
the conventional fields (Table 1.4). These relatively small structural differences were
due to the similar tillage equipment being used on both farms. Structure descriptions as
provided in Table 1.4are highly qualitative and nondiagnostic.
Table1.4.Soilstructure description ofrepresentative profilesofthefour experimental fields.
Field
Biol

Bio2

Convl

Conv2

Depth (cm)
0- 7
7-33
33-50
0-25
25-45
45-50
0- 7
7-13
13-50
0-35
35-50

Shape
subangular blocky
blocky with
platy sand lenses
apedal, massive
subangular blocky
blocky
subangular blocky
subangular blocky
blocky
blocky
blocky
apedal, massive

Sizeof peds
fine
coarse
medium

Grade
moderate
strong
strong

coarse
coarse
coarse
very fine
fine
coarse
coarse

moderate
strong
moderate
strong
strong
strong
strong

Table1.5.Comparison oftheeight individual soilhydrauliccharacteristics perfield for thetopsoil:
total availablewater (betweenA=-100and A=-16000cm),easyavailablewater (between A=-100
andA=-1000cm).
Field

Available water
total
easy
3

Biol
Bio2
Convl
Conv2

0.199 a
0.240b
0.180 a
0.197 a

-3

0.087 b
0.092b
0.059a
0.080b

Values followed by the same letter are not significantly
different (P <0.05) according toLSDmultiple-range test.
Mean soil hydraulic characteristics as obtained by averaging the eight individual
characteristics per horizon per field are presented in Fig. 1.1. A comparison of the
different soil structures by using the soil hydraulic curves was focused on comparing
values of total and easy available water (Table 1.5). The biodynamic fields had a higher
amount of available water, but only the highest total available water for Bio2 and the
lowest easy available water for Convl were significantly different (P < 0.05).

Chapter1

16

10"

102

10 1

depth 20 cm

10°

10»

0.00

0.10

0.20

0.30

0.40

0.50

0.00

0.10

0.20

0.30

0.40

0.50

moisture content (cm^cm' 3 )

10« -3

10-2

^£\

-

10-4 -

1 0 -6

-

^ ê

depth 20cm
I

10u

I

102

i
103

* S üT3

104 10°
101
pressure head (-cm)

10 2

10 3

10''

Figure 1.1. Mean retention (upper part) and conductivity (lower part) curves for 20- and 50-cm
depthsasusedforthesimulationofthewater-limitedpotatoyield.

Simulations
Simulated moisture contents for 1994werecompared with measured moisturecontents.
Results are presented for two fields in Fig. 1.2. Model performance for Convl and
Convl was quite good, with correlation coefficients of r = 0.96 and 0.97, respectively,
while these values were somewhat lower for Biol and Biol with values of r =0.92 and
0.82, respectively. Especially the effects of only a few summer rains could not be
properly simulated for Biol and Bio2,which wasprobably dueto the absence of preferentialflow in themodel. However, overall agreement was such that themodelwasconsidered tobeadequately validated tobeused for thisparticularcase study.
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Figure1.2.ComparisonbetweenobservedandsimulatedmoisturecontentsforfieldsBio2(r=0.82)
andConvl (r=0.96)for1994,andstandarddeviationsinobservations.

