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Chapter 1 

Introduction 

Coen J. Ritsema* and Louis W. Dekker 
Alterra, Land Use and Soil Processes Team, Droevendaalsesteeg 3, Building 101, 6708 PB Wageningen, The Netherlands 

R e c e n t l y , it h a s b e c o m e c l ea r t ha t soi l w a t e r 

repel lency is m u c h more wide-spread than formerly 

thought . W a t e r repel lency has been repor ted in mos t 

cont inents of the wor ld for varying land uses and 

cl imatic condi t ions. Soil water repel lency often leads 

to severe runoff and eros ion, rap id l each ing of 

surface-applied agr ichemicals , and losses of water 

and nutrient availabil i ty for crops . At present , no 

o p t i m u m m a n a g e m e n t s t ra tegies exis t for wa te r 

repellent soils, focusing on min imiz ing envi ronmenta l 

risks whi le mainta in ing crop product ion. O n e of the 

reasons is that knowledge on water repel lent soils is 

scattered a m o n g researchers of different discipl ines 

working at different p laces throughout the world. 

T o p romote cross-discipl inary discussion and to 

obtain an integral v iew on m a n y aspects related to soil 

water repel lency, a three-days internat ional workshop 

had been organized at the D L O W i n a n d Staring 

Centre for Integrated Land, Soil and Wate r Research 

(now Alterra) on Sep tember 2 - 4 , 1998. T h e work-

shop w a s sponsored by severa l ins t i tu t ions and 

organiza t ions , and w a s a t t ended by a round 150 

part icipants or iginat ing from 14 countr ies . T h e book 

starts with a historial overv iew of water repel lency 

research by D e B a n o in chapter 2, fol lowed by seven 

themat ic sections cover ing 26 research chapters . 

In the first section deal ing wi th the the orgin of 

soil water repellency, two chapters are presented. In 

chapter 3, H o m e and Mc in tosh discuss extract ion 

Corresponding author. 
E-mail addresses: c.j.ritsema@alterra.wag-ur.nl (C.J. Ritsema), 
l.w.dekker@alterra.wag-ur.nl (L.W. Dekker) 

techniques , character isat ion me thods and proposed 

m e c h a n i s m s for w a t e r r e p e l l e n c y e x p r e s s i o n . 

F ranco et al. present results on the propert ies and 

chemica l character isat ion of natural water repel lent 

mater ia ls in Austra l ian sands in chapter 4. 

T h e second section covers chapters deal ing with 

the assessment of soil water repellency. In chapter 5, 

Letey et al. present an overv iew of approaches usable 

for character iz ing the degree of water repel lency. 

B a c h m a n n et al. in t roduce and apply a new sessile 

d rop contact angle me thod to assess the degree of 

water repel lency in chapter 6, and W a n g et al. 

descr ibe the water -en t ry va lue as an a l ternat ive 

indicator of soil water repel lency and wettabil i ty in 

chapter 7. 

Occurrence and hydrological implications of soil 

water repel lency are discussed in the third section of 

this book. Occurence of water repel lency is reported 

in South Africa by Scott (chapter 8), U S A and 

Co lombia by Jaramil lo et al. (chapter 9) , the Nether-

lands by Dekker et al., and Dekker and Ri t sema 

(chapters 10 and 15), Uni ted K i n g d o m by York and 

C a n a w a y (chapter 11), Spain by Mora l Garc ia et al. 

(chapter 12), Greece by Ziogas et al. (chapter 13), and 

Por tugal by Doer r and T h o m a s , and Ferreira et al. 

(chapters 14 and 16). Effects of the presence of water 

repel lent substances on soil charact is t ics , vegetat ion, 

infiltration, and mois ture distr ibution within the soil 

are i l lustrated by mos t of these authors . Shakesby et al. 

d iscuss the erosional impact of soil hydrophobici ty , 

and future research direct ions in chapter 17. 

T h e fourth sect ion of this book is devoted to the 

effect of fire on water repellency. D e B a n o presents a 

© 2003 Elsevier Science B.V. All rights reserved. 
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2 C.J. Ritsema andL.W. Dekker 

review on past and current work on the role of fire and 

soil heat ing on the inducement of water repel lency in 

wi ldland envi ronments (chapter 18). T h e effect of 

prescr ibed fire on actual infiltration rates in the field is 

highl ighted by Robichaud in chapter 19. 

Sect ion five deals with the physics and modeling of 

flow and transport in water repel lent soils. Bauters 

et al. present a general overv iew of the under ly ing 

physics of water repel lent soils in chapter 20. In an 

exper imenta l study, Clothier et al. i l lustrate the effect 

of the b reakdown of water repel lency on infiltration 

rates and solute transport in a soil from N e w Zea land 

(chapter 21) . W a n g et al. highlight the effects of soil 

water repel lency on water infiltration rates and the 

generat ion of flow instabili ty in the soil profile in 

chapter 22 . Nieber et al. present extens ive results of 

exper imenta l gravi ty-driven unstable flow in water 

repellent soils using a two-dimens iona l numer ica l 

s imula t ion mode l in chapter 2 3 . In chapter 24 , 

Ri t sema and Dekker show field ev idence and two-

dimensional model ing results of finger formation and 

finger recurrence in a water repel lent sandy soil, and, 

addit ionally, postulate an al ternative approach to 

i n c o r p o r a t e these p r o c e s s e s in o n e - d i m e n s i o n a l 

water flow and transport mode ls . 

Amelioration techniques and farming strategies to 

combat soil water repel lency are presented in the sixth 

sect ion. C a n n focuses on p r o m o t i n g sus ta inable 

agriculture in South Austral ia by clay spreading 

on water repellent sands (chapter 25) . Dekke r et al. 

discuss the effects of systematic surfactant appli-

cat ions on the amel iorat ion of soil water repel lency 

a n d soi l m o i s t u r e d i s t r i b u t i o n s ( c h a p t e r 2 6 ) . 

