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water from the subsoil, with the result that the land could not be used profitably for 

agriculture". Waxy organic substances were found to be responsible for the water 

repellency (Oswald Schreiner and Edmund C. Shorey, 1910. Chemical nature of soil 

organic matter. USDA Bur. Soils Bull. 74: 2-48). 
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ABSTRACT 

Dekker, L.W., 1998. Moisture variability resulting from water repellency in 

Dutch soils. Doctoral thesis, Wageningen Agricultural University, The Nether­

lands, 240 pp. 

The present study suggests that many soils in the Netherlands, in natural as well 

as in agricultural areas, may be water repellent to some degree, challenging the 

common perception that soil water repellency is only an interesting aberration. 

When dry, water repellent soils resist or retard water infiltration into the soil matrix. 

Soil water repellency can lead to the development of unstable wetting and 

preferential flow paths. Preferential flow has wide-ranging significance for rapid 

transport of solutes, such as agrichemicals, towards the groundwater and surface 

water, making it essential to understand this phenomenon. 

The persistence and degree of water repellency was examined in topsoils of 

nature reserves and cultivated soils, using the water drop penetration time (WDPT) 

and alcohol percentage tests. The severity of water repellency measured on dried 

soil samples, the so-called "potential" water repellency, can be used as a parameter 

for comparing soils with respect to their sensitivity to water repellency. In some 

cases, however, the severity of potential water repellency was found to be sensitive 

to the initial moisture content of the soil and the temperature during drying. 

Measurement of the "actual" water repellency on field-moist samples determines the 

soil fraction excluded from direct solute and water flow. However, preferential flow 

is a dynamic process, which is why the ratio between water repellent and wettable 

soil is time dependent. The "critical soil water content", below which the soil in the 

field is water repellent and above which the soil is wettable, was found to be a 

useful parameter in water repellency studies. 

Spatial and temporal variability in volumetric soil water content was studied in 

vertical transects by intensive sampling with 100 cm3 steel cylinders. Spatial 

variability in soil water content under grass cover was high, due to fingered flow. 

On arable land, vegetation and microtopography appeared to play a dominant role. 

This thesis provides examples of uneven moisture patterns in water repellent sand, 

loam, clay and peat soils with grass cover, and in cropped, water repellent sandy 

soils. 
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PREFACE 

Bij het gereedkomen van dit proefschrift wil ik iedereen bedanken die direct of 

indirect heeft bijgedragen aan de totstandkoming ervan. AUereerst wil ik Dr. Jan 

Klijn bedanken, die mij als eerste suggereerde om een boekje te maken van een 

aantal artikelen over de waterafstotendheid van gronden. Ook Prof. Dr. Pirn 

Jungerius van de Universiteit van Amsterdam dank ik voor zijn hint om eens te 

denken aan een thesis over water repellency. Bovendien dank ik hem voor de 

prettige wijze waarop we samen over dit onderwerp hebben geschreven en voor de 

gezellige tochtjes naar de hydrofobe Nederlandse, Belgische en Franse duinen. 

Prof. Dr. Jan Hendrickx bedank ik voor zijn advies om vooral veel monsters te 

nemen, zodat statistische bewerkingen en toetsen op de diverse bepalingen kunnen 

worden losgelaten. Jan, de bemonsteringen bezorgden ons weliswaar een zee aan 

bodemfysisch en chemisch werk, maar resulteerden dan ook in een reeks nationale 

en internationale publicaties. Met genoegen denk ik nog aan het bodemonderzoek 

met Coen Ritsema en Jan in de Amerikaanse nationale parken "White Sands" en 

"Sevilletta" en aan de monsterrit die we maakten door het (te) mulle zand van de 

Mexicaanse duinen. 

Enorm waardevol zijn de nauwe contacten, die we al weer verscheidene jaren 

hebben, met onze Amerikaanse counterparts Prof. Dr. Tammo Steenhuis en Prof. Dr. 

John Nieber, respectievelijk van Cornell University in Ithaca en de University of 

Minnesota in St. Paul. Onze gemeenschappelijke interesse in de processen, die in 

verband staan met preferente stroming en waterafstotendheid van gronden, heeft 

geleid tot een vruchtbare samenwerking, wat ook blijkt uit de legio zogenoemde 

"joint publications and communications" in internationale tijdschriften en op 

internationale congressen. Tammo, it was a great pleasure for me to organize the 

one-day workshop with you and Coen, at the DLO Winand Staring Centre in 

Wageningen on April 20, 1994, resulting in the special issue of Geoderma entitled 

"Fingered flow in unsaturated soil: from nature to model". I am greatly looking 

forward to the opportunity of once again organizing an international workshop, 

entitled: "Soil water repellency: origins, assessment, occurrence, consequences, 

modeling and amelioration" in Wageningen on September 2-4, 1998. We are very 

content that John, who is an expert on the modeling of water and solute movement 



in soils with unstable wetting fronts, as well as Dr. Paul Blackwell from Western 

Australia, an expert on water repellency and the amelioration of water repellent 

soils, have joined our organizing committee. Paul, thanks for your enthusiasm, and 

for finding the funds for the numerous Australian scientists on soil water repellency 

research, who, as a consequence of your proposals, are able and willing to attend 

our workshop. We feel highly honoured by the attendance at our workshop of Prof. 