The water-limited yield for potato was calculated by the simulation model for 30 years
of weather conditions. Average yields for these 30 years for the fields Biol, Bio2,
Convl, and Com2 were, respectively: 10 200, 10 300, 9400, and 9700 kg dry matter
tuber yield ha" ,which was significantly higher for thebiodynamic fields according toa
LSDmultiple-range test (P<0.05).Simulated yields for these 30yearscan alsobeused
toproduce aprobability graph (Fig. 1.3),showing,for example,thattheprobability ofa
yield lower than 9000kg dry matter is,respectively, 22and 25%for Biol and Bio2and
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32 and 39% for Conv2and Convl. Similarly, probabilities for yields to be higher than
11 000 kg dry matter are even more pronounced: 36% (Biol), 42% (Bio2), 19%
(Convl), and 23% (Conv2).Differences between thebiodynamicandconventional treatments areconsistently observed for allyield levels,indicating that biodynamic management has improved soil structure when the water-limited yield under varying weather
conditions is taken as an indicator. The water-limited yield is a better indicator for soil
structural differences than the static bulk density and organic matter contents and the
hydraulic characteristics, which have little meaning by themselves. Simulation in this
study had an exploratory character indicating potentials of systems being characterized.
Clearly, thepotential of thebiodynamic system is currently notreached: realyields are
about half the value of yields in the conventional system (approximately 30 000 and
60000kgfresh tuberyieldha",respectively).
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Figure 1.3. Cumulative probability indry matter tuberyieldobtained bysimulations for 30years
ofweatherconditions.
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CONCLUSIONS
Differences between biodynamic and conventional management are reflected in
different soil structures of surface soil. In this study four procedures were used to
express these differences: (i)morphological description, (ii) static soil parameters, such
as bulk density and organic matter content, (iii) static moisture retention and hydraulic
conductivity data, and (iv) simulated water-limited yields under various climatic conditions. Only the last procedure provides a criterion that is quantitative, that is directly
related to a practical and understandable aspect of soil behavior, and that allows an
expression for theintegrated effects ofthehighly nonlinear soil-waterprocesses.
The biodynamic management type has a significantly higher water-limited yield than
theconventional type.Thisindicates thatbiodynamic management has favorable effects
on soil structure when potential productivity is taken as an indicator, thus providing a
positive contribution tothesustainability analysis.
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Chapter 2
EFFECTSOFECOLOGICAL SOIL MANAGEMENT
ONWORKABILITY ANDTRAFFICABILITY OFA
LOAMYSOIL INTHE NETHERLANDS
Abstract Effects of ecological and conventional farming in an identical loamy soil were
expressedinterms ofthelandqualitiesworkabilityandtrafficability usingconditions in
an old meadow as a reference. Threshold values for workability, determined by the
lower plastic limit occurred at matric potentials of -120, -45 and -35 cm for the
ecological, conventional and old meadow system, respectively. The corresponding
trafficability threshold values, obtained by penetrometer measurements, were -160,
-15 and -120 cm matric potential. An additional field-traffic experiment showed that
deleterious effects of drivingover awetfield were relatively smallforthe conventional
system, and more pronounced for the old meadow and the ecological system. A
dynamic simulation model for water flow was applied, using measured soil hydraulic
parameters, to calculate soil water content and workable and trafficable periods
duringtheyearbyuseofthethresholdvalues.Thirtyyears'climaticdatawere usedin
order to obtain probability graphs. The probability of a field to be workable and
trafficable was largest for the conventional system, and least for the ecological
system, while the old meadow had a high probability of being workable and a low
probability of being trafficable. The occurrence of five consecutive days with an
appropriatetopsoil moisture content forworkability andtrafficability was considered to
represent the potential start and end of anygrowing season.The probability of being
abletosoworplantatwhatisconsideredtheoptimum datebyagronomists was high
fortheconventional field (77%for cereals; 93%for potatoes andsugar beet) and low
for the old meadow (10%and 33% respectively) and very low for the ecological field
(0% and 17% respectively). The moisture supply capacity of the soil, defined as the
ratio between actual and potential transpiration, was most favourable for the old
meadow, least favourable for the conventional field and with the ecological field in
between. Potential productivity of the ecological system was thus higher than the
conventional system,but the risk of compaction was higher as well, putting relatively
highdemandsonthemanagement abilities ofecologicalfarmers.

