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WOORDJE VAN DANK

 
Kijk: hier is het dan. Mijn doctoraat, mijn zoveelste uitdaging. Dat ik dol ben op 
uitdagingen weet iedereen wel: omhoog klimmen langs minuscule richeltjes boven 
gapende leegtes, kayakken op wild bruisende rivieren, in volle vaart naar beneden zoeven 
op ski's of mountainbike... Iedere uitdaging is een verhaal op zich. En ook met m'n 
doctoraat was het niet anders.  

De voorbereiding 

De kiem van m'n doctoraat begon eigenlijk al te groeien in de middelbare school. Na mij 
zes jaar lang te hebben vastgebeten in vreemde archaïsche woordjes (Latijn en Grieks), 
wou ik mijn tanden wel eens in wat anders zetten en koos ik uiteindelijk voor hogere 
studies wetenschappen (Geografie) – toen at ik nog graag wortelen. Misschien een 
vreemde keuze, maar het lukte, ook al was mijn rugzak met wetenschappelijke bagage op 
dat moment nog erg leeg. Tijdens mijn studies Geografie en Milieubeheer vulde de 
rugzak zich geleidelijkaan tot ik al het nodige materiaal mee had om aan een volgende 
expeditie te beginnen. Het was op aanraden van mijn promotor Jean Poesen (en co-
promotor Gerard Govers) dat ik de bergtocht van het WEV (Wortel-Erosie-Vraagstuk) 
aanvatte, een ogenschijnlijk makkelijk te beklimmen berg maar met vele doodlopende 
couloirs, ettelijke misleidende voortoppen en vaak onvoorspelbare blitse weersomslagen.  
Gelukkig werd het geen één-mans-expeditie. Ik werd immers gesponsord door het FWO 
en het IWT, en het ATP verzorgde de logistieke kant van de tocht. Mijn ouders, vrienden 
en familie schonken me, zoals steeds, het volste vertrouwen in het welslagen van mijn 
expeditie. Ik knoopte wijze raad van m'n voorgangers en begeleiders in m'n oren. En na 
het gedetailleerd bestuderen van de relevante stafkaarten en het opstellen van mijn 
marsplan kon ik er echt aan beginnen. Nog een snelle knuffel en schouderklop, een lach 
en een zwaai achterom ... en de expeditie liep van start! 
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De aanloop 

De aanloop naar de top van de WEV-berg leek belachelijk eenvoudig: ik mocht met 
water en modder beginnen spelen. Want zo omschreven ettelijke buitenstaanders mijn 
tocht. Hoe leg je immers aan niet-wetenschappers uit waarmee je bezig bent? Meestal kan 
je ze wel aan het verstand brengen dat je de aardrijkskundige tour bent opgegaan omdat 
je zo graag buiten in de natuur vertoeft. Maar waarom je dan ontelbare uren in het labo 
met je neus boven een modderige bak met water en wortels hebt gehangen, dat gaat er 
meestal minder goed in. Gelukkig waren er de koffiepauzes om die lange, vaak saaie uren 
boven het water-modder-mengsel even te onderbreken. Die rustpauzes tussen de leden 
van het labo en – vooral – de begeleidende tussendoortjes verschaften me weer de nodige 
energie om verder te trekken. De top was immers nog niet in zicht. 

De beklimming 

Op het moment dat het terrein plots veel steiler werd, sloeg het weer ook onverwacht om: 
eerst mist, dan regen, en even later sneeuw en vrieskou. Ze waren ook vaak mijn 
bondgenoten tijdens het veldwerk buiten. Het gebeurt immers hoogstzelden dat ravijnen 
bij azuurblauwe hemel worden gevormd. Hierbij wil ik ook iedereen bedanken die me 
zonder morren hun vierwieler uitleenden – ook al kregen ze deze nadien gegarandeerd in 
een camouflage-kleurtje terug. Mijn grote rugzak kwam bij dat veldwerk ook goed van 
pas: zo sleepte ik ongeveer drie ton bodemstalen naar het labo. Mede dankzij de helpende 
handen van vele labo-bewoners werd het gewicht van deze zware last over verschillende 
rugzakken verdeeld.  
Maar toen ik met dit extra gewicht in m'n rugzak de bergstroompjes van ijskoud 
smeltwater probeerde over te steken, geraakte ik ettelijke keren uit balans en kon ik met 
een nat en koud pak verder. Het water stroomde immers steeds met veel gespetter naar 
beneden tijdens de honderden experimenten op de stalen in de stroomgoot onder het 
afdak. En als het me dan toch gelukt was om het meeste van dit water in emmers op te 
vangen in plaats van in mijn schoenen, mocht ik die duizenden liters water en sediment 
van onder het afdak tot in het labo versjouwen. Ook hierbij dank aan iedereen die wel 
eens een emmertje water mee hielp dragen.  
Net op het moment dat mijn ijskoude voeten weigerden nog een stap te verzetten, brak de 
zon plots door de wolken en kwam ik op een alpenwei vol geurig, rijp graan terecht. 
Daar, in de verzengende hitte, diep verscholen tussen de graanstengels, belaagd door 
spinnen en dazen, knipte ik eigenhandig twee volledige aren kaal. Wie na mij kwam zal 
z'n wenkbrauwen wel hebben gefronst bij het zien van die vreemde, buitenaards 
aandoende patronen in het graanveld. Ook dit was slechts mogelijk dankzij de inzet van 
de vele landbouwers die bereid waren om delen van hun akker in te zaaien zoals ik het 
wilde – en die me op hun beurt uitlachten als ik weer eens met de auto vast zat in de 
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modder, of metersdiepe putten aan het graven was bij een temperatuur van meer dan 30°, 
of met een hamer op mijn vingers klopte. 

De top 

Ik kon het me niet veroorloven lang te dralen op die warme alpenwei. De zon stond al 
hoog in de hemel, en de top was nog steeds niet in zicht. Het pad kronkelde zich steil 
tussen de bemoste rotsen omhoog. Na een snelle positiebepaling op de kaart ging ik een 
wegschietende troep gemzen achterna. Rotsen maakten plaats voor sneeuw en ijs… en 
plots stond ik er. Op de top. Groot was de ontgoocheling toen bleek dat ik slechts op een 
voortop stond! Ik moest onderweg ergens fout gelopen zijn, want de echte top lag een 
eind verder. Met tegenzin daalde ik terug af tot op de col, langsheen een extra reeks 
experimenten, metingen en testjes totdat ik weer op het goede pad terechtkwam. Nu kon 
het niet meer fout gaan. Een laatste spurtje, en ik stond op de top! 
Maar iedere goede bergsporter weet dat een expeditie pas volbracht is, als je na het 
bereiken van de top ook nog heelhuids beneden geraakt. Ik mocht dan wel alle data 
verzameld hebben, nu moest ik uit die puinhoop een zinnig verhaal kunnen opmaken. En 
dat verhaal nog eens bewijzen ook! 

De afdaling 

De beschrijving van de route omlaag was wel erg summier in mijn berggidsje. Het kwam 
erop neer dat ik mijn weg moest zoeken via trial-and-error. Paden die goed begaanbaar 
leken, liepen steevast dood op loodrechte rotswanden of verijsde couloirs waar 
steenlawines naar beneden suisden. Vol onbegrip moest ik telkenmale mijn route 
opnieuw berekenen. Al snel werd het me duidelijk dat ik nooit dezelfde dag weer 
beneden zou geraken. Gelukkig was er volgens mijn kaart een bivakhut in de buurt. De 
maan stond al aan de hemel toen ik deze bereikte. Opgelucht zwierde ik de deur open, 
klaar om de eerste versie van mijn avonturen te vertellen. Maar de huttenwirt trok meteen 
aan mijn oren: dat ik onderweg fouten had gemaakt, geen rekening had gehouden met 
bepaalde factoren, verkeerde pistes had gevolgd. Andere alpinisten die om hem heen 
waren komen staan, knikten instemmend. Ik keek hen ietwat verbaasd aan, maar achteraf 
bekeken hadden ze gelijk. Uit hun woorden klonk gewoon jarenlang gegroeide passie 
voor de berg. Vanuit de hut hadden ze zicht op de berg in zijn geheel, terwijl ik me 
onderweg vaak suf had gestaard op de individuele rotsen onder mijn voeten om mijn weg 
te vinden. Mede dankzij hun hulp slaagde ik erin de volgende dag zonder al te veel 
omwegen veilig af te dalen tot in de vallei. Daar werd ik opgewacht door iedereen die 
steeds in me waren blijven geloven, en kon ik trots mijn verhaal beginnen vertellen. 
Bedankt dus aan alle juryleden die mijn lawine woorden kritisch bekeken en me steunden 
om er een echte berg van te maken – en me van mijn oranje-wortelverslaving af hielpen. 
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CHAPTER ONE

INTRODUCTION

1.1 Background 

From the moment humans started cultivating the land, erosion of soil by wind and water 
increased to rates often considerably in excess of soil formation rates. The use of heavy 
machinery and the creation of larger field parcel sizes have accelerated the human-
induced soil erosion problem. According to the GLASOD study (Global Assessment of 
Soil Degradation: Oldeman et al., 1991), which reflects the present status of human-
induced soil degradation, about 1.9 billion ha (15%) are irreversibly degraded by soil 
erosion processes on a world-wide basis. Human-induced soil degradation affects about 
220 million ha or 23% of European soil. Soil erosion became a major global 
environmental issue and soil erosion control is now a necessity in almost every country of 
the world, under virtually every type of agricultural land use (Morgan, 1996).  