Dr. Leonard DeBano and Prof. Dr. John Letey, mentors of water repellency 

research, authors of numerous articles on water repellency, and organizers of the 

well-known symposium on water repellent soils, held in Riverside (USA) in 1968. 

I am grateful to Prof. Dr. Nick Jarvis and Dr. Martin Larsson of the University 

of Uppsala in Sweden, as well as to Dr. Ole Wendroth and Dr. Wolfram Pohl of the 

ZALF Institute in Miincheberg, Germany, for the fruitful discussions and our joint 

research and publications. It was also a pleasure for me to discuss several aspects 

of my work with people attending the international conferences, among which I 

would like to mention Prof. Dr. Larry Boersma, Prof. Dr. Jaap Dane, Prof. Dr. Jan 

Hopmans, and Dr. Rien Van Genuchten, all belonging to the so-called "Dutch 

mafia" in the USA, as well as Prof. Dr. Jean-Yves Parlange from Cornell 

University, Dr. Frank Stagnitti from Australia, Dr. Brent Clothier from New 

Zealand, Prof. Dr. Jan Feijen from Belgium, Prof. Dr. Juan Giraldez from Spain, 

and last but not least, Prof. Dr. Peter Germann and Prof. Dr. Hannes Fluhler from 

Switzerland. 

De samenwerking met verschillende (ex) collega's en mede-auteurs van diverse 

publicaties heb ik als zeer prettig ervaren. Ik denk hierbij met name aan Obbe 

Boersma, Klaas Oostindie, Albert Booy, Pirn Hamminga, Ing. Henk Vroon, Ing. 

Wim van der Knaap, Ing. Erik van den Elsen, Ing. Anton Heys en Dr. Evert 

Bisdom. Het zal niemand van hen verbazen dat mede-promovendus Drs. Coen 

Ritsema hierbij de kroon spant. Coen, cheers! 

Maar ook de samenwerking en discussies met mensen buiten het Staring Centrum 

was heel leerzaam, hierbij denk ik onder meer aan Dr. Henk Van Ommen, Prof. Dr. 

W.C. van der Molen, Prof. Dr. Leen Pons en Prof. Dr. Pieter Raats. 

Tenslotte dank ik mijn promotoren Prof. Dr. Johan Bouma en Prof. Dr. Reinder 

Feddes voor hun professionele begeleiding tijdens de voorbereiding van deze 

dissertatie en voor het vertrouwen dat zij hadden in de goede afloop ervan. 
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1 INTRODUCTION 

1.1 GENERAL INTRODUCTION 

Normally, dry soils are easily wetted by rainfall and irrigation. The force of 

attraction between soil particles and water causes the water to lose its cohesiveness, 

i.e., the tendency to retain its droplet shape, allowing it to flow along the surfaces 

of the particles. The water thus disappears as a liquid drop, wetting the soil (Fig. 1.1, 

left-hand panel). If the attractive forces are neutralised or absent, e.g. because of the 

presence of a water repellent coating, the water remains as a droplet and the soil is 

said to repel water (i.e., resist wetting). Such soils are considered to be water 

repellent and to exhibit hydrophobic properties, especially when they are dry. Before 

water will evenly infiltrate into or percolate through a soil, there must be a 

continuous film of water on the soil particles. Hence, the soil must first be wetted 

before water will flow. Any condition resisting the wetting of the soil particles will 

inhibit water infiltration (Fig.1.1, right-hand panel). 

Fig. 1.1 Water poured upon the surface of dry, wettable soil (left-hand side) 

infiltrates immediately, whereas it ponds on extremely water repellent 

soil (right-hand side). 
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The assumption that water repellency does not occur is the norm in soil physics 

(e.g. Philip, 1969). Although an increasing number of researchers are aware of the 

occurrence and consequences of water repellency in a wide range of soils, it is still 

a neglected field in soil science. In the Netherlands for example, the occurrence, 

distribution and hydrological problems of water repellent peat soils have been 

known for many years (Hooghoudt, 1950; Domingo, 1950; Hooghoudt et al., 1960; 

Bennema en Van der Woerdt, 1952), but the phenomenon of water repellency in 

sandy soils and heavy clay soils has only been recognized in the last decade. 