Blackwel l summar izes m a n a g e m e n t strategies for 

water repel lent soils in Austra l ia in chapter 27 , 

and discusses associated risks of preferential flow, 

pest ic ide concentra t ions and leaching. Abad i G h a d i m 

int roduces a who le farm b io-economic perspect ive for 

agricultural use of water repel lent soils in chapter 28 . 

Dekke r et al. conc lude the special issue wi th an 

ex tens ive b ib l iog raphy on soil wa te r r epe l l ency 

research, conta ining over more than 1000 references 

(chapter 29) . Addi t ional non water repel lent refer-

ences have been listed in Chapter 30. 

W e would l ike to express our sincere hope that this 

first book ever on soil water repel lency will act as a 

s t imulus for init iat ing further research on a broad 

range of topics related to water repel lent soil sys tems 

wor ld-wide . 
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Chapter 2 

Historical overview of soil water repellency 

L.F. DeBano 

Watershed Management, School of Renewable Natural Resources, University of Arizona, Tucson, AZ 85721, USA 

Abstrac t 

The purpose of this paper is to document some of the more important highlights of the research and historical aspects 

concerning soil water-repellency. This effort traces the evolut ion of interests and concerns in water repellency from basic 

studies in the nineteenth century to the earlier part of the 20th century and up to our current-day understanding of this subject. 

The interactions among different scientific disciplines, various manager-scientists efforts, and specific scientific and 

management concerns are presented chronological ly. This growing interest in water repellency generated an earlier conference 

in 1968 which was devoted exc lus ive ly to water repellency and has since initiated productive discussions and debate on water 

repellency during several peripherally related national and international conferences. The 1968 conference held in Riverside, 

California ( U S A ) , mainly involved scientists from the United States and Australia. Since this early conference, a large body of 

information has been published in a wide range of scientific discipl ines throughout the world. This worldwide attention has 

produced many recent research findings, which have improved the understanding of water-repellent soils , particularly of the 

dynamics of the water movement and redistribution in these unique systems. Intermingled with the effort in water repellency is 

a related, although somewhat separate, body of information dealing with soil aggregation and water harvesting, which are 

important for improving the productivity of fragile arid ecosys tems . A summary is presented of the literature on water 

repellency, showing changes in subject areas and national interests over time. 

1. Introduction 

Water repel lency has been a concern of both 

scientists and land managers for wel l over a century. 

Dur ing this t ime, the interest in water repel lency has 

evolved from an isolated scientific curiosi ty to an 

established field of science that is recognized wor ld-

wide . T h e wide range of topics d iscussed on this issue 

exemplify the range of interest in water repel lency. 

T h e purpose of this paper is to present a detai led 

overview of the research and inst i tut ional his tory of 

the field of water repel lency. This effort t races the 

evolut ion of knowledge and concerns about water 

repellency from the beginning of this century to our 

current-day unders tanding of this subject. T h e inter-

actions among different scientific discipl ines, var ious 

manager-sc ient is ts efforts, and specific scientific and 

m a n a g e m e n t concerns are presented both chronologi-

cally and by subject area content . 

2 . Information base 

T h e information used as the basis for this paper 

consis ted of: (1) an extens ive b ib l iography of over 

500 publ i shed papers report ing on var ious aspects of 

water repel lency; (2) a b ib l iography of over 200 

p u b l i s h e d p a p e r s w h i c h con t r ibu t ed in fo rmat ion 

directly related to the unders tanding of some of the 

basic physical , b iological , and chemica l p roces se s— 

the k ind of knowledge essential to the present level 

of unders tanding of water repel lency phenomena ; 

© 2003 Elsevier Science B.V. All rights reserved. 
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and (3) the personal knowledge gained by this author 

in over 30 years of interest and research in the field of 

water repel lency. T h e bibl iography of related litera-

ture was der ived main ly from impor tant ci tat ions 

in publ ished papers on water repel lency. This list 

cannot be c la imed to be comple te , but reflects the 

au thor ' s evaluat ion of the impor tance of individual 

ci tat ions and their contr ibut ions to the field. The 

papers cited in this paper represent only a sample of 

the entire b ibl iography used and the cited references 

were selected at the discret ion of the author. A 

comprehens ive b ib l iography is be ing publ ished sepa-

rately for those interested in a more comple te list of 

ci tat ions. 

T h e bibl iography descr ibed above was first exam-

ined chronological ly in order to identify changes in 

emphas is over t ime and to t rack the rise and fall of 

interest in different scientific and applied aspects of 

water repel lency. This review of l i terature was also 

used to identify the evolut ion of regional emphases on 

different research topics per ta ining to water repel-

lency. T h e final section of this paper summar izes the 

chronological deve lopment of the knowledge and the 

regional centers that were involved in water repel-

lency research at different t imes . 

3. A global perspective 

A s dur ing the evolut ion of many sciences, the 

earlier years p roduced only a few publicat ions and the 

numbers r ema ined low for several decades unti l 

interest and fundamental unders tanding accumula ted , 

after which the number s of publ icat ions mush roomed . 

Fig. 1 i l lustrates the number of papers publ ished 

dur ing different t ime per iods on water repel lency per 

se and in areas that cont r ibuted direct ly to the 

unders tanding of water repel lency. T h e total numbers 

t h e m s e l v e s are no t t oo i n f o r m a t i v e , bu t w h e n 

examined in detail they reveal some notewor thy 

landmarks and stages of deve lopment . T h e database 

provided the basis for identifying the overal l flow of 

information, the emphas i s of different topic areas, the 

reasons for the increased n u m b e r of publ icat ions , and 

the o v e r a l l e v o l u t i o n of the s c i e n c e of w a t e r 

repel lency. A m o r e detai led rev iew of the chronology 

of these publ icat ions and examples of important 
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publicat ions are presented be low within the f rame-

work of different decades . 