Soil erosion is defined as the process whereby soil particles are detached and transported 
by moving agents like water, wind and tillage practices (Poesen en Govers, 1994). On a 
global as well as on a European scale, water erosion is by far the most important land 
degradation process (Oldeman et al., 1990). Losses of 30-40 ton ha-1 in individual storms 
that may happen once every one or two years are measured regularly in the European 
Union, with losses of more than 100 ton ha-1 during extreme events (Van Lynden, 1994). 
Soil erosion by water is definitely a threat for farmers and municipalities in the hilly 
landscapes of western and central Europe, which are covered by an often relatively thin 
mantle of highly erodible loess-derived silt loam. Where slopes are steep, runoff typically 
causes rills and gullies (= concentrated flow channels) to form. Rills are continuous 
channels of small width and shallow depth and can be obliterated by ploughing or 
weathering of the surface (Morgan, 1996) (Fig. 1.1). Gullies are wider, deeper and 
generally more permanent features (Morgan, 1996) (Fig. 1.2). Both act as a fast transport 
route for sediment from the source area to downstream rivers and ponds.  
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Fig. 1.1. Rills in a winter wheat field. 
Length of booklet is 15 cm. 

 

Fig. 1.2. Gully in a field in Bertem (4 m 
deep, maximal 10 m wide). 

Soil erosion by water has both on- and off-site consequences. On-site effects include the 
breakdown of soil structure, the decline in organic matter and nutrients, the reduction of 
arable soil depth and a decline in soil fertility (Pimentel et al., 1995). The net effect is a 
loss in productivity (Morgan, 1996). Soil may also be transported beyond the boundaries 
of the source area, and generate off-site problems. Export of eroded soil (sediments) 
reduces the capacity of rivers and retention ponds and enhances the risk of flooding and 
muddy floods (Boardman et al., 1994; Verstraeten and Poesen, 1999). Chemicals 
attached to the sediments can increase the levels of nitrogen and phosphorus in water 
bodies and result in eutrophication (Sibbesen, 1995). Costs for dredging, road clearance 
and disposal of contaminated sediments are high (Verstraeten et al., 2003). 

The increased public awareness of soil erosion on cropland and its detrimental 
environmental and economical effects has livened up the research on soil erosion and 
control. Policy-makers take vividly part in the debate now and explicitly ask for effective 
and easily implemented techniques to remedy the rill and gully hassle. The ultimate 
objective of research on soil erosion is indeed to solve erosion problems by adopting 
suitable conservation measures. Yet, although the principles of soil conservation are well 
known, strategies to fight soil erosion have met with only limited succes in Europe 
because socio-economic factors are rarely taken into account in erosion studies. 

1.2 Research questions 

Even though the zones of concentrated flow form only a minimal fraction of the total 
arable land in Flanders (< 0.5 %) (Nachtergaele and Poesen, 1999), on average 50 % of 
the total sediment production in the Belgian loess belt is due to ephemeral gully erosion 
(Vandaele and Poesen, 1995). It is possible to considerably reduce ephemeral gully 
erosion, and therefore also total soil erosion (= interrill, rill and gully erosion) by 
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adopting effective soil conservation measures on a very small portion of the arable land 
(< 0.5 %). Unfortunately, farmers in Flanders rarely adopt the currently available source-
oriented soil conservation measures for (ephemeral) gully erosion because of the practical 
limitations. For instance, the implementation of grassed waterways results in a net loss of 
cropland and creates more complex patterns of farming operations (soil tillage, spraying, 
harvesting).  

Agricultural croplands are most prone to erosion because their soil is regularly left 
without a protective cover of vegetation. Nonetheless, the care for a good soil cover still 
remains one of the best remedies for fighting ephemeral gully erosion. But where 
research often got stuck in descriptions of the effects of the aboveground vegetation on 
soil erosion, indications exist that the belowground biomass is as important. Especially in 
the early plant growth stages when the aboveground biomass is very limited, it is crucial 
to protect the topsoil and to prevent it to be washed away. Since the relative share of the 
belowground biomass of small cereals in the vegetative stage is larger than the 
aboveground biomass (Russel, 1977; Glinski and Lipiec, 1990), the roots of cereal 
seedlings are often the primary lines of defence against erosion on recently drilled fields. 
However, knowledge on this subject is meagre. The scarce publications on the influence 
of roots on soil erosion by water all stress the importance of additional research because 
the current knowledge on the morphology and behaviour of roots in terms of soil erosion 
is still rudimentary (Reid and Goss, 1987; Li et al., 1991; Bui and Box, 1993; Tengbeh, 
1993; Prosser et al., 1995; Ghidey en Alberts, 1997; Jansen and Coelho Netto, 1999). Not 
only from a fundamental scientific point of view, but also in terms of realistic erosion 
predictions by modelling exercises and effective soil conservation measures, a better-
founded insight into the influence of plant roots on water erosion is required. In this way, 
one can contribute to an achievable and successful policy for soil conservation in 
Flanders and elsewhere. 

Therefore, this study attempts to achieve two major objectives:  

 The assessment of hydraulic thresholds for gully initiation in loess-derived topsoils 
with different root densities of the most important small cereals (wheat, barley). 

This objective will be achieved by combining experiments in the laboratory and 
measurements on the field. Laboratory experiments under controlled conditions 
must allow for separation of the pure root effect from the combined effect of 
aboveground and belowground biomass as encountered in the field measurements. 
Laboratory experiments will permit to assess critical thresholds for gully 
detachment in terms of critical shear stress (τcr, Pa) and channel erodibility (Kr, kg 
s-1 N-1), as influenced by root densities (RD, kg m-3). In the field the combined 
action of plant roots and shoots on soil erosion by concentrated flow will be 
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measured. Special attention will be paid to the spatial and temporal changes in root 
densities and their relationship with the resistance of loess-derived topsoils. In this 
study only the impact of the roots of small cereals is assessed, because of their fine 
well-developed root network and their importance in the Belgian and total world 
food production (Langer and Hill, 1991; Evans, 1993; FAO, 2004). Although the 
relative importance of maize has been steadily increasing the last ten years (Fig. 
1.3A and B), winter and summer cereals still form a major part of the total cropland 
area in Flanders (14%) and Wallonia (25%) (Fig. 1.3C and D) (NIS, 1992-2002). 
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Fig. 1.3. Evolution of cropland area of major crops in Flanders (A) and Wallonia (B) 
(based on NIS, 1992-2002). Total cropland area in Flanders was 601659 ha in 1992 and 
635886 ha in 2002; in Wallonia 742361 ha in 1992 and 756567 ha in 2002. Pie plots show 
relative importance of major crops in Flanders(C) and Wallonia (D) in 2002. 
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 The assessment of the effectiveness and efficiency of an alternative soil 
conservation measure based on the principle of an increased root density, namely 
double drilling of small grains in zones of erosion risk. 

In order to analyse the effectiveness of double drilling as a soil conservation 
technique in erosion risk zones, it must be assessed to what degree the increase in 
cereal seed density in the zones of concentrated flow experiencing repeatedly gully 
erosion, can reduce rill and gully erosion. Moreover, the efficiency of this technique 
needs to be considered via a comparison of cost and benefits for the farmers.  

1.3 Structure of the thesis 

An overview of the structure of this thesis is given in Fig. 1.4. The body of the thesis 
consists of eight main chapters (chapter 2 to 9), preceded by an introductory chapter 
(chapter 1) and followed by the general conclusions of this study (chapter 10).  

Three distinct parts can be distinguished. The first part refers to soil erosion by 
concentrated flow. It starts with a state-of-the-art of the gully erosion and control issue 
and will bring the Flemish policy regarding soil erosion to light (chapter 2). Amongst the 
major factors influencing soil erosion rates, the vegetation aspect is the only factor that 
can be changed by humans. Therefore, in chapter 3 the effects of the vegetation on soil 
erosion by concentrated flow are put under a magnifying glass. Plants are more than just 
branches and leaves and, for that reason, an attempt is made to focus on the root system 
as well. 

The second part of the thesis deals with the impact of small grain roots on soil erosion by 
concentrated flow. It sets off with an overview of the current knowledge of the effects of 
plant roots on soil erosion in general (chapter 4). Much is known about the strengthening 
role of plant roots for slope stability, but little for water erosion. Hence, the current 
knowledge on the topic of the effects of plant roots on soil erosion by water is collected 
and compared. Small grains represent a large fraction of the total arable area and their 
root system is well developed. Roots are known to contribute to soil cohesion and 
therefore, in chapter 5, the use of a hand shear vane for measuring cohesion of root-
permeated soils is evaluated on soils with wheat roots grown in a random pattern in the 
laboratory, as well as in the field where wheat is row-drilled. Drilling in rows creates a 
very uniform root density pattern with high root densities at the drill-line and lower root 
densities between the drill-line. And with time after sowing, root densities in arable fields 
increase. The consequences of these spatial and temporal variations in wheat root 
densities for soil erodibility are analysed in chapter 6. 
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Fig. 1.4. General structure of the thesis. 