In the Netherlands, many grass-covered clayey peat and peaty clay soils are 

difficult to wet after a prolonged dry period, due to water repellency of the topsoil 

and the layer just below the topsoil (Van Wallenburg, 1976, 1977; Schothorst and 

Hettinga, 1977; Dekker, 1983). Soils that exhibit such characteristics have been 

indicated on several soil maps at different scales. They have been indicated and 

described on scale 1: 200,000 soil maps as soils with "poor properties of the organic 

matter of the topsoil: difficult to wet after drying" (e.g. Pons, 1965; Cnossen, 1971). 

Kloosterhuis (1958) made a detailed map of the distribution of peat soils, which are 

susceptible to drought, in polders in the western part of the Netherlands. But the 

national soil maps (scale 1: 50,000), also distinguish peat soils which "locally have 

layers in the topsoil which are susceptible to drought" (Stichting voor 

Bodemkartering, 1969, 1970, 1972). 

Although the occurrence of water repellent sandy soils in the Netherlands is 

widespread, it was scarcely mentioned in the literature before 1985 (Dekker, 1985b). 

Dekker (1985a) reported on a dusty, dry sandy soil at Zuidlaren, in the northeastern 

part of the country, which he investigated on November 28, 1983. In the preceding 

2 days, precipitation had amounted to more than 40 mm, and soils at an adjacent 

parcel were thoroughly wetted, while water was ponding on the surface. On the 

poorly wettable parcel, however, the soil was still dry to a depth of more than 40 

cm in the middle of December, when sand columns were taken in 20 cm x 20 cm 

PVC cylinders for wetting experiments in the laboratory (Dekker, 1985b). Numerous 

applications of water to the surface of the columns over a period of 3 months only 

slowly wetted the sand, and most of the water moved through the columns via 

preferential flow paths, coming out at the bottom (Dekker, 1985a,b). 

Subsequent water repellency measurements of samples taken from all around the 
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country by Dekker (1988) revealed that approximately 70% of sandy agricultural 

topsoils in the Netherlands are slightly to extremely water repellent, and that more 

than 95% of the topsoils in nature reserves, including dunes, exhibit a strong to 

extreme water repellency. Dekker (1988) concluded that water repellency in Dutch 

topsoils is the norm rather than the exception, while the degree of repellency varies 

considerably among soils. 

Water repellent soils have been reported in many other countries and may occupy 

large areas, such as the sandy soils of South and Western Australia (Bond, 1964). 

As early as 1910, Schreiner and Shorey referred to water repellent soils in 

California. Jamison (1946) reported that "large bodies of difficultly wettable soil" 

remained unwetted even during the rainy season under Florida citrus trees. DeBano 

(1969) described the 1960s as a decade of increasing interest in the problem of soil 

wettability. Much research was conducted at the University of California, Riverside, 

where an international symposium on the subject was held in May 1968 (DeBano 

and Letey, 1969). Research on water repellent soils in California remained active 

throughout the 1970s and interest spread to other states and countries. Although 

research into repellency has waned somewhat over the past two decades, there are 

now more than 200 papers on the topic (Wallis and Home, 1992). 

1.2 ASSESSMENT OF SOIL WATER REPELLENCY 

The fundamental principles underlying the process of wetting show that a 

reduction in the surface tension of a solid substance which is to be wetted reduces 

its wettability. Conversely, a reduction in the surface tension of the applied liquid 

increases the wettability. The study of repellency development or its amelioration 

requires appropriate measurement techniques to be used. Such techniques allow 

reproducible measurements of phenomena whose genesis is not yet understood. 

Ideally, the technique should be simple and inexpensive and should provide a rapid 

quantitative measure of practical significance. Over the years many techniques have 

been developed to measure water repellency, during which time the understanding 

and definition of water repellency has evolved (Krammes and DeBano, 1965; 

Watson and Letey, 1970; DeBano, 1981; Wallis and Home, 1992). One of the 

simplest and most common methods of classifying water repellency is the empirical 
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Water Drop Penetration Time (WDPT) test, already described by Van 't Woudt in 

1959. Three drops of distilled water from a standard medicine dropper are placed 

on the smoothed surface of a soil sample, and the time that elapses before the drops 

are absorbed is determined (Fig. 1.2). 

Fig. 1.2 Water repellency measurement (WDPT test) by placing three drops of 

water upon the surface of a soil sample and determining the time to 

complete absorption. 