4. Chronological highlights 

The disciplines that provide the scientific and 

utili tarian basis for our current unders tanding of water 

repel lency are: firstly, the study of the impor tan t role 

of o rgan ic m a t t e r in ag r i cu l tu r a l s y s t e m s , a n d 

s e c o n d l y , t he k n o w l e d g e of s o i l - w a t e r - p l a n t 

relat ionships, part icularly the phys ics of soil water 

movement . The accumula t ion of knowledge in these 

two areas evolved both from academic curiosi ty and 

f rom the i m p o r t a n c e of o r g a n i c m a t t e r in the 

productivi ty of agricultural sys tems. These two areas 

of scientific inquiry cont inued to be keys tone sciences 

under lying the study of water repel lency p h e n o m e n a 

over the years and also appear as an integral part of 

many papers inc luded in this issue. 

4.1. The roots (pre-20th century) 

Interest in water repel lency p h e n o m e n a began wel l 

before the 20th century, a l though it was not identified 

as such. It is not the purpose of this paper to establish 

an irrefutable beginning point for the study of water 

repel lency, but instead to identify selected references 

found in the l i terature before 1900, which increased 

the awareness of organic mat ter (humus) and provided 

a basis for later studies of water repel lency that began 

in the early 20th century. A n examina t ion of the 

li terature before 1900 indicates that water repel lency 

was most ly associated wi th observat ions on organic 

mat ter and its decomposi t ion , part icularly where fungi 

were involved. 

Hum ic substances were first invest igated dur ing 

the later part of the 18th century w h e n Achard 

a t t emp ted to i so la te h u m i c subs t ances in 1786 

(Stevenson, 1994). DeSaussure in t roduced the word 

" h u m u s " in 1804 and humic acids were des ignated by 

Dobere iner in 1822. T h e first comprehens ive reports 

on the chemica l nature of h u m i c substances were 

writ ten be tween 1826 and 1862 (Stevenson, 1994). In 

the second half of the n ineteenth century, mos t of the 

reports were concerned wi th classifying products 

produced dur ing the decompos i t ion of organic sub-

stances (Kononova , 1961). By the end of the n ine-

teenth century, it was wel l es tabl ished that h u m u s was 

a complex mixture of organic substances that were 

most ly col loidal and had weak ly acidic propert ies 

(Stevenson, 1994). 

Studies on the fungal decompos i t ion of organic 

m a t t e r w e r e first r epo r t ed b y W a r i n g in 1837 

(as rev iewed by Bayl iss , 1911) and these reports 

were probably the first publ ica t ions that discussed the 

effect of m y c e l i u m growth on the ra te of absorpt ion 

of water by soil. These studies descr ibed a p h e n o m -

enon k n o w n as "fairy rings". T h e te rm "fairy ring" 

was used by early invest igators to descr ibe the 

a r rangement of p lants (usually grass or crop plants) 

in an approx imate ly c i rcular form, whe re p lant 

g rowth on the inside of the circle was st imulated. 

Ci rc les of ba re g round or concen t r i c zones of 

wi thered plants surrounded this inner circle of heal thy 

plants . These concentr ic r ings were attr ibuted to 

var ious natural and supernatural sources such as the 

paths created by dancing fairies, thunder , l ightning, 

whir lwinds , ants, moles , hays tacks , ur ine of animals , 

and so on. In m a n y cases the fairy ring p h e n o m e n a 

was so abundant locally that it mater ia l ly affected the 

yield of crops . A lmos t a half century later, quanti tat-

ive data were repor ted at Ro thams ted indicat ing that 

more soil mois ture was present in the heal thy ring of 

plants than either outs ide or inside it (Lawes et al., 

1883). Al though none of these pre-20th century 

publ icat ions used the t e rm "wate r repel lency" , it was 

obvious that m a n y of these earlier scientists were 

observing the p h e n o m e n o n of water repel lency as w e 

k n o w it today. 

Another bui ld ing block, wh ich would contr ibute to 

the unde r s t and ing of wa te r r epe l l ency , w a s the 

discipl ine of soil phys ics , wh ich was jus t starting to 

appear at the end of the n ineteenth century. T w o 

papers wri t ten by G e r m a n scientists during the last 

par t of the nineteenth century descr ibed the physics of 

air and water relat ionships in soils (Puchner , 1896) 

and the relat ionships be tween rainfall and s o i l - p l a n t 

s y s t e m s ( W o l l n y , 1890) . P h y s i c a l r e l a t i o n s h i p s 

descr ibing the cohes ive proper t ies of water had been 

publ ished m u c h earl ier (Young, 1805). 

4.2. Decades of awareness (from 1900 to 1919) 

Interes t in o rganic mat te r , par t icular ly h u m i c 

substances , cont inued into the earl ier part of the 20th 
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century. Start ing in 1908, Schre iner and Shorey 

(1910) init iated a series of studies to identify organic 

chemica ls conta ined in a California soil. Dur ing their 

invest igat ions of humic substances , they repor ted 

studying a soil that "could not be wetted, either by 

man , by rain, irrigation or m o v e m e n t of water from 

the subsoi l" (Schreiner and Shorey, 1910, p . 9) . 

Dur ing the earlier part of the 20th century the 

interest in "fairy r ing" phenomena cont inued. Bayliss 

(1911) reported on the fairy r ing p h e n o m e n a and cited 

measurements reported earlier by Mol l iard (1910) that 

s h o w e d tha t the soi l p r o l i f e r a t e d w i t h funga l 

myce l ium was compara t ive ly dry. T h e area occupied 

by the myce l ium conta ined only 5 - 7 % mois ture , 

compared to 2 1 % in the areas inside and outside the 

ring, which were not occupied by myce l ium. Bayl iss 

(1911) val idated that soils conta ining myce l ium were 

difficult to wet and cited an example where rain did 

not penetra te the soil in mycel ia- infested areas but 

penetra ted to a depth of 10 c m in the adjacent non-

mycel ia l areas. Measurement s of soil water content , 

associated with r ings formed by a fleshy fungus 

(Agaricus tabularis) that had infected grasslands in 

eastern Colorado (Schantz and Piemeise l , 1917), 

indicated that during the spring there were no diff-

erences in mois ture content be tween the mycel ia l and 

non-mycel ia l zones . After the soil had dried out in 

later summer , however , the mycel ia- infested soil rings 

did not permi t penetra t ion of water . As a result , large 

differences in soil water contents were found be tween 

the bare areas and the inner and outer vegeta ted rings, 

part icularly in the upper foot and early in the g rowing 

season. 