 
 

In global, these six first chapters intend to give answer to the first major objective of this 
thesis: assessment of threshold conditions for gully initiation in loess-derived topsoils 
with different cereal root densities. Elements for the answer are collected from literature, 
from field observations and from laboratory flume experiments. The influence of roots on 
soil strength will be determined by torvane measurements. 
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 Introduction 

The last section of the thesis shifts towards a more practical use of the soil-root 
knowledge: the implications for soil conservation. It sets off in chapter 7 with a case 
study where an unintended double drilling of parts of a field parcel lead to remarkable 
changes in cross-sectional areas of the concentrated flow channels. With these 
observations in mind, a laboratory study was set up in order to compare soil detachment 
rates of single and double-drilled field samples (chapter 8). At the same time, farmers 
were asked to test the technique of double drilling. Consequences for soil erosion rates as 
well as for crop yields are documented in chapter 9. 

The last three chapters give therefore answer to the question on the effectiveness and 
efficiency of double drilling of cereal fields in zones of erosion risk by combining field 
observations with on-farm field experiments (effectiveness + efficiency) and laboratory 
experiments (effectiveness). The laboratory flume experiments on single and double-
drilled samples (chapter 8) also give part of the answer to the first objective (threshold 
conditions for concentrated flow erosion). 

The core of this thesis has been written as research papers, published in or submitted to 
international journals. At the beginning of each section that is based on published (or for 
publication intended) data, a footnote indicates the current status of the paper. Since each 
paper was intended to be read independently, some overlap may occur between the 
various papers, especially in the introduction and material and methods sections.  
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CHAPTER TWO

GULLY EROSION AND CONTROL:

STATE-OF-THE-ART

2.1 The gully story in brief 

Soil erosion and especially concentrated flow erosion (= rills and (ephemeral) gullies) 
cause worry to land managers and policy makers in many parts of the world, especially 
since care for the environment has become a hot topic. Whereas interrill and rill erosion 
(Fig. 2.1) have been in the limelight for decades, about 25 years ago interest in gully 
erosion has made its appearance (Poesen et al., 2003). Gully erosion is defined as the 
erosion process whereby runoff water accumulates and often recurs in narrow channels 
and, over short periods, removes the soil from this narrow area to considerable depths. 
Permanent – or classical – gullies (Fig. 2.2) are often defined for agricultural land in 
terms of channels too deep to easily ameliorate with ordinary farm tillage equipment, 
typically ranging from 0.5 to as much as 25-30 m depth (Soil Science Society of 
America, 2001). To fill in the gap between rills and classical gullies, and because 
research had indicated that interrill and rill erosion alone were not sufficiently clarifying 
the redistribution and delivery of sediments to watercourses (e.g. Evans, 1993), the term 
ephemeral gullies was introduced in the 1980's. Ephemeral gullies (Fig. 2.2) have indeed 
been recognized as contributing significantly to total sediment budgets in a variety of 
agricultural environments (Foster, 1986; Poesen and Govers, 1990; Poesen et al., 1996; 
Grissinger, 1996a and b). According to the Soil Science Society of America (2001) 
ephemeral gullies are small channels eroded by concentrated overland flow that can be 
easily filled up by normal tillage, only to reform again in the same location by additional 
runoff events. In their review of the contribution of gully erosion to soil loss and 
sediment production, Poesen et al. (2003) show that soil loss rates by gully erosion vary 
between 10% and 94% of the total sediment yield caused by water erosion at different 
temporal and spatial scales.  
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Poesen (1993), following the suggestion of Hauge (1977), put 929 cm² as the critical 
minimal cross-sectional area to define a gully. As to the upper limit of gullies, no clear 
definition exists. Recently Nachtergaele et al. (2002a) demonstrated that gullies can be 
considered as channels characterised by a mean width between that of rills and small 
rivers. Moreover, ephemeral gullies often represent the hydrological link between 
upstream drainage catchments areas and downstream rivers. In other words, they act as a 
fast transport way for runoff water and eroded sediments from upland areas. Because of 
this connectivity, ephemeral gullies often aggravate flooding and silting of streams and 
reservoirs.  

  

Fig. 2.1. Interrill or sheet erosion (left) and rill erosion (right) (Bertem, March 2002). 
Width of booklet is 15 cm. 
 

2.2 From soil erosion research to soil conservation policy 

Over the past 25 years significant advances in soil erosion research have been made. The 
recent International Symposium held in September 2000 in Ghent (Belgium) on '25 Years 
of Assessment of Erosion' may be a worthy testimony of this progress. It reflects the 
state-of-the-art of soil erosion research throughout the world. In many parts of the world, 
soil erosion research has put soil erosion on the political agenda as environmental 
problem. In the USA this transfer of research knowledge to political decisions already 
took place in the 1930's with the foundation of the 'Soil Erosion Service' after the 
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detrimental effects of the dust bowl years (later it became the 'Soil Conservation Service' 
and nowadays it is called the 'Natural Resources Conservation Service'). 

 

 
Fig. 2.2. Ephemeral (top) and classical gully erosion (bottom). Ephemeral 
gully is about 1.5m deep and 0.8m wide (Huldenberg, Dec. 2000). Persons in 
the background for scale. Classical gully is 2.5m deep and 8m wide at its 
largest side (Korbeek-Dijle, March 2002). Umbrella for scale. 
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In Europe, and especially in Belgium, until the mid 1990's soil erosion and its related 
problems received little attention in the environmental debate (Verstraeten et al., 2003). 
For a long time, soil erosion was treated as a scientifically over-yelled problem, although 
soil erosion rates in the Belgian loess belt range from 2.8 to 17.6 ton ha-1 y-1 (Verstraeten 
et al., in press). In Flanders mainly water and tillage erosion are responsible for the 
redistribution of a considerable amount of soil material in the landscape. Other erosion 
processes that contribute to the total soil erosion budget are soil loss by root tuber 
harvesting, wind erosion, mass transport, piping and riverbank erosion. The contribution 
of these processes is however limited compared to water and tillage erosion.  According 
to Poesen et al. (2001), the main soil erosion processes contributing to mean annual soil 
losses in Belgium where root crops are grown regularly are: interrill and rill erosion 
(26.5%), ephemeral gully erosion (20.8%), tillage erosion (33.5%) and soil loss by root 
tuber harvesting (19.2%). Ephemeral gullies are thus responsible for approximately 50% 
of the total sediment export by water erosion from rural catchments in the Belgian loess 
belt (Vandaele and Poesen, 1995). But their sediment source area is spatially limited to 
less than 0.5% of the total arable area (Nachtergaele and Poesen, 1999) (Fig. 2.3).  

  
Fig. 2.3. Ephemeral gully erosion (left, 1.3m deep and 0.9m wide, Huldenberg, May 2002) 
is responsible for ca. 50% of the total sediment export from rural catchments in the Belgian 
loess area (Vandaele and Poesen, 1995). Sediment is often transported to streams along 
sunken lanes (right, Korbeek-Dijle, Febr. 2002). 
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Although tillage erosion is in terms of intensity at least as important as erosion by runoff 
water, its environmental impact more downstream is less significant (Verstraeten et al., 
1999). Tillage erosion only redistributes soil on the field and causes therefore a 
displacement of nutrients (phosphorus, nitrogen, organic carbon, …). On convexities this 
can lead to an important reduction in crop yields (Van Oost et al., 2000). The most 
important consequence of harvesting root and tuber crops is the loss of topsoil. On top of 
that, cleaning the soil material that is exported together with the roots and tubers is a 
costly operation. The list of consequences with a negative impact on the environment is 
however largest for soil erosion by water. Water erosion can cause local (on-site) and 
more downstream (off-site) problems (Table 2.1 and Fig. 2.4) and its consequences 
appear on the short term as well as on the long term. Table 2.1 summarizes these 
consequences.  

Table 2.1. Summary of on- and off-site consequences of soil erosion by water on the 
short and long term (based on Gillijns et al., in press). 