In general, a soil is considered to be water repellent if the WDPT exceeds 5 s 

(e.g. Bond and Harris, 1964; DeBano, 1981). This allows soils to be qualitatively 

referred to as being either wettable or water repellent. Classification into these 

categories implies an "either-or" situation, with a sharp demarcation line between 

the two properties. However, soil water repellency is a relative property, varying in 

intensity. An index allowing a quantitative definition of the persistence of water 

repellency was introduced by Dekker (1988) and was applied by Dekker and 

Jungerius (1990). They distinguished five water repellency classes, as shown in 

Table 1.1. 
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Table 1.1 Classification of the persistence of soil water repellency. 

Class WDPT (s) Nomenclature 

0 
1 

2 

3 

4 

< 5 
5 - 60 

60- 600 

600 - 3600 

>3600 

wettable; non-water repellent 
slightly water repellent 

strongly water repellent 

severely water repellent 

extremely water repellent 

Another common method is the alcohol percentage test, a technique first 

suggested by Letey (1969) and Watson and Letey (1970). Water containing 

increasing concentrations of ethanol is applied in drop form to the surface of soil 

samples until a concentration is reached where immediate infiltration occurs. At this 

concentration, the aqueous ethanol drop has a sufficiently low surface tension to 

overcome the surface water repellency restriction to infiltration. If a high concentra­

tion of ethanol is required for incipient infiltration, this is indicative of hydrophobic 

soils. 

1.3 ORIGINS OF SOIL WATER REPELLENCY 

It has been recognized for many years that the water repellency of a soil is a 

function of the type of organic matter contained in it (Puchner, 1896; Schreiner and 

Shorey, 1910; Albert and Kohn, 1926; Prescott and Piper, 1932). Organic matter 

induces water repellency in soils by several means. Firstly, irreversible drying 

processes in organic matter can induce water repellency, mainly in the surface 

layers of peat soils, which are difficult to rewet after drying (Hudig and Redlich, 

1940; Hooghoudt, 1950; Van't Woudt, 1969). Secondly, organic substances leached 

from plant litter can induce water repellency in sandy and other coarse-grained soils 

(DeBano, 1981). Thirdly, hydrophobic microbial by-products coating a mineral soil 

particle may induce wetting resistance (Bond, 1964; Bond and Harris, 1964; Chan, 

21 



1992). Fourthly, mineral particles need not be individually coated with hydrophobic 

materials; intermixing of mineral soil particles with particulate organic mattter, like 

remnants of roots, leaves and stems, may also induce severe water repellency 

(DeBano, 1969; Bisdom et al., 1993). 

Some debate has arisen over the question whether the repellent coating is within 

the humic or fulvic acid fraction of the organic matter. Humic acids have been 

regarded by numerous researchers as the origin of hydrophobicity (e.g. Savage et 

al., 1969; Tschapek et al., 1973; Adhikari and Chakrabarti,1976; Singer and Ugolini, 

1976). However, Miller and Wilkinson (1977) found that the organic coating 

surrounding sand grains produced an infrared spectrum closely resembling those of 

fulvic acids. On the other hand, Roberts and Carbon (1972) found that it was the 

humic acid (HA) fraction and not the fulvic acid (FA) fraction of the organic 

coating which induced repellency when added to nonrepellent sand. Nakaya et al. 

(1977) added a range of soil HAs to a nonrepellent sand and found that all five HAs 

tested produced repellency in the sand. 

Ma'shum and Farmer (1985) have provided evidence that it is the molecular 

orientation of organic matter which determines whether or not a soil is water 

repellent. Most forms of organic matter in a soil possess both hydrophilic and 

hydrophobic groups. The hydrophilic groups interact with water molecules when the 

soil is wet, but tend to interact with each other in dry soil. Furthermore freeze-

drying converts a very severely water repellent soil into a readily wettable soil, 

while subsequent rewetting and oven-drying regenerates the original water 

repellency. These changes have also been ascribed to changes in the molecular 

conformation of the organic compounds (Ma'shum and Farmer, 1985). When the 

soil is oven-dried, the loss of water may induce the polar groups to interact with 

each other, and the organic matter then presents largely non-polar groups (e.g. 

methyl and mythelene) on its surface. Ma'shum et al. (1988) found that hydrophobic 

materials contain extensive poly-methylene chains, including both long chain fatty 

acids and esters. It was shown by Valat et al. (1991) that the humic polymers found 

in most decomposed peats contain polar as well as nonpolar sites, the former groups 

being hydrophilic and the latter hydrophobic. They claimed that in the drying 

process, polar groups associate with Fe and Al oxides and hydroxides, causing the 

system to become hydrophobic when dry. Capriel et al. (1995) investigated the 
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hydrophobicity of organic matter in soils with widely differing textures and organic 

C contents, using diffuse reflectance infrared fourier transform spectroscopy 

(DRIFT) in order to establish relationships between the aliphatic C-HIR signal area 

(3000-2800 cm') and certain chemical variables. They found that the organic matter 

of sandy soils contains relatively more alkyl C and less carbohydrates and proteins 

compared with the organic matter of clayey soils. In other words, the organic matter 

of sandy soils is more hydrophobic. The ratio of aliphatic C-H to organic C could 

serve to characterize the degree of hydrophobicity of the organic matter in soils. 