INTRODUCTION
Traditional land evaluation uses land qualities to define soil suitabilities for different
landutilization types (e.g.FAO, 1976).Alandquality isdefined as"acomplex attribute
of land which affects its suitability for specific uses in a distinct way" (FAO, 1976).
Modernmechanized agriculturerequires soiltobe abletocarry mechanical loadsduring
tillage, seeding and planting management practices. Meadows should, in addition, have
the capacity to carry cattle.The land quality trafficability has been used to characterize
thebearing capacity of soil and canbedefined as:"theperiod during the year when soil
traffic is possible without causing unfavourable compaction". For arable land, another
mechanical land quality which is important relates to workability, defined as: "the
period during the year when tillage is possible with positive effects on soil structure".
Of course, these "positive effects" have to be specified as well, but they are quite
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different in different soils. The term "positive" thus allows soil-specific details to be
defined.
The land qualities trafficability and workability can be split upin twocomponents. The
first component is the threshold value for trafficability or workability, expressed in
moisture content or mairie potential, stating whether trafficking or working is possible.
The second component is the period during which the soil is trafficable or workable,
whichisafunction of thesoilmoistureregimeandthethreshold values.
Simulation techniques can be used successfully to estimate soil moisture regimes as a
function of changing weather conditions and water-table fluctuations as was demonstrated by Van Lanen et al. (1987, 1992). In addition to the soil-water content at any
time, threshold values have to be defined for the water content, above which
unfavourable compaction or puddling is likely to occur (e.g. Bouma and Van Lanen,
1987).
Conventional land evaluation focuses on a given soil type and defines its suitability for
a wide range of land utilization types. However, different forms of management may
have major and lasting effects on soil properties to the extent that soil behaviour may
significantly change(e.g.Bouma, 1994).
This studywasmadeinaTypic Fluvaquent, oneof themostproductive agricultural soil
types of the Netherlands and compared the effects of different types of management on
trafficability and workability in threefields.Onefieldwaspart of the oldest ecological
farm in the Netherlands (Loverendale = Bio), one field belonged to an experimental
farm with more conventional management (Rusthoeve = Conv)and the third field was
an old meadow (De Visser = Perm).The latter soil is considered to represent reference
conditions for this particular soil type in terms of soil structure and organic matter
content.
Of particular interest are differences between the Bio and Conv fields, in comparison
withfieldPerm,because ecological farming has the implicit objective of increasing the
sustainability of farming systems. A prime objective of this study was therefore to
evaluate how observed differences among the three fields could be interpreted in terms
of sustainability criteria.
The FAO (1993) definition for sustainable land management was followed here:
"Sustainable land management combines technologies, policies and activities aimed at
integrating socio-economic principles with environmental concerns so as to
simultaneously: (i)maintain or enhanceproduction and services, (ii) reduce the levelof
productionrisk,(iii)protectthepotentialofnaturalresourcesandprevent degradationof
soilandwaterquality, and(iv)beeconomically viableand socially acceptable".
This study focused on: (i)defining differences between the threefields,as expressed by
thetwoland qualities,and (ii)expressions of these differences in terms of sustainability
indicators as implicitly defined by FAO (1993):production, production risk, quality of
soilandwaterandeconomic and social viability.
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MATERIALSAND METHODS
Soilsandmanagementtypes
The study areawaslocated inthe South-Westernpart of theNetherlands in theprovince
of Zeeland. The soil type of interest, a mixed mesic Typic Fluvaquent (Mn25a
according to the soil map of the Netherlands 1:50 000) is widespread over the
Netherlands and is very suitable for agricultural production. Within this soil type three
fieldswereselected wheremeasurements wereconcentrated. Thesefieldsare considered
to be similar in the first place and differences in soils are only a result of the different
types of management. Evidence for this could be found in the origin of the soils. The
three fields are located in polders, which were reclaimed in the 15th century, within
similar geological setting (Pleijter and Beekman, 1985).The texture data of the three
fields,whichisnotinfluenced by management, aresimilar (Table2.1).
Table2.1.Soilparticle-sizedataforthethreefields.Clayis<2um,siltis2-50um,andsandis502000 um. Biois ecological temporary grassland, Conris conventional temporary grassland, and
Permispermanentgrassland.
Field
clay

Depth 10-30 cm
silt
sand

clay

Depth 40-60 cm
silt
sand

-%Bio
Conv
Perm

15
20
15

42
42
43

43
38
42

15
18
16

49
37
53

36
45
32

The first field (Bio)hasbeen managed according toecological principles, which means
thatnochemicalfertilizer orchemicalcropprotection hasbeen applied for morethan 80
years. Emphasis was given to maintaining favourable soil structure by using organic
fertilizer andby asoil-structure improving crop rotation. However, soil tillage activities
canbecategorised asconventional and consist of ploughing inAutumn toadepth of25
cmasthemain tillageactivity.The secondfield(Conv)was situated on an experimental
farm where management can be characterised as conventional with similar tillage
activities as Bio. Both fields were currently used as temporary grassland, the Biofield
for two years and the Convfieldfor three years. Crop rotations for Bio and Convwere
comparable: three yearsgrass followed by three or four years arable use.Finally, a field
withpermanent grassland was selected (Perm),representing asoil structure with amore
or less natural character. Management for all the three fields has been constant for the
last few decades, which is an essential condition because effects of management can
takedecadestocometoastateofequilibrium (Phillipsand Phillips, 1984).
Basic soildata(Table2.2)demonstrate theeffect ofdifferent management onthetopsoil
and the comparable properties for the soil layer in the depth range 30 to 60 cm. From
field Conv to Bio to Perm trends in surface soil were clear: an increase of organic
matter,porosity and saturated hydraulic conductivity.
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Table2.2.Basicsoil propertiesfor thethreefields,Bioisecological temporary grassland, Convis
conventional temporarygrasslandandPermispermanentgrassland.K^, issaturatedconductivity
including macropores and Äjsal) is saturated conductivity without macropores (Booltink et al.,
1991).
Depth (cm)
Bio
Conv
Perm

Bulk density
0-20 30-40
— Mgm"3 —
1.47 b 1.51a
1.68 c 1.59 a
1.38 a 1.49 a

Organic matter
10-30 30-60

%
3.3 b
1.7 a
5.0 c

1.1 ab
1.0 a
1.4 b

Porosity
10-30 30-60
3

-3

—m m —
0.42 b 0.40 a
0.36 a 0.40 a
0.46 c 0.40 a

^sal

10-30 30-60
— cmhr' 1 —
10.1 a 6.5 a
6.7 a 10.5a
43.9 a 8.3 a

•^(saO

10-30 30-60
— cmhr" —
0.9 a 1.1a
1.3 a 4.3 b
3.9 a 2.0a

Valuesfollowed by the same letter are not significantly different (P=0.05) according to LSD
multiple-range test.