 On-site effects Off-site effects 
Short 
term 

 decrease in crop yield by:  
- loss of sowing seed and seedlings 
- loss of nutrients and fertilizers  
- burial of seedlings by sediment 

deposition 
 differential crop development 

(problems for crops treatment) 
 more difficult access to field parcel 

(in case of development of 
ephemeral gullies): 
- hamper when spraying and 

harvesting 
- filling up of gullies consumes time 

and money 

 pollution of surface waters by 
sediments and associated 
contaminants 
 inconvenience by water and muddy 

floods: 
- damage to private persons 

(furniture, house, car, …) 
- public damage (sewerages, roads)  
- use of fire-brigade and civil 

protection for cleaning up 
- emotional problems 

(psychological damage) 

Long 
term 

 loss of topsoil 
- decrease soil quality 
- decrease of crop yield 
- damage to machinery when iron 

sandstone or pebbles are ploughed 
up 

- increased risk of gullying when 
soil layers rich in chalk or tertiary 
sand outcrop 

 destruction archaeological 
patrimonial 

 sedimentation in water courses:  
- problems with navigability  
- increased risk on flooding 
- frequent dredging (costly) 
 infilling of retention ponds 

- reduced water storage capacity 
- frequent dredging (costly) 
 repeated pollution of surface waters 

by sediments and associated 
contaminants leads to eutrophication  
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Fig. 2.4. Examples of the negative consequences of soil erosion by water. Top: gully 
erosion removed the fertile topsoil down to the stony subsoil (gully is 30 cm deep and 4m 
wide, Grimbergen, Dec. 1999). Bottom: the river Dijle upstream from Leuven (Oct. 
1999), almost bankfull and heavily loaded with sediments from arable land. 
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According to an inquiry performed by Bielders et al. (2003) amongst 352 farmers in 
Wallonia (Belgium), farmers are aware of the negative short term results of soil erosion 
on their fields: 71% of the respondents reported experiencing problems by water erosion 
on their fields. According to them, the two most important causes of damage to their 
crops are water stagnation and sediment deposition, and thus not topsoil removal. It is 
indeed true that the development of concentrated flow channels are often masked by 
routine fillings. Moreover, Bakker et al. (2004) calculated that a soil loss as much as 10 
cm reduces crop yields by only 4 %, because nutrient deficits are compensated by 
fertilization. The yield loss is attributed to soil physical parameters as hindered root depth 
and water deficit. Therefore, for deep soils, no direct reductions in crop yields are 
reported. They warn however for the long-term effects because the reduction in crop 
yield will become more severe with progressive erosion as root growth becomes 
increasingly more difficult (e.g. clayey subsoils, pans or bedrock). Thus, although the 
losses of topsoil are a large environmental treat on the long term, it goes mostly 
unnoticed because of more productive crop varieties and increased fertilizer application 
(Morschel et al., 2004). Loss in revenues for the farmers is therefore not apparent. The 
long-term and off-site effects however are a source of serious financial costs. These costs 
are for the major part borne by public and private persons, and outnumber many times the 
costs by yield losses. For instance, costs for dredging, transporting and cleaning 
sediments in Flanders vary, depending on the level of the contamination, between ± 13.5 
en 125 € m-³ (2003) as estimated by Verstraeten et al. (in press). More detailed 
indications of the high level of costs of the off-site impacts of soil erosion can be found in 
the reviews written by Verstraeten et al. (in press) and Boardman et al. (in press) in the 
recent book on Soil Erosion in Europe (Boardman and Poesen, in press).  

In Belgium environmental issues (such as soil erosion) are the competence of the regional 
authorities (Flanders, Wallonia and Brussels). In Flanders the policy shifted from pure 
scientific assessment of erosion rates to the development of a policy to prevent and 
combat soil erosion by water. This shift was accelerated by the adoption of a new 
legislation in 1995: the Soil Remediation Decree and the Waste Prevention and 
Management Decree made it very expensive to dredge and dump sediments from rivers 
and ponds (Verstraeten et al., 2003). Soil erosion was for the first time recognized as an 
environmental problem in the Flemish governmental action plan of 1997-2001. Only at 
this crucial moment policy makers got thoroughly aware of the fact that the soil erosion 
problem should be remedied at the source rather than at the outlet. Soil erosion became a 
financial problem. The current Flemish policy on soil erosion, as part of the soil 
protection policy, will be attuned to the European soil protection policy in the future. The 
Flemish government agreed in December 2001 by decree on the first specific instrument 
for a source-oriented tackle of the soil erosion problem: financial stimuli were worked 
out for small-scale erosion control measures (by farmers) and for the development of a 
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municipal erosion control action plan (by local authorities) (AMINAL, 2002). 
Communication and collaboration are carried high in the standard. Demonstration 
projects are being set up for testing and evaluating different erosion control techniques 
for interrill, rill and gully erosion. These projects form an ideal discussion forum for 
Flemish functionaries, intermediate authorities and farmers' organizations. 

2.3 Gully erosion control 

2.3.1 Conventional gully erosion control measures 

Research into soil erosion and conservation has contributed significantly to an increased 
awareness of the principles, processes and modelling of soil erosion. The set of soil 
conservation techniques suitable for fighting interrill and rill erosion problems is large, 
and the need for their application is justified by the principle of tolerable soil loss 
(Renard et al., 1997). Yet, specific control measures for gully erosion are limited and no 
tolerable soil loss for gully erosion exists (Poesen et al., 2003). Control measures for rill 
and interrill erosion offer not by definition a solution for the gully problems. 
Subprocesses of rill and gully erosion are divers and ask each a specific well-balanced 
approach (Laflen, 1985). 

Poesen et al. (2003) recently reviewed available gully erosion control techniques. 
Traditionally gully control approaches in concentrated flow zones are the establishment 
of grassed waterways to prevent gully development (Ouvry, 1989; Baade et al., 1993) and 
of check dams with drop structures in the gullies, dissipating flow energy with the 
purpose of controlling gully expansion (Heede and Mufich, 1974; Schouten and Rang, 
1984; Nyssen et al., 2004). Grassed waterways (Fig. 2.5) are designed to drain runoff 
water from fields in a controlled way (Fiener and Auerswald, 2003a). They are broad 
shallow grassed paths, located in natural depressions whenever possible. Because of the 
retardation by the vegetation, the speed of the water flow is reduced and thus the creation 
of gullies in the zone of concentrated flow is prevented. For optimal functioning the grass 
needs to be frequently mowed. Grassed waterways are recommended for slopes up to 
11°; on steeper slopes or on hillsides with alternating gentle and steep sections, a grassed 
waterway with drop structures on the steeper slopes should be used (Morgan, 1995). 
Drop structures are as well sometimes required on large gullies to control the overfall of 
water in the headwall (Morgan, 1995). Schwab et al. (1966) outline the design of these 
drop structures. These structures are expensive and their failure rate is high (Morgan, 
1995; Nyssen et al., 2004). In general, soil erosion control techniques that are based on 
vegetation properties are to be preferred over manmade constructions in stones or 
concrete because vegetation regenerates itself and is better integrated in the landscape. 
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Fig. 2.5. In order to prevent the development of the ephemeral gully central in this 
picture, a grassed waterway can be established in the field parcel, or the zone of 
concentrated flow can be double drilled when small cereals are drilled in the field parcel. 
 
Yet, these soil conservation techniques, often developed in the USA, lack significance for 
farmers in Europe. The solution for the gully erosion problem should indeed be adapted 
to local agricultural practices (Morgan, 1995; Poesen et al., 2003; Martin et al., 2004). In 
their review Poesen et al. (2003) formulate a series of alternatives for controlling 
(ephemeral) gully erosion: no or minimal tillage, topsoil compaction, grass and shrub 
hedges.  

Although already promoted by De Ploey (1988) in the mid 1980's, the farming 
community has only recently started to test the no tillage practice on their fields. 
Demonstration projects set up by the government appeared to be the key factor for this 
transition. Conventional ploughing results in a decrease of the resistance of the topsoil 
because the bindings between the individual soil particles are broken (Gebreiyessus et al., 
1994). Compared to ploughed fields, no tillage fields have more compact and cohesive 
topsoils and resist better the flow shear stress exerted by concentrated flow (Laflen, 1985; 
De Ploey, 1988; Poesen and Govers, 1990; Franti et al., 1999). No tillage describes the 
system whereby tillage is restricted to that necessary for planting the seed (Morgan, 
1995). Drilling takes place directly into the stubble of the previous crop and weeds are 
controlled by herbicides. Its success is attributed to the increased dry bulk density 
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(Poesen and Govers, 1990), to a better soil cohesion (Poesen and Govers, 1990), to the 
semi-permanent soil cover by vegetation remnants from the previous harvest (Morgan, 
1995) and to the increase in humus content of the soil on the long-term (Douglas and 
Goss, 1982). Minimal tillage or reduced tillage refers to practices using chiselling or 
discing to prepare the soil whilst retaining a 15 to 25 per cent residue cover (Morgan, 
1995). 

Topsoil compaction was firstly tested and approved for drainage basin areas of smaller 
than 50 ha by Ouvry in France (1989). Compacting the soil mechanically in the natural 
drainage lines of the landscape, after drilling the field, increased its resistance to gully 
erosion (Ouvry, 1989). Compacted soil horizons (e.g. plough sole) have similar effects 
according to Nachtergaele and Poesen (2002). The first results from establishing grass 
and shrub hedges along the contours in the zone of concentrated flow are promising 
(Meyer et al., 1995; Dabney et al., 1996; Ritchie et al., 1997). Flexible dams consist of 
permanent, small dams formed by dense, stiff, straight up growing grass. The dam acts as 
a porous filter that reduces the velocity of the runoff water flow. Sediment is settled 
upstream from the dam. The grass dam regenerates by itself, and needs little 
management. After some time terrace formation occurs.  