The hydrophobicity index (HI) was defined as the area of the aliphatic C-H infrared 

band in the 3000-2800 cm"' spectral region divided by the organic C content. A high 

ratio indicates greater hydrophobicity. In general, one may assume that the 

hydrophobicity of the organic matter is caused by methyl, methylene and methine 

groups present in aliphatic and aromatic (olefinic) compounds (Capriel et al., 1995). 

The organic input into soils from plant residues and fertilizers contains compounds 

such as cellulose, hemicellulose, proteins, lignin, and lipids. The more hydrophylic 

ones (cellulose, hemicellulose, proteins) are metabolized far more easily by soil 

microbes to produce energy, new microbial biomass and metabolic products. Lipids 

contain predominantly hydrophobic aliphatic C-H units and are generally more 

recalcitrant to microbial decomposition (Dinel et al., 1990). The result of this 

selective degradation is an accumulation of lipids from the organic input and the 

formation of new lipids of microbial origin (Capriel, 1997). 

1.4 FACTORS CAUSING SOIL WATER REPELLENCY 

All primary parts of plants (except roots) are covered by a cuticle that constitutes 

the interface between plants and their environment. The cuticle is composed of 

soluble, hydrophobic lipids embedded in a polyester matrix (Holloway, 1994). The 

micro-relief of plant surfaces, mainly caused by epicuticular wax crystalloids, often 

results in effective water repellency (Barthlott and Neinhuis, 1997). Contaminating 

particles (dust, spores, etc.) on the waxy leaves are picked up by water droplets 

from rain, dew or fog, or they adhere to the surface of the droplets and are then 

removed with the droplets as they roll off the leaves, resulting in a cleaned surface 

(Neinhuis and Barthlott, 1997). This can be demonstrated most impressively with 
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the large leaves of the sacred lotus Nelumbo nucifera, which is why this 

phenomenon has been dubbed "Lotuseffect" (Barthlott and Neinhuis, 1997). Plants 

with water repellent leaves can be found in any habitat and with all life forms, with 

a clear dominance among herbs (Neinhuis and Barthlott, 1997). 

Many workers have recognized the importance of plants in contributing towards 

the development of water repellency in soils. Jamison (1942) associated water 

repellency with citrus trees in Florida, Van't Woudt (1959) with heath vegetation 

and coniferous trees in New Zealand, Bond (1964) with perennial pastures in South 

Australia, DeBano (1969) with chaparral brush in California and McGhie and 

Posner (1980), Burch et al. (1989) and Crockford et al. (1991) with dry sclerophyll 

eucalypt forests in Eastern and South Australian. In sports turf, thatch may be a 

contributing factor (Wilkinson and Miller, 1978; Rankin and Ross, 1982; 

Danneberger and White, 1988; Tucker et al., 1990; York and Baldwin, 1992). 

Thatch is the layer of partially decomposed organic material which comprises the 

uppermost layer of most turf profiles, and is widely believed by turf managers to 

be responsible for the development of repellency in turf (commonly called "dry 

patch" because of its "patchy" occurrence). 

Fig. 1.3 Fairy ring of mushrooms in Bunne, July 13, 1993 (photo by Bert 

Wieringa). 
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Many studies have also associated soil water repellency with other factors such 

as the range of fungi associated with the remains of different plant species (Bond 

and Harris, 1964). Schantz and Piemeisel (1917) already showed that "fairy rings" 

in pastures and crops were due to basidomycete fungi, and that the presence of 

basidomycete mycelia was associated with poor soil water absorption. Dekker and 

Ritsema (1996a, b) examined an expanding fairy ring with a diameter of 12 m (Fig. 

1.3) in grassland in the hamlet of Bunne in the northeastern part of the Netherlands 

on July 22, 1993. A total precipitation of 66 mm in the preceding two weeks had 

caused irregular moisture patterns inside the fairy ring. The sandy soil had been 

wetted to depths of more than 20 cm outside the fairy ring, whereas the soil was 

still dry at a depth of 3 cm in the 30 cm wide band with mushrooms inside the ring 

(Fig. 1.4). Towards the centre of the fairy ring, an irregular wetting pattern was 

present. In the zone with the mushrooms, as well as in the zone with stimulated 

grass growth, the relatively dry soil was actually water repellent. Compared with the 

soil outside the fairy ring, the degree of potential water repellency of the soil inside 

the ring was high, as a consequence of the hydrophobic fungal mycelium (Dekker 

and Ritsema, 1996b). 