Morphology of the topsoil reflected also the effects of the different management types.
TheBiofield had largepeds withrelatively lowinternalporosity.The structure gradeof
thepedswasmoderate for theroot zone,but strongbelow theroot zone.The same,but
in asomewhat morepronounced fashion, holdsfor the Convfield. Herethe grade of the
peds was strong for the whole topsoil, but the size of the peds in the root zone was
reduced from coarse to fine. The similarity between the morphology of the Bio and
Convfields could be explained by more-or-less comparable tillage practices, although
the higher organic matter and the crop rotation of the Bio field led to a somewhat less
compacted structure. The Perm field had a loose structure with a high organic matter
content with many biologically induced pores. Below the root zone the structure was
somewhat morecompact.
Threshold values forworkabilityandtrafficability
The threshold value for workability is defined as "the soilmoisture status,expressed in
moisture content ormairiepotential, atwhich tillageis possible with positive effects on
soil structure". If the soil is drier than the threshold value tillage activities can be
performed without structure deterioration. However, a soil can also be too dry for
optimal tillage.Thepowerrequired for tillage willincrease and moreover the operation
itself is less effective as the cohesive forces in the soil are too strong for optimal
crumbling. Becausethelatteroccursrarely inthestudy area,thisaspectisexcluded.
The well-known Atterberg test was performed to obtain the lower plastic limit for the
threefields (Atterberg, 1911).Samplesweretakenatfour randomly chosenplotsateach
fieldfrom thetop20cm, andthelowerplastic limit wasdetermined on 10replicates for
each sample. A drawback of this method could be the subjectivity in thejudgement of
the stateof theplasticity of the sample(Terzaghi et al., 1988).To avoid this subjectivity
and to evaluate the corresponding error a total of 120 determinations were handled in
random order and some determinations were also independently doneby two operators.
The lower plastic limit obtained, expressed as a gravimetric moisture content, was converted to volumetric moisture content by multiplying it by the bulk densities of the
samples.
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The threshold value for trafficability, also expressed in moisture content or matric
potential, is the soil moisture status at which "soil traffic is possible without causing
unfavourable compaction". Penetrometer measurements are useful for determining the
trafficability of a field. For the three fields with the different management types, the
relation between soil moisture content and penetration resistance was obtained. By
combining this relation with a critical penetration resistance for trafficability, the
threshold value for trafficability was estimated for the three fields. Critical penetration
resistances for trafficability canbe found in literature (e.g.Rounsevell, 1993).However,
values areobtained withalargediversity ofpenetrometers andmeasurement techniques.
Fritton (1990) developed a procedure that can be used to compare penetrometer
measurements by transforming measurements to a standard penetrometer with cone
diameter 2 mm, cone angle 30° and penetration speed 0.5 mm min"1. From
comprehensivefieldmeasurements it appears thatpenetration resistances lower than 0.5
MPa are insufficient and values higher than 0.7 MPa are sufficient (Van Wijk, 1988).
Thesecritical resistances were obtained with apenetrograph with cone diameter 25mm
(base 5 cm ), cone angle of 30° and an unknown but low speed. Transforming these
resistances toastandard according toFritton (1990),resulted inthe samevaluesbecause
correctionsfor cone sizeand anglewereof thesamemagnitudebut oppositeinsign.
Penetration resistances in this study were obtained by a penetrograph with cone base
area of 1cm and tip angle of 60°. All penetration data were transformed to a standard
asdescribed before. Thedepthrange 15to40cmisconsidered tobethemost important
in determining soil trafficability (Kogure et al., 1985). In this work, the penetration
resistance at 20cm was used as the critical depth for trafficability. On each of the three
fields, four plots were randomly selected and in each plot penetration resistance was
measured at 10locations.Atthe sametimevolumetric moisture contentsweremeasured
bytheTime-Domain Reflectometry technique (Toppetal., 1980)alsoat20cmdepth.
Additionally, an experiment was made to evaluate the effects of traffic during wet
periods on the topsoil. On each field three plots were slowly wetted and equilibrated
overnight. A tractor with a mass of 3100 kg drove twice over the plots at a speed of 2
km hr" . Inside the tracks, and just outside the tracks, infiltration measurements were
carried out with small infiltrometers (Falayi and Bouma, 1975). A critical infiltration
rate of 5 cm d" was assumed to represent a threshold value; indicating serious
compaction becauseponding of water islikely considering winterrainfall rates (Bouma,
1981). Also samples of 100 cm3 from the topsoil in, and just outside, the tracks were
taken tomeasurebulk densitiesbythecore method (Blake and Hartge, 1986),porosities
by the density method (Danielson and Sutherland, 1986)and the air-filled porosity at a
weight matric potential of -100 cm by the water desorption method (Danielson and
Sutherland, 1986).
Simulationofwaterregimes
In order to obtain periods for workability and trafficability the threshold values should
be compared with the soil moisture status during the year. Water contents and matric
potentials were simulated with a revised version of the model WAVE (Vanclooster et
al., 1994).This model is an integrated mechanistic simulation model for water, solute,
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nitrogen, heat and crop-growth processes. Model performance in general was tested by
Diels (1994) and by Vanclooster (1995), while performance for this specific case was
tested by Droogers and Bouma (1996). For this study only the submodule for water
transport was applied. Actual transpiration was simulated by reducing the potential
transpiration to a function of thematric potential of the soil according to the root-water
uptakefunction (Feddesetal., 1978).Upper andlowerboundaryconditions,variablesin
the root-water uptake function and rooting depth were all assumed equal for the three
fields inordertoobtainresults which were only afunction of soil structure as expressed
by the associated soil-physical characteristics. Although actual rooting depth and
potential rootability of the fields were not identical, a value of 25 cm was used for the
three fields. This was done because rooting depth has a significant influence on
simulated waterregimes,whilethis study wasfocused ontheeffects of soil structure on
workability and trafficability. Soil hydraulic functions for each recognized soil layer,
retention and conductivity curves,were determined on eight replicates for each field by
combining multi-step outflow data (Van Dam et al., 1994), crust data (Booltink et al.,
1991)and some additional retention points (Fig. 2.1). Simulations were performed with
climatic data from the last 30 years in the Netherlands in order to express workability
andtrafficability intermsofaprobability distribution.
Table 2.3. Threshold values for workability and trafficability for ecological (Bio), conventional
(Conv) and permanent (Perm) grassland. Workability threshold values were obtained by the
Atterberg test. Trafficability was determined by the relation between penetration resistance (PR)
andmoisture content 6,and thethreshold value was defined by aPR of0.7 MPa.