In Table 2.2 benefits and disadvantages of the different techniques for gully erosion 
control are compared. Balancing benefits and disadvantages for soil conservation should 
not be the only factor in the decision making process for selecting appropriate soil 
conservation techniques for gully prone areas. A reliable soil erosion reduction plan 
should also take into account the different needs for agriculture, farming economics, soil 
conservation and general environmental management. This has the added difficulty of 
trying to satisfy multiple, and often opposing, objectives; the best soil conditions for plant 
growth (crop yield) may not be the best for erosion concerns (natural resource 
conservation) or pollution effect (environmental impact) (Voorhees et al., 1993). 

Table 2.2. Advantages and disadvantages of different gully control techniques. 
Gully erosion 
control technique 

Advantages Disadvantages 

Grassed waterways  Increased infiltration 
 Reduced water flow velocity 

because of roughness 
induced by grass leaves and 
stems 
 Increased soil cohesion due 

to the strongly developed 
root mat 

 Loss of arable land 
 Splitting up of field(s) 
 Costs of design, manage-

ment and maintenance 
 Risk of development of rills 

and eph. gullies when fields 
are drilled parallel to the 
grassed waterway 
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Drop structures   Expensive in design and 
management 
 Failures are regular 

No or minimum 
tillage 

 Increased soil resistance  Special machinery required 

Soil compaction  Easy to apply 
 Decreased soil erodibility 

 Taking up more time 
 Specific machinery needed 
 Risk of water flow 

concentration in tractor ruts 
Flexible grass and 
shrub hedges 

 Regenerative after sediment 
deposition 
 Sediment deposition 

capacity larger than grass 
buffers trips 
 Terrace formation 
 Limited loss of agricultural 

area 

 Suitable stiff grasses 
difficult to find for 
temperate climates 
 Decrease of crop yields 

upstream of the hedge 
 Need of maintenance 

(mowing) 

 

2.3.2 Erosion control in Belgium 

Different Flemish municipalities have started with a number of projects for fighting soil 
erosion problems in their fields, stimulated by the new soil erosion subsidizing decree of 
2001. It is striking that a number of less conventional techniques are being tested, e.g. the 
use of earthen dikes, erosion pools (Vandaele et al., 2004), fixed bales of straw in the 
stream path of runoff water (Fig. 2.6) (AMINAL, 2002), reduced soil management 
(Gillijns, 2003). Farmers themselves invented some of these new techniques (e.g. fixed 
bundles of straw). For the implementation of other techniques demonstration projects are 
being carried out (e.g. reduced soil management). 

In 2001 an 'erosion research and demonstration program' was set up and funded by the 
Flemish government. One of the first outcomes was the production of a manual 
discussing the different possibilities for soil erosion control (interrill, rill and gully), with 
the intention of serving as guideline for governmental officials for providing better 
information to farmers on anti-erosional agricultural practices (Verstraeten et al., 2003). 
The demonstration fields are a great succes, and farmers are proud to co-operate in 
erosion control projects. This is because they have been involved in the early stages of 
the programme. The participatory approach has even resulted in the fact that young and 
innovative farmers started to convince other farmers for putting their shoulders under the 
erosion problem (Verstraeten et al., 2003). 
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Concluding it can be stated that the last years a dramatic change in farmers' attitude was 
observed. Although originally reluctant to co-operate, farmers view themselves now 
progressively as the protectors of the environment (Verstraeten et al., 2003). The 
integration of policy makers, farmers and scientist appeared to be crucial. Actions on the 
field are undertaken at accelerated rates, and – hopefully – the outcomes will be 
persuasive. 

 

 

 
Fig. 2.6. Examples of some soil erosion control techniques. Top: erosion pools prevent 
water and sediment from entering the village (South Limburg, The Netherlands, Sept. 
2001). Bottom: sediment is deposited upstream from fixed straw bales in the stream 
path of water (Gingelom, 2003, K. Vandaele). 
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CHAPTER THREE

IMPACT OF VEGETATION

CHARACTERISTICS ON

CONTROLLING CONCENTRATED

FLOW EROSION RATES♦

3.1 Introduction 

The influence of vegetation characteristics on the rates of geomorphological processes 
has been the subject of numerous studies. One manifestation of this is the proliferation of 
papers on what Viles (1988) calls 'biogeomorphology', i.e. the influence of animals and 
plants on earth surface processes and landform development. Plant's influences on earth 
surface processes include in most environments weathering, erosion and deposition 
(Viles, 1990). This chapter focusses on the impacts of vegetation characteristics on soil 
erosion rates by concentrated overland flow. 

3.1.1 Concentrated flow erosion 

Concentrated flow erosion is defined as the detachment and displacement of soil particles 
by concentrated water flow, resulting in the development of rills and (ephemeral) gullies. 
The difference between both mainly depends on their location in the landscape and the 
dimensions of the eroded channels. Small rills usually occur on plane slopes and can still 
easily be obliterated by ploughing, whereas gullies generally form in natural drainage 
lines in the landscape and hamper the trafficability of the field. 

Concentrated flow erosion affects large areas of NW-Europe and is a serious problem in 
the loess belt of Belgium, where silt loam soils in hilly regions are intensively cultivated 
(e.g. Nachtergaele and Poesen, 1999). However, routine fillings of the gullies during farm 
operations often mask the severity of the problem (Poesen and Govers, 1990). 

                                                 
♦ Based on: Gyssels, G., Poesen, J. (2003). The importance of plant root characteristics in 
controlling concentrated flow erosion rates. Earth Surface Processes and Landforms 28: 
371-384 
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3.1.2 Vegetation and soil erosion 

From the abundant studies on the impact of vegetation characteristics on soil erosion 
rates one may falsely get the impression that every single aspect of vegetation has already 
been studied. Although literature reviews carefully mention the effects of all plant 
components (leaves, stems, organic matter, roots, exudates, …), attention is 
predominantly paid to the effects of the aboveground biomass on the runoff hydraulics 
and hence on the detachment and transport capacity of the flow (Thornes, 1987; Morgan, 
1995; Morgan and Rickson, 1995). Of course, aboveground biomass is sometimes used 
as a proxy for the combined effect of shoots and roots, but the relative importance of both 
is seldom mentioned. This raises the question why research on the effects of root 
characteristics is lacking. The fact that the under-ground biomass is hardly visible and 
difficult to sample may be a viable but deplorable answer. As a result, systematic root 
studies are lacking because of its difficult or unapproachable character to direct 
observation (Jansen and Coelho-Netto, 1999). Moreover, with respect to processes such 
as rain splash and interrill erosion, roots of vegetation seem to be of insignificant value 
(e.g. Bui and Box, 1993). Yet, limited research indicates that roots of vegetation play a 
crucial role with respect to soil erosion by runoff (Reid and Goss, 1987; Li et al., 1991; 
Tengbeh, 1993; Ghidey and Alberts, 1997; Jansen and Coelho-Netto, 1999). Prosser and 
Dietrich (1995) concluded from field experiments where grass stems and leaves were cut 
close to the ground, that flow resistance and critical shear stress for significant sediment 
transport were reduced compared to a complete grass cover, but that the remaining root 
mat prevented deep scour. In his review, Kutschera-Mitter (1991) argues that roots help 
to build up the soil, protect it against erosion and also help to repair the damage in soil 
structure. Trimble (1990) even suggested that floral and faunal developments within the 
soil may sometimes prove to be as important as the vegetation covering the soil.  

These few publications about the influence of roots on soil erosion by concentrated flow 
emphasize the relative importance of further root research since the current knowledge 
about root morphology and its impact on soil erosion by water is still very limited. 
Despite the endeavour realized to understand the role of vegetation on hydro-erosive 
dynamics, there is still a need for more field and laboratory research, aiming at a better 
understanding of this specific topic (Hawley and Dymond, 1988; Terwilliger and 
Waldron, 1990).  

3.1.3 Mechanics of plant roots on soil erosion 

Quantitative data on the influence of the belowground biomass of crops on erosion of the 
topsoil by concentrated flow are sparse, and mainly result from research in slope stability. 
With respect to slope stability, root systems control both hydrological and mechanical 
properties. The main conclusions of the analysis of root effects in slope stability 
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underline the importance of plant root systems on soil shear strength increase due to 
mechanical reinforcement. The presence of roots in the soil matrix is regarded as one of 
the most important contributions of the vegetation cover to slope stability: roots provide 
the soil with mechanical reinforcement (Waldron and Dakessian, 1981; Greenway, 1987; 
Morgan and Rickson, 1995). Similar mechanical effects of roots in topsoils can be 
thought of controlling soil erosion by concentrated water flow.  