Dur ing these first two decades of the 20th century, 

soil physics and water use by plants began emerg ing 

as important sciences. A review of the few studies on 

soil water m o v e m e n t was publ ished (Buck ingham, 

1907) , as w a s a r e p o r t on the i m p o r t a n c e of 

transpirat ion in crop product ion (Kiesselbach, 1916). 

4.3. Decades of contemplation (from 1920 to 1939) 

T h e per iod be tween 1920 and 1939 wi tnessed the 

deve lopment of scientific knowledge in per ipheral 

discipl ines that later provided the basis for bet ter 

descr ibing soil water m o v e m e n t and the p h y s i c a l -

chemica l nature of wet t ing. Soil physicis ts (Zunker , 

1930; Richards , 1931) began quantifying the concept 

of water m o v e m e n t and the impor tance of capil lary 

forces on water in the soils. 

Interest was also developing in the methods of 

quantifying aggregate stability for erosion control 

studies (Middleton, 1930). One of the earlier me thods 

of quantifying erosion potential was based on the 

stability of soil aggregates to slaking when exposed to 

excess water (Yoder , 1936). T h e interest in the 

stability of aggregates to wet t ing cont inues today, 

a l though more sophist icated procedures are avai lable 

for assessing this characteris t ic . M o r e detai led studies 

on the stability of soil aggregates to wet t ing were also 

repor ted dur ing these two decades , part icularly as 

related to organic mat ter and microbia l processes 

(Kanivetz and Korneva , 1937; W a k s m a n , 1938). 

Dur ing these early decades of the 20th century, the 

p h y s i c a l - c h e m i c a l nature and the wet t ing of low 

surface tension solids (e.g. talcs, waxes and resins) 

were be ing invest igated from an industrial engineer-

ing perspect ive (Bartell and Zu idema , 1936; Wenze l , 

1936). 

Only two publ icat ions be tween 1920 and 1939 

were found that d iscussed water repel lency. These 

were : a report of resis tance to wet t ing in sands (Albert 

and Köhn , 1926), and a second report descr ibing 

the creat ion of " i ronclad" or artificial ca tchments 

(Kenyon, 1929). 

4.4. Decades of recognition (from 1940 to 1959) 

Between 1940 and 1959, publ ished papers report-

ing obse rva t ions on wa te r - r epe l l en t soils b e g a n 

appear ing in several scientific journa ls . Studies by 

Jamison (1946) showed that resis tance to wet t ing was 

affecting the product ivi ty of citrus orchards in Florida, 

U S A . E l sewhere in the world, V a n ' t W o u d t (1959) 

repor ted that organic part icle coat ings were affecting 

the wettabi l i ty of soils in N e w Zealand. T h e results of 

an invest igat ion on difficult-to-wet soils was also 

repor ted in the Nether lands (Domingo , 1950). Finally, 

in 1959, detai led microscopic examinat ions of the 

aggregat ing effect of microbiologica l filaments on the 

aggregat ion of sand grains were repor ted in Austra l ia 

(Bond, 1959). Al though water repel lency w a s not 

specifically men t ioned as be ing a factor in aggrega te 

stability, this initial publ icat ion was the beginning of a 
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ser ies of frui tful r e s e a r c h r e p o r t s a b o u t w a t e r 

repellency that was publ ished later by a g roup of 

Austral ian scientists (Bond, Emer son and others) 

during the 1960s and 1970s. 

Dur ing these two decades , interest in soil aggrega-

tion increased (Robinson and Page , 1950; Mar t in et al., 

1955). This interest included increasing the stability 

of clay soils (Childs, 1942) us ing synthetic polye lec-

trolytes to improve aggregat ion (Hedr ick and M o w r y , 

1952), and improving aggregat ion to decrease wind 

erosion (Chepil , 1958). T h e role of mic roorgan i sms in 

enhancing aggregat ion was gaining interest (Mart in 

and W a k s m a n , 1940; Swaby , 1949). M o l d s and algae 

were found to be part icularly effective agents for soil 

crusting (Fletcher and Mart in , 1948) and aggregat ion 

(Gilmour et al., 1948). 

A n interest in character iz ing contact angles also 

began emerg ing (Bike rman , 1941) a long wi th a 

cont inuing interest in the p h y s i c a l - c h e m i c a l process 

of wet t ing from an chemica l engineer ing perspect ive 

(Barr et al., 1948). A book on surface-active agents 

and detergents was publ ished near the end of these 

two decades (Schwartz et al., 1958). 

Both the theoret ical and appl ied d imens ions of 

water movemen t in soils were gaining closer atten-

tion. Theoret ical concepts be ing deve loped in soils 

included: describing capillari ty (Mil ler and Miller , 

1956); recognit ion of contact ang les ' role dur ing 

infiltration (Fletcher, 1949); soil water energet ics 

during infiltration (Bodman and Co lman , 1943); and 

the numerical solution of concentra t ion dependent 

diffusion equat ions (Philip, 1957). Dur ing this same 

period, viscous flow was descr ibed in porous med ia 

(Chouke et al., 1959) and in the H e l e - S h a w cell 

(Saffman and Taylor , 1958). These theoret ical devel -

opments served as the basis for a m o r e comprehens ive 

approach to descr ibing water m o v e m e n t in hard- to-

wet soil sys tems dur ing the fo l lowing d e c a d e s . 