Field
Bio
Conv
Perm

0 mean
— cm'
0.35
0.34
0.41

Workability
threshold value
9sd
n
cm'J —
0.016
40
0.017
38
0.043
29

h
cm
-120
-45
-35

Trafficability
regression equation
threshold value
PR(8)=
R2
O
h
1
-s
cm cm
cm
0.67
0.34
-160
5.5 14.3-e
0.96
0.35
-15
5.3 13.0-e
0.98
0.37
-120
5.9 14.2-e

RESULTS
Thresholdvalues
Results of the threshold values for workability are presented in Table 2.3. Standard
deviations for the three fields were remarkably small. Only the standard deviation for
Perm was slightly larger, due to some small differences in the plots selected.
Independent determination of the lower plastic limit by two operators on 10 samples
gave a significant difference by the two-paired t-test for a probability level of < 0.05,
indicating that the test yielded independent results. Threshold values in volumetric
moisture content were highest for Perm and were in the same order of magnitude for
Convand Bio.Threshold values were also expressed in terms of matric potential using
retention curves. These values were in the same order of magnitude for both the Conv
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and the Perm fields and indicate that soils could be workable under a broad range of
moisture conditions. The Bio field was only workable when the soil had a matric
potential of less than -120 cm.

moisture content (cm,Jcm'J)
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Figure2.1.Water retention andhydraulicconductivity curvesfor theecological (Bio), conventional
(Conr)and permanent (Perm)grassland obtained by crust-method and multi-step outflow. Each
curvewasobtained byaveraging8individualcurves.

Threshold values for trafficability were obtained by a linear fit between penetration
resistance and moisture content and were associated with a critical threshold value of
0.7 MPa (Fig. 2.2 and Table 2.3). Variation in measured penetration resistances was
quite high, especially for the Bio field. The rather compacted Conv field (Table 2.2)
appeared to be trafficable under almost all moisture conditions. It appears that only
during very wet circumstances (matric potential > -15 cm) traffic has a negative
influence on the soil. The other two fields should be much drier before trafficking can
occur without adverse effects.