The mechanics of how plant roots reinforce the soil are twofold. First, roots and root 
remnants physically bind soil particles and in this way form mechanical barriers for soil 
and water movement (Tengbeh, 1993). Major controlling parameters of the mechanical 
influence of roots are: diameter, degree of bifurcation, appearance of root hairs, friction 
between root and soil and, obviously, root network distribution (Abe and Ziemer, 1991). 
Shallow interlocking root networks can substantially contribute to mechanical 
reinforcement of soils, acting as an anchored net of densely interwoven roots (Sidle et al., 
1985; Preston and Crozier, 1999). Dense root mats carpet the ground and provide 
substantial soil cohesion, which ultimately limits erosion by overland flow (Prosser et al., 
1995; Sidorchuk and Grigorev, 1998). Moreover, living and dead root systems can 
provide sub-surface water flow pathways by creating biopores and thus reducing the 
amount of erosive overland flow. Secondly, roots and root remnants excrete binding 
agents and form a food source for microorganisms that in turn produce other organic 
bindings (Reid and Goss, 1987). These bindings increase the amount of stable soil 
aggregates in the long term and thus reduce soil erodibility (Hartman and De Boodt, 
1974).  

It is thought that the first influence, the physically binding of soil particle to plant roots, 
can be of essential importance with respect to soil erosion of sealed seedbeds by 
concentrated flow. Plant roots are indeed the only plant elements that are present in the 
soil, beneath the soil surface, when rills and ephemeral gullies develop in the soil top 
layer. Concentrated flow erosion is an incisive process, and therefore roots may 
contribute more to its reduction than the plant shoots that are on top of the soil. However, 
this topic has received little attention in concentrated flow erosion studies so far. Given 
that our present understanding of root effects on concentrated flow erosion rates is very 
limited, the objective of this study is to explore the importance of plant root 
characteristics on the resistance of silt loam topsoils in central Belgium through field 
observations and measurements of concentrated flow channels (rills and gullies). The 
hypothesis is that the cross-sectional area of rills and ephemeral gullies, created by heavy 
rainfall in natural drainage ways, may be influenced by the presence of roots in the 
topsoil.  
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3.2 Study area  

The field measurements on the relationship between vegetation characteristics (roots and 
shoots) and concentrated flow channels were made during January and February 2000 in 
the Belgian Loess Belt, near the city of Leuven (Fig. 3.1) on agricultural fields where rills 
and/or ephemeral gullies developed at the end of  December 1999. Although this field 
approach induces inevitably uncertainties (i.e., in terms of rainfall amount received since 
planting date, topsoil characteristics), it should be regarded as a first attempt to answer 
the question whether plant roots have an effect on soil erosion by concentrated flow.  

 
Fig. 3.1. Location of the study area in the Belgian loess belt. 

 
The loess-derived soils in the study area are characterized by a very high silt content (70-
80 %) and a moderate clay content (10-20 %), and have a silt to silt loam soil texture 
according to the USDA-classification. The land in this region has been under cultivation 
for ca. 1000 years and is presently used for agricultural crops (Goossens, 1993). The most 
important crops are winter wheat, sugar beet, potatoes, maize and chicory. Fields are 
usually ploughed before sowing crops. Winter crops, drilled between September and 
November, consist mostly of winter cereals (wheat, barley). Fields where no winter crops 
are drilled, are often left bare without any further farming operation after harvest of the 
summer crop (sugar beet, maize, chicory). Few fields have cover crops (e.g. green 
mustard). Mean annual precipitation ranges between 700 and 850 mm and is well 
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distributed over the year. Average January and July temperatures are 3 and 17°C, 
respectively. 

Rain intensity data in the study area were collected with 4 tipping bucket rain gauges 
(type Didcot 16.81), with an accuracy of 0.2 mm. Daily rain depth was calculated for 
each rain gauge. Fig. 3.2 summarizes the averaged rain data. By the end of December 
1999 the cumulative rain, equalling 150 mm since the date of sowing of most winter 
crops (01/10/99), resulted in strong sealing of the soil surface. 150 mm of cumulative rain 
is considered as a threshold for complete sealing of loamy soils (Poesen and Govers, 
1986). Heavy rain (21 mm/24h) on the 26th of December 1999 exceeded the critical 
threshold for winter gully initiation (i.e. 15 mm/24h on a sealed soil surface; 
Nachtergaele, 2001). Individual daily rain data for some rain gauges show remarkably 
higher rain intensities (200% more than the average rain depth), whereby locally the 
threshold conditions for ephemeral gully development were reached earlier. Although rill 
initiation may have started before December 26th, it is assumed that this December 
rainfall event was responsible for the development of most of the observed rills and 
ephemeral gullies. Rainfall depth after December 26th was limited and did not affect the 
dimensions of the rills and gullies significantly. 
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Fig. 3.2. Average rain depth (absolute and cumulative (i.e. since 01/10/99)) in the 
study area between 15/09/99 and 27/02/00 as recorded by 4 rain gauges. Winter 
cereals were sown since October 1, 1999. The critical rain threshold for winter gully 
initiation (i.e. 15 mm in 24 h (Nachtergaele, 2001) after 150 mm of cumulative rain 
(Poesen and Govers, 1986)) was exceeded on December 26th, with 21 mm rain in 24h.  
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3.3 Materials and methods 

Selection of appropriate field sites, where rills or an ephemeral gully developed after the 
rain event of December 26th, was made within one week after the event. Essential criteria 
for the selection of appropriate field sites were (Fig. 3.3): 

 a contrasting vegetation cover density, as an indication of differences in root 
density; 

 an ephemeral gully or rill eroded by concentrated flow crossing those contrasting 
vegetation covers in winter 1999-2000;  

 and fallow, grasses or winter cereals as actual crops. 
 

Transect 1

Transect 2

Rill or ephemeral gully

Drainage area 1

Drainage area 2

direction of
water flow

Transect 1

Transect 2

Rill or ephemeral gully

Drainage area 1

Drainage area 2

Transect 1

Transect 2

Rill or ephemeral gully

Drainage area 1

Drainage area 2

direction of
water flow

 
Fig. 3.3. Schematic presentation of a transect pair that satisfies the selection criteria. Grey 
tone represents differences in vegetation density. Water is flowing from top to bottom, 
creating channels of different dimensions (indicated by the width of the channel line, and 
by the sketch of the channel cross-section). 
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Contrasting plant covers are often a corollary of parcel borders between two fields where 
crops were planted at different dates. In one case the farmer passed more than once in 
parts of his field when drilling, resulting in different plant densities within one field. 
Exact drilling dates of the grassed and wheat field parcels were not known. Five out of 
six grassed fields with grass vegetation were permanent meadows (for at least 5 years). 
Winter cereals are normally drilled in October, after harvest of the summer crop. 
Differences in plant densities could not be attributed to differences in soil and 
geomorphic conditions: the topsoil in the study area is quite uniform, and fields are 
generally located in similar geomorphic zones in the landscape. 

Fallow represents bare to nearly bare ground surfaces, where some weeds may be 
present. Winter cereals consisted of wheat, barley and triticale. Grasses and cereals are 
both members of the family of Gramineae or Poaceae and morphologically almost 
identical (Langer and Hill, 1991). The Poaceae are divided in several sub-families or 
groups, of which the Festucoidea contain the major cereals and main temperate pasture 
grasses (Langer and Hill, 1991). Wheat, barley and oats belong to this group. The root 
system of both grasses and small cereals is fibrous, with roots of fine diameters (< 1mm), 
which form a densely interwoven root network. For grasses and cereals germination, 
shoot formation, tillering and even flowering are very similar. Therefore, a comparison 
between both plant types with respect to their influence on soil erosion is valuable. 

Between January 6th and February 15th, 2000, field measurements were conducted at the 
selected field sites. At each field site that satisfied the criteria, the most important site 
characteristics (soil, plant, topography, eroded channels) were assessed. An overview of 
the method of assessment of these characteristics is given in Table 3.1. In total, 10 field 
sites were selected, and 41 transects were measured, representing 27 transect pairs. A 
transect pair consists of two nearby transects (1-5 m apart) with different plant densities 
that experienced the same concentrated flow event (Fig. 3.3). Each channel cross-section 
was measured three times over a distance of ca. 1 m and then averaged to represent the 
cross-sectional area of the transect. Table 3.2 indicates the field sites with the selected 
transects and transect pairs with their corresponding vegetation.  

As long as air temperatures do not exceed 5°C, winter crops keep dormant. After the 
December rainfall event that created most of the incisions, samples of roots and shoots 
were taken at appropriate field sites without risk of over-estimating the densities, as long 
as air temperatures were in the range 0-5°C. Therefore, in the period between 26/12/99 
and 15/02/00, it was only possible to sample 41 transects. Later on, not only air 
temperatures were rising, but also rainfall increased, thus affecting shoot and root 
densities as well as channel dimensions.  

  27 



Chapter 3 

Table 3.1. Data collection method, number of samples (n), symbol and units of measured 
parameters at each site. 