Fig. 1.4 Dry, water repellent sand in the fairy ring at Bunne on July 22,1993, 

after 66 mm precipitation had fallen in the preceding two weeks. 
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Fig. 1.5 Erosion of sandy roads (A), sedimentary sandy and humic materials 

in lower places (B), and irregular wetting (C) in the water repellent 

sands of the Veluwe area. 
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Fire can also induce severe water repellency (DeBano, 1969). Water repellency 

caused by wildfires in forests has been extensively reported by DeBano (1981), 

Imeson et al. (1992), and Doerr et al. (1996). After a fire has swept through an area, 

a water repellent layer of varying thickness often remains. 

1.5 CONSEQUENCES OF SOIL WATER REPELLENCY 

Infiltration and Erosion 

In general, water movement is initially severely limited in dry water repellent 

soils. Infiltration rates into water repellent soils can be considerably lower than 

those into wettable soils (Meeuwig, 1971; DeBano, 1981; Rutin, 1983). During rain 

events after prolonged dry periods, water repellency of the topsoil may cause 

surface runoff, especially in sloping areas (Rietveld, 1978; McGhie, 1980; Jungerius 

and Van der Meulen, 1988). Water repellency is greater in dry than in wet soils, 

which may be the reason why runoff during the first rainstorm after a dry spell is 

larger than during later, comparable storms (Letey et al., 1975; Jungerius and 

Dekker, 1990; Imeson et al., 1992). Jungerius and Dekker (1990) described the 

influence of water repellency on erosion and sedimentation of sand for Dutch 

coastal dune sands. Dekker and Wosten (1983), and Dekker et al. (1984, 1997) 

studied the effects of a water repellent surface layer in sandy soils in the Veluwe 

area, in the eastern part of the country. Such layers were found to influence surface 

runoff towards fens, as well as erosion of sandy roads, and the sedimentation of 

sand and organic matter in lower places, including the fens (Fig. 1.5 A, B). Thus, 

water repellency tends to increase runoff and erosion and decrease the volume of 

water absorbed by the soil. With increasing rainfall, water infiltration proceeds and 

finally starts to break through the water repellent layer by creating irregular wetting 

patterns (Fig. 1.5 C) and/or vertical flow paths into the subsoil. 

Preferential flow and accelerated transport 

Knowledge of the movement of water and solutes through the unsaturated zone 

of field soils is essential for reliable predictions of pollution risks to groundwater 

and/or nutrient losses from agricultural soils. As intensive sampling is costly and 

time-consuming, characterization of the soil moisture state is often based on a 
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limited number of samples or measurements, which may lead to an incomplete 

picture of the real flow mechanisms in field soils. Incomplete knowledge of the 

actual flow mechanism through the unsaturated zone may result in the development 

of inaccurate computer models, leading to practical consequences such as increased 

pollution risk to soil and groundwater. So far, most models simulating water and 

solute transport through the unsaturated zone have assumed homogeneous 

infiltration and a subsequent downward movement of the wetting front parallel to 

the soil surface. This type of stable flow, however, is uncommon in field soils 

(Bronswijk et al., 1990; Gee et al., 1991; Jury and Fliihler, 1992; Steenhuis et al., 

1995; Nieber, 1996; Scanlon et al., 1997). Deviations are caused by a variety of 

mechanisms, which in general are related to specific soil properties or soil 

characteristics. Firstly, preferential flow (or bypass flow) of water and solutes may 

occur in well-structured clay and/or peat soils owing to the presence of shrinkage 

cracks and/or channels left behind by decayed roots or soil fauna (biopores), 

providing pathways through which water and solutes migrate rapidly, essentially 

bypassing the buffering capacity of much of the unsaturated zone (Bouma and 

Dekker, 1978; Beven and Germann, 1982; Dekker and Bouma, 1984; Bouma, 1990; 

Booltink, 1993; Bronswijk et al., 1995; De Vos, 1997). Secondly, preferential flow 

may also occur in non-structured sandy soils, owing to the development of unstable 

wetting fronts (Raats, 1973; Philip, 1975a,b; Parlange and Hill, 1976; Diment and 

Watson, 1985). Perturbations in an initially flat wetting front may grow into 

"fingers" or "preferential flow paths", instead of flattening out by lateral diffusion. 

This occurs if (1) the hydraulic conductivity increases with depth, as is encountered 

in soils with a fine-textured layer covering a coarse-textured layer (Miller and 

Gardner, 1962; Hill and Parlange, 1972; Hillel and Baker, 1988; Baker and Hillel, 

1990), or a densely packed sandy layer covering a loosely packed one (Ritsema and 

Dekker, 1994a); (2) the soil is water repellent (Raats, 1973; Ritsema et al. 1998a; 

Steenhuis et al., 1994); (3) air entrapment takes place during an infiltration event 

(Raats, 1973; Hillel; 1987; Selker et al., 1989; Glass et al., 1990). 