Appl ied research was done on the effect of plants on 

interception, stemflow, and ground rainfall (Specht , 

1957) and the effect of profile characteris t ics (Hursh 

and Hoover , 1941) and roots (Gaiser , 1952) on 

hydrologie processes in forest soils. Infiltration into 

soils found in w i ld l and e n v i r o n m e n t s w a s a lso 

attracting attention, part icular ly in soils that had 

been exposed to wildfires (Scott and Burgy , 1956). 

Water repel lency was also starting to be ut i l ized for 

beneficial uses , including its use for water harves t ing 

where paved dra inage basins provided a source of 

water for l ivestock or g a m e (Humphrey and Shaw, 

1957), its appl icat ion as mois ture , thermal and electric 

insulator dur ing h ighway construct ion (Kolyasev and 

Holodov , 1958), and its potent ia l for decreasing soil 

water evaporat ion (Lemon, 1956). 

4.5. Decade of renewed interest (from 1960 to 1969) 

T h e decade of the 1960s wi tnessed a flurry of 

interest in soil water- repel lency and in related fields. 

A s a result, several mi les tone publ icat ions appeared 

dur ing this decade , in addi t ion to a substant ia l 

increase in the knowledge about water repel lency in 

soils and related fields. 

4.5.1. Significant milestones 

T h e first mi les tone was represented by a surge in 

the number of scientific papers , pr imari ly by scientists 

in Austra l ia and the Uni ted States, on a wide range of 

topics concerning water repel lency. Be tween 1960 

and 1970, over 90 publ icat ions deal ing with various 

aspects of water repel lency were publ ished (Fig. 1), 

wi th about one-third of these publ icat ions appear ing 

in the proceedings of the first internat ional conference 

at Rivers ide , C A in 1968 (DeBano and Letey, 1969). 

A n addit ion of 31 publ icat ions report ing scientific 

findings r e l a t e d to w a t e r r e p e l l e n c y w e r e a l so 

publ ished dur ing this decade . 

A second significant mi les tone during this decade 

w a s the d e v e l o p m e n t of p h y s i c a l m e t h o d s for 

character iz ing soil water- repel lency us ing contact 

angle methodology . In 1962, Le tey and coworkers at 

the Univers i ty of California, L o s Ange les publ ished 

two significant papers , one descr ibing the measure -

men t of l i q u i d - s o l i d contact angles in soil and sand 

(Letey et al., 1962a), and a second descr ibing the 

influence of w a t e r - s o l i d contact angles on water 

m o v e m e n t in soil (Le tey et al . , 1962b) . T h e s e 

publ icat ions were closely fol lowed in 1963 by a 

publ icat ion by E mer s o n and B o n d (1963) , work ing in 

Austral ia , w h o descr ibed a technique of using the rate 

of water entry into dry sand to calculate the advancing 

contact angle . 

A third mi les tone was the summary and synthesis of 

all avai lable knowledge of water repel lency conducted 

dur ing the 1960s a long wi th earl ier findings. This 

formed the basis for discussion a m o n g interested 



8 L.F. DeBano 

scientists at the first in ternat ional conference on 

water repel lency held in M a y 1968 at the Univers i ty 

of California, Rivers ide, U S A (DeBano and Letey, 

1969). Thir ty-one presentat ions cover ing a wide range 

of topics concerning water repel lency were discussed 

at this conference. Specific presentat ions included: 

physics of water m o v e m e n t through soil, distr ibution 

of water repel lency in different ecosys tems, theoret ical 

and practical implicat ions of surface-active agents 

(particularly wet t ing agents) , factors responsible for 

water repel lency (microorganisms and wi ldland fires), 

water harvest ing, me thods of measur ing water repel-

lency, and soil erosion processes . 

4.5.2. Other advances in water repellency 

T h e a c c u m u l a t i o n of k n o w l e d g e abou t wa te r 

repel lency and its t rea tment had accumula ted to such 

an extent during the 1960s that synthesis papers were 

beginning to be publ ished. Impor tant summary papers 

included a state-of-the art publ icat ion on soil wett-

ability and wet t ing agents (DeBano et al., 1967), 

and a separate review descr ibing the chemis t ry of 

surface-active agents (Black, 1969). In addit ion to the 

synthesis papers , significant papers appeared descr ib-

ing: use of we t t ing agents to ame l io ra t e wa te r 

repel lency; identification of fire-induced water repel-

lency as a contr ibutor to postfire erosion; interrelat ion-

ships among organic matter , soil microorgan isms and 

water repel lency; and better definition of the role of 

l i q u i d - s o l i d contact angles in water movemen t . 

T h e use of wet t ing agents to increase infiltration 

and enhance water m o v e m e n t in water-repel lent soils 

at tracted considerable at tent ion dur ing the 1960s 

(Letey et al., 1961 ; Wat son et al., 1969). Part icularly 

noteworthy was a group of scientists and cooperators 

at the Univers i ty of R ive r s ide w h o s tudied the 

usefulness of wet t ing agents for irr igating water-

repel lent soils (Letey et al. , 1962c) , es tabl ished 

guidel ines and techniques for us ing nonionic wet t ing 

agents (Letey et al., 1963), and evaluated the long-

evity of wet t ing agents (Osborn et al., 1969a). This 

interest in wet t ing agents expanded to their use for 

reducing postfire erosion (Osborn et al., 1964b) and 

enhancing turf grass growth (Morgan et al., 1967). 

Also , several studies were publ ished about the effects 

of surfactants on plant growth (Parr and Norman , 

1965) and seed germinat ion (Osborn et al., 1967). 

T h e increased use of surfactants also p rompted an 

evaluat ion of their effect on soil aggregat ion (Mustafa 

and Letey , 1969). 

Large increases in water erosion fol lowing wild-

fires had been a long-s tanding concern in southern 

California, U S A , part icular ly in the Los Angles Basin. 

Research showed that water repel lency on these 

erosive watersheds was intensified by the soil heat ing 

occurr ing dur ing a fire (DeBano and K r a m m e s , 1966). 