Parameter n Data collection method Symbol Unit 
Erosion channels 
 channel width 
 channel depth 
 cross-sectional area 

 
3 
3 
3 

 
measuring tape 
measuring tape 
calculated 

 
W 
D 
CS 

 
cm 
cm 
cm² 

Topography 
 contributing drainage 

area 
 soil surface slope 

 
1 
 

2 

 
procedure of Vandekerckhove et 
al. (1998) 
clinometer (type Suunto) 

 
A 
 

S 

 
m² 

 
m/m 

Soil  
 texture 

- clay (< 2 µm) 
- silt (2 – 53 µm) 
- sand (53 – 2000 µm)  
- stone (> 2 mm) 
 dry bulk density 

 
 

 roughness height 
 
 

 
 sealing state of the soil 

surface 

 
2 
 
 
 
 

5 
 
 

1 
 
 
 

1 

 
Sieve-pipette (Gee and Bauder, 
1986) (clay + silt + sand = 100%) 
 
 
 
copecki cylinders, 2.5 cm thick 
topsoil (50 cm³), 24h oven dried 
at 105°C 
mean height of roughness 
elements (clods), fitted into 
classes (0: 0-1 cm, 1: 1-2 cm, 2: 
2-5 cm, 3: 5-10 cm) 
standard pictures (Govers, 1986), 
classes 0-5 (0=completely sealed) 

 
 

clay 
silt 

sand 
stone 
BD 

 
 

RR 
 
 
 

SSS 

 
class 

% 
% 
% 
% 

g cm-³ 
 
 

class 
 
 
 

class 

Vegetation 
 crop description 
 vegetative cover 
 root density 
 
 
 
 shoot density 

 
1 
1 
1 
 
 
 

1 

 
information from farmers 
visual estimation 
monolith (ca. 5 cm deep, 5 cm 
wide and 25 cm long), hand 
washing and 24h drying at 60°C 
(Böhm, 1971) 
dry weight of shoots per surface 
area of soil monolith (ca. 5 cm 
wide and 25 cm long), after 24h 
drying at 60°C 

 
 

Co 
RD 

 
 
 

SD 
 

 
 

% 
g m-³ 

 
 
 

g m-² 
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Cross-sections of the eroded channels were measured using a measuring tape (accuracy ± 
1 cm). The contributing drainage area was determined in the field using a procedure 
described by Vandekerckhove et al. (1998). Soil surface slope was measured with a 
clinometer (type Suunto, accuracy ± 0.5°). Dry soil bulk densities of the topsoil near the 
eroded channels, and soil texture were determined using standard methods. The content 
in organic matter and calcium carbonate being low, no primary destruction of the soil 
sample was performed. Soil surface state and plant characteristics were described using 
standard classes or pictures (Govers, 1986), in order to speed up the data acquisition.  

For the determination of the root biomass in the 5 cm topsoil, a representative volume of 
root-permeated topsoil was dug out (ca. 25x5x5 cm³). In case of row crops the soil 
volume was taken perpendicular to the sowing lines, starting and ending between two 
crop rows. The volume of the soil monolith was measured in the laboratory by the water 
displacement method. After being separated from the soil following the hand washing 
method of Böhm (1979), roots were dried and weighed in order to calculate the root 
biomass per unit soil volume. Shoot densities were expressed by the dry aboveground 
plant biomass (stems and leaves) per soil surface area. 

Table 3.2. Composition of the data set, with per field site the total number of transects 
(#T), the total number of transect pairs (#TP), and the individual transect pairs as 
indicated by their transect numbers (Tn°) and vegetation types (Tveg). Wce = winter 
cereal; Fa = fallow; Gr = grass 

Field site name #T #TP Tn° Tveg 
Terbank 15 8 T01 – T03 Wce – Wce 
   T02 – T03 Wce – Wce 
   T04 – T05 Wce – Fa 
   T06 – T07 Gr – Gr 
   T08 – T09 Fa – Fa 
   T10 – T11 Fa – Wce 
   T12 – T13 Fa – Wce 
   T14 – T15 Fa – Wce 
Kinderveld A 4 5 T16 – T17 Wce – Wce 
   T16 – T18 Wce – Wce 
   T17 – T18 Wce – Wce 
   T17 – T19 Wce – Wce 
   T18 – T19 Wce – Wce 
Kinderveld B 2 1 T20 – T21 Wce – Wce 
Windbergen 7 5 T22 – T23 Fa – Wce 
   T23 – T24 Wce – Gr 
   T24 – T25 Gr – Wce 
   T25 – T26 Wce – Gr 
   T27 – T28 Gr – Wce 
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Ganspoel 2 1 T29 – T30 Gr – Wce
Ganzeman A 3 3 T31 – T32 Wce – Wce 
   T31 – T33 Wce – Wce 
   T32 – T33 Wce – Wce 
Ganzeman B 2 1 T34 – T35 Wce – Wce 
Ganzeman C 2 1 T36 – T37 Wce – Wce 
Bergen 2 1 T38 – T39 Fa – Wce
Bertembos 2 1 T40 – T41 Wce – Wce 
Total 41 27 Wce: 27 – Fa: 8 – Gr: 6 

 

3.4 Flow shear stress for channel development 

According to Poesen et al. (2003) 75% of all ephemeral gullies in the field are created by 
runoff flow shear stresses of 5 to 20 Pa. These authors recorded maximal shear stress 
values for ephemeral winter gullies in Belgium between 30 and 50 Pa (Poesen et al., 
2003). In this section the flow shear stresses, responsible for the development of the 
measured flow channels of this study will be calculated. The procedure how this was 
done is described below. Flow shear stress is defined as: 

τ = ρ g R S [3.1]

where: τ = flow shear stress (Pa); 
 ρ = water density (ca. 1000 kg m-3); 
 g = acceleration due to gravity (9.81 m s-2); 
 R = hydraulic radius (m) – to be calculated; 
 S = slope gradient = sinus of soil surface slope in ° – measured. 
 
For solving this equation, only R needs to be defined – S was measured in the field. The 
hydraulic radius can be calculated by: 

R = Q B-1 u-1 [3.2] 

where: Q = flow discharge (m³ s-1) – to be calculated; 
 B = width of the channel (m) – measured; 
 u = flow velocity (m s-1) – to be calculated. 
 
The width of the concentrated flow channel was measured in the field. Discharge and 
flow velocity need to be calculated. Flow velocity can be obtained using Manning's 
equation: 

u = q2/5 S3/10 n-3/5 [3.3] 
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where: q = unit flow discharge (m² s-1) = Q/B; 
 n = Manning's roughness coefficient (for loams soils = 0.02). 
  
Finally, flow discharge can be calculated using the recently developed empirical equation 
of Nachtergaele et al. (2003) for prediction of concentrated flow width in ephemeral gully 
channels based on flow discharge: 

B = 2.51 Q0.412 [3.4] 

Using equations [3.1] to [3.4] and the input data collected in the field, flow shear stress 
values can be finally calculated. The cross-sectional areas of the transect pairs in this 
study range from 51 to 4867 cm² (see Table 3.3), with channel widths ranging from 0.29 
to 0.74 m. Corresponding shear stress values ranged from 0.5 to 32 Pa, with 75% of the 
concentrated flow channels created by concentrated flow shear stresses lower than 20 Pa. 
These flow shear stresses correspond well to the reported flow shear stress values in the 
Belgian loess belt by Poesen et al. (2003). 

3.5 Analysis of transect pairs  

The concentrated flow channels that developed in the field were created by flow shear 
stresses that fall within the typical range of flow shear stresses for gully initiation. 
Because the strict criteria for the selection of appropriate field sites (see Fig. 3.3), it can 
be assumed that each member of a transect pair experienced approximately the same flow 
shear stress, and should, all other factors kept constant, have a similar cross-sectional 
area. As cross-sectional areas of the members of a transect pair appear to be different, the 
question is then what variables can explain the observed variability in cross-sectional area 
of the two members of a transect pair.  

The first step of the exploration of the impact of plant root characteristics on soil 
resistance to concentrated flow, consisted of comparing the relative differences in 
channel cross-sections to root and shoot densities of the transect pairs. The comparison of 
the individual transect pairs excludes additional influences of e.g. major differences in 
drainage area, soil dry bulk density, surface slope etc.. The hypothesis was that the 
differences in cross-sectional area of the concentrated flow channels of each transect pair 
could be related to differences in root densities and/or shoot densities. Fig. 3.4 visualizes 
this. From this figure it comes clear that there was no significant relationship. And the 
relationship does not improve by scaling for drainage area and soil surface slope. 
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Fig. 3.4. A. Differences in measured cross-sectional areas of concentrated flow channels 
(∆CS) versus corresponding differences in root density (∆RD). 

B. Differences in measured cross-sectional areas of concentrated flow channels (∆CS) 
versus corresponding differences in shoot density (∆SD). 