Wetting patterns in water repellent soils can be quite irregular and incomplete 

after rain (Emerson and Bond, 1963; DeBano, 1969; McGhie, 1983; Yang et al., 

1996; Ritsema et al., 1997a,b, 1998b; Ritsema and Dekker, 1998; Van den Bosch 

et al., 1998). Considerable soil water content variations in water repellent horizons 
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have been reported by numerous authors (Jamison, 1945; Bond, 1964; Krammes and 

DeBano, 1965; Ritsema and Dekker, 1994b). 

Solute leaching related to preferential flow in water repellent field soils has been 

studied by applying dye solutions or other coloring agents to the soil surface (e.g. 

Van Ommen et al., 1988, 1989; Hendrickx et al., 1988,1993; Dekker and Jungerius, 

1990). Visual observations of wetting patterns in trenches dug in a water repellent 

dune sand with grass cover by Dekker and Jungerius (1990) revealed that water 

moved downward through narrow channels, leaving the adjacent soil volumes dry 

and causing considerable variation in soil water content. They studied the 

penetration of rain into some dune sands by using the dyestuff staining technique 

described by Bond (1964). Trenches were dug after rains during the autumn and 

winter of 1988. The pit faces were dusted with a dry mixture of 1% Rhodamine B 

in finely ground kaolinite until the faces were uniformly covered with a white 

powder. Within a few minutes, the wet areas developed an intense red colour, while 

dry areas remained white. The patterns were photographed to provide a permanent 

record for comparison (Fig. 1.6). 

Fig. 1.6 Preferential flow paths in a water repellent dune sand visualized by 

using a dyestuff staining. 
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Van Ommen et al. (1988) developed a technique similar to dye staining to 

visualize preferential flow paths. They applied an iodide solution to the soil surface 

and excavated the treated area layer by layer. Each layer was dusted with dry starch. 

After the thin starch layer had been wetted by the soil solution, the surface was 

sprayed with a chlorine solution. At places where iodide was present, it was 

oxidized to iodine, yielding a dark blue color. These experiments revealed the 

locations of the preferential flow paths. Once preferential flow paths have formed, 

the soil no longer impedes infiltration of water, so that additional precipitation tends 

to infiltrate through the existing preferential paths which have been wetted before. 

Thus, dry zones tend to persist due to their water repellent character and their low 

hydraulic conductivity. Field evidence of preferential flow of bromide through a 

water repellent dune sand soil, resulting in early arrival times and high bromide 

concentrations in the groundwater, were presented by Van Dam et al. (1990), 

Hendrickx et al. (1993), Ritsema et al. (1993), and Ritsema and Dekker (1998). 

From a management point of view, it is essential to know where and when 

preferential flow may be expected in field situations and to what extent it may 

accelerate water and solute transport, in order to develop consistent strategies to 

minimize environmental risk to groundwater and surface waters. 

1.6 IMPROVEMENT OF WATER REPELLENT SANDY SOILS 

Crop and pasture production are seriously hampered in water repellent agricultural 

areas, and consequently research has attempted to find suitable amelioration 

techniques to reduce runoff and leaching processes, and to increase the crop and 

pasture production efficiency (Dekker 1983, 1988; Danneberger and White, 1988; 

Ma'shum et al., 1989; Blackwell, 1993). A number of different strategies have been 

applied to water repellent sands to either overcome or make use of water repellency 

to improve agricultural production on these problem soils. These include clay 

application, furrow sowing and band spraying of wetting agents, cultivation during 

rain and deep cultivation/subsoiling (Michelsen and Franco, 1994). None of these 

methods actually reduce the amount of waxes present in the soil; rather, they reduce 

the symptons. The use of microorganisms either already present in the soil or added 

to the soil to break down these waxes is another possible method for overcoming 
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the problem (Roper, 1994). The use of microorganisms to break down undesirable 

compounds in the soil into compounds that do not cause problems is termed 

"biomediation". Biomediation can be achieved either by stimulating existing micro­

organisms in the soil (biostimulation) or by adding organisms to the soil that are 

more efficient at utilising the unwanted substance than existing organisms 

(bioaugmentation). Wax-degrading bacteria may be able to improve water repellent 

soils by removing water repellent substances from the surfaces of soil particles. 

Recent studies have indicated that soils contain a wide range of wax-degrading 

bacteria, and artificial stimulation of these bacteria might lead to better crop and 

pasture performance on water repellent soils (Roper, 1994). 