T h e decrease in infiltration due to water repel lency 

had been over looked previously by these watershed 

invest igators ( K r a m m e s and D e B a n o , 1965), because 

it was assumed that the decreased infiltration after fire 

resul ted pr imari ly from the loss of a protect ive plant 

cover and the p lugging of soil pores with ashy res idue 

remain ing on the soil surface. Awareness of fire-

induced water repel lency in other wi ldland environ-

ments in the Uni ted States was quickly reported by 

other invest igators: in forested envi ronments of the 

Sierra Nevada of Nevada and California (Hussain 

et al., 1969) and in many vegeta t ion types throughout 

the western Uni ted States (DeBano , 1969a). T h e 

relat ionships a m o n g soil fungi, soil heat ing, and water 

repel lency were also demons t ra ted (Savage et al., 

1969b). 

A keen interest in the re la t ionships a m o n g organic 

matter , soil mic roorgan isms , and water repel lency 

a lso d e v e l o p e d du r ing the 1960s . In Aus t ra l i a , 

r e s e a r c h i n q u i r i e s in to the effect of m i c r o b i a l 

filaments on soil propert ies were gaining m o m e n t u m 

(Bond, 1962). Field studies on water repel lent sandy 

soils (Bond, 1964) revealed that f i lamentous algae and 

fungi were responsible for the water repel lency (Bond 

and Harr is , 1964). In the Uni ted States, the product ion 

of water repel lency by fungi was also confirmed 

(Savage et al., 1969b), and the roles of humic acids 

and polysacchar ides were evaluated (Savage et al., 

1969a). 

T h e use of hydrophobic mater ia ls for harvest ing 

rainfall (water harvest ing) attracted substantial inter-

est, part icular ly in arid regions of the western Uni ted 

States. W a t e r harvest ing interests were summar ized 

in reviews, including a descript ion of waterproofing 

soil to collect precipi ta t ion (Myers and Frasier, 1969) 

and a comprehens ive book on waterproofing and 

water repel lency (Moill iet , 1963). A better under-

s tanding was also evolv ing of the chemis t ry of 
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a variety of synthetic substances that could m a k e soils 

hydrophobic and of their effect on soil physica l 

propert ies (Bozer et al., 1969). 

Character iz ing water repel lency and the effect of 

hydrophobic substances on water m o v e m e n t was the 

focus of several studies. In addi t ion to the p ioneer ing 

publ icat ions on contact angle me thodo logy descr ibed 

above, fundamental re la t ionships be tween contact 

angles of wate r and saturated hydroca rbons and 

exchangeable cat ions were repor ted (Cervenka et al., 

1968). Addi t ional techniques for character iz ing water 

repel lency in soils were also reported, inc luding 

m e a s u r e m e n t s of l i q u i d - s o l i d c o n t a c t a n g l e s 

(Emerson and Bond , 1963; Yuan and H a m m o n d , 

1968). Studies on soil water m o v e m e n t in hydro-

phobic soils consis ted of de te rmining the influence of 

wet t ing on the l iquid wa t e r m o v e m e n t in sand 

(V ladychensk iy and Ryb ina , 1965) , the ro le of 

capil lary m o v e m e n t in soils (Wladi tchensky, 1966; 

Rybina , 1967), and the processes of water m o v e m e n t 

t h r o u g h w a t e r - r e p e l l e n t soi ls ( D e B a n o , 1969b) , 

including layered systems (Mansel l , 1969). 

Fundamen ta l informat ion on wate r m o v e m e n t in 

layered sys tems was be ing acquired (Miller and 

Gardner , 1962). There was also cont inued interest in 

the more theoret ical aspects of growth by fingers in 

H e l e - S h a w cells (Wooding , 1969). Other important 

theoret ical topics studied dur ing this decade included: 

deve lopment of stability theory for miscible l i q u i d -

l iquid d isp lacements (Elrick and French, 1966); a 

bet ter unders tanding of capil lary flow (Waldron et al., 

1961); contact angle hysteresis (Johnson and Det t re , 

1964) and equil ibria (Zisman, 1964); and the l inkage 

b e t w e e n inf i l t ra t ion in s and a n d g r o u n d w a t e r 

recharge (Smith, 1967). T h e use of surface-active 

mater ia ls (nonionic surfactants, fatty a lcohols , hexa-

deconal) was found to suppress evaporat ion (Law, 

1964) and to alter soil water diffusivity (Gardner, 

1969). T w o comprehens ive rev iews were publ ished 

dur ing this decade , one on soil water theory (Childs, 

1967) and a second on contact angle wettabil i ty and 

adhesion (Gould, 1964). 

4.6. Decade of spinoffs (from 1970 to 1979) 

4.5.3. Related scientific inquiry 

Numerous publ icat ions also appeared dur ing this 

decade that contr ibuted fundamental knowledge in 

fields related to water repel lency. A comprehens ive 

synthesis of information on the dynamics of aggrega-

tion was publ ished (Harris et al., 1966) in addit ion to a 

classification of aggregates based on their coherence 

in water (Emerson, 1967). T h e role of mic roorgan isms 

and their byproducts on soil structure stabil ization 

was the focus of some papers (Bond and Harr is , 1964; 

Harris et al., 1964). Polysacchar ides were found to 

play an important role in stabil izing natural aggre-

gates (Acton et al., 1963). Synthet ic substances such 

as 4- ter t -butylpyrocatechol were also evaluated for 

their effectiveness in enhanc ing soil structural s tab-

ility (Hemwal l and Bozer , 1964). Synthet ic soil 

condi t ioners were also used to enhance infiltration 

and reduce erosion (Kijne, 1967). 

Basic information that later contr ibuted to under-

standing water m o v e m e n t in soils began emerg ing 

during the 1960s, and provided the basis for descr ib-

ing better the water m o v e m e n t in water repel lent 

systems during the fol lowing decades . T h e theoret ical 

basis for descr ibing infiltration that was deve loped 

during the 1950s was summar ized (Phil ip, 1969). 