According to Blackwell (1993), furrow sowing improves crop production on water 

repellent sandy soils. Rain is easily shed from ridges of water repellent sand, and 

the runoff accumulates, ponds, and infiltrates below the furrow. This "water 

harvesting" can increase opportunities for early crop and pasture establishment if 

seeds are sown in the furrow. This effectively increases the amount of rainfall 

reaching the seed, increasing the likelihood of succesful establishment even during 

brief autumn showers. 

The application of surfactants and/or water-absorbing gels can also be considered 

as tools to improve crop and pasture performance on water repellent soils (Letey et 

al., 1975; Danneberger and White, 1988). Surfactants and related substances reduce 

the effect of repellency and can therefore increase plant growth and yield. When 

applied to the bottom of the furrow, the use of surfactants can result in better crop, 

pasture and fodder shrub establishment, and early plant growth (Blackwell, 1993). 

Improved wetting of water repellent sandy soils in Australia amended with fly ash 

has been described by Roberts (1966), by Campbell et al. (1983) and by Aitken et 

al. (1984). The application of fly ash resulted also in an improved emergence and 

growth of clover (Roberts, 1966). 

On water repellent sandy soils in Australia, Ma'shum et al. (1989) established 

that dispersive clay can correct water repellency by covering the non-wetting 

coatings on soil particles, leading to improved germination and increased storage 

of water available to the plant. Dekker (1988) noticed that clay amendments had 

been used successfully by Dutch farmers in the 1950s to improve the soil's water-

and nutrient-holding capacity, to prevent wind erosion, and to reduce water 
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repellency in dune sands in the vicinity of Ouddorp, in the southwestern part of the 

country. 

Jamison (1945) indicated that water repellent topsoils can be improved by mixing 

them with wettable sand from the subsoil. In the Netherlands, large areas of water 

repellent grass-covered dune sand soils in De Zijpe, Callantsoog and Koegras have 

been converted to arable land for bulb growing; these were improved by deep 

ploughing, as well as by the addition of calcareous sea sand (Dekker, 1988). 

Cultivating the soil after the first rain following a dry period stimulates further 

regular wetting (Jamison, 1969; Roberts and Carbon, 1972), an experience shared 

by the users of water repellent sandy soils in the Dutch districts of Goeree-

Overflakkee and Voorne-Putten (Dekker, 1988). 

Water repellency has also been a problem in intensively cultivated organic soils 

in Sweden, especially for the cultivation of potatoes, which are usually irrigated. If 

the potato ridges dry out, the water repellency will make the ridges very hard to 

rewet and subsequently cause water shortage (Berglund and Persson, 1996). Similar 
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Fig. 1.7 Dry sand areas in the hills and ponding of water in the furrows under 

a potato crop after 30 mm sprinkler irrigation. 
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observations were made by Dekker and Ritsema (1996b) in a water repellent sandy 

topsoil at the Vredepeel experimental station. Sprinkler irrigation after a dry period 

resulted in ponding water in the furrows, leaving areas in the potato ridges dry (Fig. 

1.7). Similar soil wetting patterns under potato crops have been found in Wisconsin 

in the USA (Saffigna et al., 1976). Correctly timed irrigation, may be able to 

prevent soils from becoming water repellent by keeping the soil water contents 

above the critical level above which the soil is wettable and below which it is water 

repellent (Dekker and Ritsema, 1994b). The success of this approach depends to a 

large extent on real-time monitoring of the soil water status at different depths and 

timely application of sufficient amounts of irrigation water. In this way, 

environmental damage and crop production losses may be prevented (Blackwell, 

1993). 

1.7 OBJECTIVES AND STRUCTURE OF THE THESIS 

A few years ago, three Doctoral thesis studies were initiated, with the aim of 

increasing our basic knowledge regarding the occurrence of water repellent soils and 

the effect of soil water repellency on flow and transport processes. The present 

study, carried out by Louis W. Dekker, aimed at investigating the occurrence of 

water repellency in different soil types in the Netherlands and its effect on inducing 

soil water content variability. The second study, by Coen J. Ritsema (1998), aimed 

at unraveling the process mechanisms in water repellent sandy soils in relation to 

water flow and solute transport processes. The third study, performed by Hung V. 

Nguyen, is still in progress and aims to elaborate the findings of both previous 

studies; it mainly deals with simulating observed flow and transport processes. 

The objectives of the research reported on in the present thesis were to: 

1) investigate the occurrence, thickness and distribution of water repellent layers 

in major soils of the Netherlands, as distinguished by the Netherlands Soil 

Survey Institute; 

2) identify a standard technique for water repellency measurement; 

3) study and document the influence of land use and vegetation type on water 

repellency for major Dutch soils and determine its effect on wetting patterns, 

soil moisture variability and water flow. 
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