Dur ing the 1970s, over 130 papers were publ ished 

on va r ious aspec t s of wa te r r epe l l ency and an 

addit ional 55 publ icat ions on closely related subject 

mat ter (Fig. 1). M a n y of the publ icat ions of this 

decade clearly reflected the spinoffs arising from the 

information repor ted at the 1968 conference. 

4.6.1. Understanding water repellency 

T h e interest in water repel lency and its m a n a g e m e n t 

impl ica t ions began to attract wor ldwide attention. In 

the Uni ted States water-repel lent soils were reported 

in: deser t shrub communi t i e s in the Amer i can South-

west (Adams et al., 1970); granit ic forest soils in the 

S ie r ra M o u n t a i n s of the w e s t e r n U n i t e d S ta tes 

( M e e u w i g , 1 9 7 1 a ) ; p i n y o n - j u n i p e r w o o d l a n d s 

(Scholl , 1971), chaparral (Scholl , 1975), and ponder-

osa p ine forests (Zwol inski , 1971 ; Campbe l l et al., 

1977) in Ar izona; mixed conifer forests in California 

(Agee , 1979); sagebrush-grass communi t i e s in the 

western Uni ted States (Salih et al., 1973); the high 

Cascade Mounta ins in the nor thwestern Uni ted States 

(Dyrness , 1976); coal mine spoils of N e w Mex ico 

(Miyamoto et al., 1977); and forest soils in upper 

M i c h i g a n ( R e e d e r and J u r g e n s e n , 1979) and in 

Wiscons in (Richardson and Hole , 1978). E lsewhere 
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in the wor ld , wa te r r epe l l ency was repor ted in: 

Austra l ia (Roberts and Carbon, 1971), Egypt (Bishay 

and Bakhat i , 1976), India (Das and Das , 1972), Japan 

(Nakaya et al., 1977a), Nepa l (Chakrabart i , 1971), 

Mal i (Rietveld, 1978), and N e w Zea land (John, 1978). 

T h e m a n a g e m e n t concerns focused pr imari ly on the 

effect water repel lency had on plant growth, including: 

the "fairy r ing" p h e n o m e n o n (Stone and Thorp , 1971), 

impacts on the product ion of bar ley (Bond, 1972a), and 

non-wet tab le spots on golf greens (Miller and Wi lk-

inson, 1977). 

Other interests in water repel lency during the 

1970s were similar to those during the 1960s and 

addit ional research cont inued to be conducted on: 

using wet t ing agents for remedia l t reatments , fire-

induced water repel lency, water harvest ing, charac-

terizing water repel lency, and soil water movement . 

4.6.2. Remedial treatments 

T h e use of wet t ing agents and other remedia l 

t e chn iques con t inued to cap tu re the in teres t of 

scientists s tudying techniques for amel iorat ing water 

repel lency during this decade . T h e addit ion of cores 

containing a loam soil to water repel lent sands was 

found to increase the overal l infiltration rates into 

sandy soils in Austral ia (Bond, 1978). Chemica l 

remedia l t reatments , however , cont inued to receive 

mos t of the at tention in treating water-repel lent soils. 

The unders tanding of wet t ing agents and/or surfac-

tants chal lenged both scientists and managers . Note -

worthy publ icat ions descr ibing the basic functioning 

of wet t ing agents in soils included the fol lowing 

topics: factors responsible for increasing the effec-

t iveness of wet t ing agents (Mustafa and Letey, 1970), 

quantifying their effect on penetrabi l i ty and diffusiv-

ity relat ionships in soils (Mustafa and Letey, 1971), 

evaluat ing their m o v e m e n t and leaching through 

wet tab le and water- repel lent soils (Mil ler et al., 

1975), and assessing their effect on pest ic ide mobi l i ty 

in the soil (Huggenberger et al., 1973). A major 

conce rn w a s the effect of surfac tants on p lan t 

physiology which led to studies that addressed their 

effects on: seed germinat ion (Burr idge and Jorgensen, 

1971); plant cells (Haapala, 1970); growth, porosi ty, 

and uptake by bar ley roots (Valoras et al., 1974a); and 

the g e r m i n a t i o n a n d shoo t g r o w t h of g r a s s e s 

(Miyamoto and Bird, 1978). 

Concurren t wi th the basic studies on wet t ing agents 

descr ibed above were several reports which empha-

sized their overal l appl icat ion (Letey, 1975) and their 

special ized uses in forestry (DeBano and Rice , 1973), 

including erosion reduct ion (Valoras et al., 1974b). 

T h e success of us ing wet t ing agents to r emedy water 

repel lency encountered in field situations was vari-

able. In one study, the use of wet t ing agents improved 

infiltration into water-repel lent coal mine spoils to a 

l imited degree (Miyamoto , 1978). A n effort to use 

operat ional- level wet t ing agent t reatments to reduce 

soil eros ion on burned watersheds was not successful, 

howeve r (Rice and Osborn, 1970). 

T w o impor tant synthesis publ icat ions on surfac-

tants were also publ ished dur ing this decade : a state-

of-the-art rev iew of soil water- repel lency and the use 

of nonionic wet t ing agents (Letey et al., 1975) and a 

book descr ibing the fundamenta l relat ionships of 

surfactants to interfacial p h e n o m e n a (Rosen, 1978). 

4.6.3. Fire-induced water repellency 

A be t te r u n d e r s t a n d i n g of fire-induced wa te r 

repel lency (Savage, 1974; D e B a n o et al., 1976) and 

its impor tance in postfire eros ion on watersheds 

(Megahan and Moli tor , 1975) were subjects of act ive 

research dur ing the 1970s. Fi re- induced water repel-

l ency w a s a lso r epo r t ed in different s i tua t ions , 

including: under campfires (Fenn et al., 1976); under 

pi les of burned logs (DeByle , 1973), and in the upper 

soil layers dur ing prescr ibed fires in mixed conifer 

forests (Agee , 1979). T h e author and others present a 

m o r e d e t a i l e d d i s c u s s i o n of fire-induced w a t e r 

repel lency and its erosional consequences e lsewhere 

in this issue. 

4.6.4. Water harvesting 

T h e use of water repel lency principles provided the 

basis for the rapid expans ion of water harvest ing 

technology dur ing the 1970s. Over a dozen publ ished 

papers deal t wi th different aspects of water harvest ing, 

including: developing the technology of bonding water 

repel lent films to soil part icles (Frasier and Meyers , 

1972), assessing the resis tance of organo-fi lm-coated 

soils to infiltration (Fink, 1970), uti l izing wax- t rea ted 

soils for water harvest ing (Fink, 1977), deve lop ing 

laboratory evaluat ion techniques (Fink, 1976), asses-

sing freeze-thaw effects on soils t reated for water 

repel lency (Fink and Mitchel l , 1975), es tabl ishing 
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water harves t ing efficiencies for different surface 

t reatments (Rauzi et al., 1973), ut i l izing water harvest-

ing as a reforestat ion tool (Mehd izadeh et al., 1978). 

T w o major efforts to synthesize informat ion on 

water harvest ing occurred dur ing the 1970s. First, a 

state-of-the-art synthesis on water harvest ing was 

publ ished (Cooley et al., 1975). T h e second effort was 

the convening of an internat ional water harves t ing 

conference held in Phoenix , Ar izona in 1974 (Frasier, 

1975). This conference p roduced numerous papers on 

all aspects of water harvest ing. 

4.6.5. Characterizing water repellency 

Major advances in character iz ing both the phys ica l 

and chemica l nature of water repel lency occurred 

during the 1970s. Invest igat ion of physica l effects was 

conce rned wi th assess ing those factors affecting 

wet t ing p h e n o m e n a , wh i l e the s tudies invo lv ing 

chemica l character izat ion of water repel lency focused 

on humic acids and their interact ions with var ious 

substances, including soils. 

D e t a i l e d s tud ies w e r e r e p o r t e d on p r o p o s e d 

techniques for physical ly character iz ing water repel -

lency in terms of: wet t ing coefficients (Bahrani et al., 

1970) , surface roughnes s (Bond and H a m m o n d , 

1970), and l iquid-surface tension and l i q u i d - s o l i d 

contact angles during l iquid entry into porous med ia 

(Watson et al., 1971). Indices for character iz ing 

wa te r r epe l l ency w e r e d e v e l o p e d u s i n g con tac t 

a n g l e - s u r f a c e tens ion re la t ionships (Wa t son and 

Letey, 1970) and s o l i d - a i r surface tensions of porous 

media (Miyamoto and Letey , 1971). Concerns about 

the l imitat ions of scal ing w h e n us ing contact angles 

also emerged (Phil ip, 1971 ; Par lange , 1974). 

A be t t e r u n d e r s t a n d i n g of the c h e m i s t r y of 

hydrophobic substances responsible for water repel -

lency and their interact ions wi th other substances 

was gained dur ing this decade . A comprehens ive 

book on the chemis t ry of natural waxes appeared 

(Kolat tukady, 1976). Deta i led studies repor ted on the 

adsorpt ion of water by soil humic substances (Chen 

and Schnitzer, 1976) and on the surface tensions of 

aqueous solutions of soil humic substances (Chen and 

Schnitzer, 1978). A me thod was deve loped to quantify 

hydrophobic sites on soil minera ls us ing al iphatic 

a lcohols ( T s c h a p e k and W a s o w k i , 1976b) . T h e 

wettability of different natural substances was be ing 

character ized, including that of humic acid and its 

salts (Tschapek et al., 1973) and of zeoli tes (Chen, 

1976). 

4.6.6. Water movement 

Dur ing this decade m o r e was be ing learned about 

the effect of hydrophobic substances on soil water 

m o v e m e n t d u r i n g inf i l t ra t ion a n d e v a p o r a t i o n 

(DeBano , 1975). T h e beneficial use of water repel-

lency to save water (Hillel and Berl iner , 1974), 

part icularly by reducing the capil lary rise of water to 

the soil surface where it was evaporated (Hergenhan, 

1972), and to reduce fertilizer leaching (Snyder and 

Ozaki , 1974) also ga ined at tention dur ing the 1970s. 

4.6.7. Related research 

Interest in the interrelat ionships a m o n g aggrega-

t ion , soil s t ruc tu re , a n d w a t e r r e p e l l e n c y w a s 

galvanized during the 1970s, when a conference 

was held in Las Vegas , Nevada , U S A , under the 

sponsorship of the Soil Science Society of Amer ica , 

deal ing specifically wi th "Exper imenta l Methods and 

Uses of Soil Condi t ioners" (Stewart et al., 1975). 

Th i s conference cons ide red soil s tabi l izat ion to 

control wind and water erosion, structural improve-

men t of sodic and clay soils, water harvest ing, soil 

condi t ioning wi th bentoni te , water repel lency (water 

movemen t , fire-induced water repel lency) , the role of 

organic mat ter and other natural mulches (e.g. bark) 

to improve soil s tructure, and the use of synthetic 

mater ia l such as b i tumen emuls ion and Polyacryl-

amide for soil stabil ization. This conference did 

m u c h to l ink strongly an independent l ine of investi-

gat ions on soil structure and condi t ioners to those 

be ing conducted on water repel lency phenomena . 

Other impor tant publ ica t ions on aggregat ion also 

were publ ished dur ing the 1970s. Fundamenta l work 

on cement ing substances of iron and a luminum on soil 

aggregates was be ing publ ished in Italy b y Giovannini 

and Sequi (1976b) and interest cont inued about the 

role of mic roo rgan i sms in s tabi l izing aggrega tes 

(Aspiras et al., 1971b). A book on modification 

of soil s tructure, inc luding chapters on aggregate 

fo rma t ion and s tab i l iza t ion , w a s a lso pub l i shed 

(Emerson et al., 1978). 

Impor tan t theoret ical efforts by soil physicis ts 

began identifying m o r e realistic mode l s for descr ibing 

soil water m o v e m e n t in water repel lent systems. 