 
Apart from the idea that the channel cross-sectional areas – as measured in this data set –
are not influenced by vegetation properties at all, there may be another reason for the 
apparent 'absence' of relationship between channel cross-sectional area and root (or 
shoot) density. If it is assumed that the relationship between cross-sectional area and root 
density is linear, any difference in root density results in a corresponding difference in 
cross-sectional area, irrespective of the absolute values of the root density difference. But 
this does not hold for non-linear relationships. This is demonstrated in Fig. 3.5. Two sets 
of root density data were created (RD1 and RD2). Each set consisted of 30 ad random 
generated root density values between 0 and 2 kg m-3. For bots sets, the corresponding 
cross-sectional areas (CS1 and CS2) were calculated using a linear (Fig. 3.5A) and an 
exponential (Fig. 3.5C) relationship (both equations are imaginary). The differences in 
CS (∆CS = |CS2-CS1|) and RD (∆RD = |RD2-RD1|) were then plotted in Fig. 3.5B and 
Fig. 3.5D. Under the assumption of a linear relationship between both parameters (Fig. 
3.5A), a perfect increasing trend line between ∆CS and ∆RD can be observed (Fig. 3.5B). 
Yet, this is not the case for the exponential relationship, as shown in Fig. 3.5C and Fig. 
3.5D. Due to the nature of exponential relationships, differences of e.g. 0.5 kg m-3 in high 
root densities yield a much smaller difference in CS than differences of e.g. 0.5 kg m-3 in 
low root densities.  

Therefore, even when the exact non-linear relationship between the CS and RD variables 
is known, no clear trend can be observed in the plot where differences in CS and RD are 
compared. As a consequence, it will be very difficult to extract a clear relationship from 
the measured field data in terms of differences in CS and RD. It can be assumed that the 
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relationship between CS and RD or SD is a non-linear one, because soil erosion is often 
related to vegetation properties, mostly in terms of cover, by an exponential trend 
(Bochet, 1996). For that reason the analysis of the differences in CS and RD or SD may 
be less appropriate. 
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Fig. 3.5.  
A. Imaginary linear relationship between cross-sectional area (CS) of concentrated flow 

channels and root density (RD). 
B. Scatter plot of difference in cross-sectional area (∆CS) versus difference in root 

density (∆RD), after applying the linear relationship of plot A to two sets of 30 ad 
random generated root density values. See text for more detail. 

C. Imaginary exponential relationship between cross-sectional area (CS) of concentrated 
flow channels and root density (RD). 

D. Scatter plot of difference in cross-sectional area (DCS) versus difference in root 
density, after applying the exponential relationship of plot C to two sets of 30 ad 
random generated root density values. See text for more detail. 
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3.6 Analysis of all individual data 

Given the problems related to the analysis of the differences in CS and differences in 
vegetation parameters of the transect pairs, it was decided to join the paired data in one 
global data set. Although this procedure increases the scatter in the data, due to the 
combination of different controlling parameters (e.g. drainage areas, soil surface slopes, 
soil characteristics), it may improve insight in the relationships between the variables. By 
principal component and regression analysis it was tried to identify significant 
explanatory variables for the variability in cross-sectional areas of the eroded channels 
(Table 3.3), still with specific attention to vegetation parameters. The major question still 
remains: are plant root densities of importance for reducing soil erosion rates, and if so, 
what relationship exist between the two parameters? Descriptive statistics of the 
measured parameters of the global data set are given in Table 3.3. 

Table 3.3: Descriptive statistics of the most important topographic, soil and plant 
parameters (n = 41). Symbols are explained in Table 3.1. Std Dev = standard deviation, 
CV = coefficient of variation, n.r. = not relevant. 

Parameter (unit) Minimum Maximum Mean Median Std Dev CV 

CS  (cm²) 51 4867 887 635 885 100 

A  (m²) 243 114038 35337 24587 34024 96 
S  (m/m) 0.015 0.160 0.065 0.065 0.038 59 

CLAY  (%) 7.1 15.0 11.2 11.0 2.3 20.9 
SILT  (%) 59.6 85.0 78.9 81.1 6.6 8.4 

SAND  (%) 5.6 31.1 9.9 7.5 6.7 67.1 
STONE  (%) 0 15.3 1.3 0 3.9 307 
BD  (g cm-3) 1.13 1.59 1.45 1.47 0.08 5.44 
RR  (class) 0 3 n.r. 2 n.r. n.r. 
SSS  (class) 0 3 n.r. 2 n.r. n.r. 

Co  (%) 0 95 19 10 27 139 
RD  (kg m-3) 0 29.64 2.63 0.32 6.97 265 
SD  (kg m-2) 0 0.58 0.06 0.02 0.11 192 
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3.6.1 Principal factors 

In order to reduce the number of explanatory variables a principal component analysis 
was performed on the global data set. For estimation of prior communality the minimal 
eigenvalue criterion was set to one. By this criterion 3 factors were retained, explaining 
76% of the total variability of the data set. The factor pattern was then additionally 
orthogonally rotated using the varimax procedure. The resulting rotated factor pattern 
showed that the loads for factor one were high (>|0.75|) for cover, root density and soil 
moisture content, for factor two sand, silt and stone content, and for factor three 
contributing drainage area and clay content. Thus, generalizing a plant-soil component, a 
soil textural component and a topography component. These three parameters are looked 
at into detail in the next paragraphs. 

3.6.2 Characteristics of the soil 

Soil textural analysis indicated that variations in grain size composition at the sites were 
small: all topsoils classify as silt and silt loam, according to the USDA classification. As 
long as the loess cover is intact, loess derived agricultural soils are quite homogenous 
with silt as the main particle size fraction. Larger sand and rock fragment contents were 
found on convexities where regularly ploughing decreased the thickness of the loess 
cover whereby locally sandy and stony layers outcrop (2 field sites). Dry bulk densities 
ranged between 1.13 and 1.59 g cm-³ (Table 3.3). Variations in soil texture and dry bulk 
density between the different field sites could for 5 out of 41 transects explain the 
observed variations in channel cross-sections. For instance, dry bulk densities were 
lowest at the field sites with high root and shoot densities (meadows), resulting in a 
higher infiltration capacity. Soil surface features (soil surface roughness and sealing of 
the topsoil) appeared to be quite similar at all sites. All soils were well sealed after 
receiving a cumulative rain of circa 125 mm (infiltration rates lower than 5 mm h-1), and 
did not show any marked roughness (height of clods 1 to 2 cm). 

3.6.3 Topographic characteristics  

Several studies stress the importance of topographic parameters (i.e. soil surface slope (S) 
and contributing drainage area (A)) in explaining the dimensions of the eroded channel 
(Govers, 1985; Vandaele, 1993; Vandaele et al. 1996; Vandekerckhove et al., 1998; 
Desmet et al., 1999). Non-linear regression analysis showed that the cross-sectional area 
of the channels (CS, cm²) is a power function of A (m²) and S (m m-1) (convergent 
solution after 65 iterations, n=41, Prob>F = <0.0001). These two variables can already 
explain ca. 41% of the variability in CS. The non-linear optimisation indicates that the 
observed CS values can be estimated by the following equation:  
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CS = 1409 A0.28 S1.22  [3.5] 

Additional effects of soil and plant characteristics on CS can be expected, based on the 
results of the Principal Component Analysis. Stepwise linear regression on transformed 
data indicated that 4 variables could explain 73% of the variability (Prob>F = <0.0001, 
n=41). These variables are: lnA (Prob>|t| = <0.0001), S (Prob>|t| = <0.0001), ρb (Prob>|t| 
= 0.0029) and lnSD (Prob>|t| = 0.0039). There is a very strong correlation between lnRD 
and lnSD (Pearson correlation coefficient of 0.80). Including both parameters into 
regression analysis therefore violates the criterion of independent variables with multi-
collinearity problems as consequence. This may indicate that the observed CS values may 
be – besides A, S and ρb – a function of SD as well as of RD or of a combination of both.  

Since A and S control flow intensity, the multiplication of them yields a flow intensity 
indicator (AS), a concept that may be compared to flow shear stress (see eq. [3.2]). The 
cross-sectional areas of the eroded channels were plotted against this flow intensity 
indicator (Fig. 3.6). As differences in topsoil properties between the studied sites are 
relatively small (see Table 3.3 and paragraph 3.6.2), additional differences in 
concentrated flow channel cross-sections could be essentially attributed to differences in 
vegetation properties (root and shoot characteristics). 

3.6.4 Vegetation characteristics  

– Vegetation type –  

In Fig. 3.6 a distinction is made between 3 types of soil cover: winter cereals, grasses and 
fallow. Although based on a limited number of data points, fitted linear regression lines 
for fallow (n=8) and for grasses (n=6) represent an increasing trend in cross-sectional 
area with flow intensity indicator, with a considerable difference in slope angle of their 
regression lines. Compared to cross-sectional areas in the fallow field parcels, those from 
the grassed field parcels are much smaller for the same flow intensity indicator.  

On the contrary, the scatter of the data points corresponding to cereals does not seem to 
indicate any significant trend. Yet, the cereal data represent the early plant stages, and 
since not all cereals were planted at the same date nor did they receive the same treatment 
(e.g. fertilizers), considerable differences in cereal growth stages exist at the time of field 
observation. Therefore, a more detailed analysis of the vegetation characteristics was 
made. 
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Fig. 3.6. Scatter plot of eroded channel cross-sectional area (CS) and the 
corresponding flow intensity indicator (AS) for different vegetation types. A is 
contributing drainage area (m²) and S is slope of soil surface (m m-1). 
 

– Plant shoots –  

From Fig. 3.6 it seemed that well-developed plants (grasses) experienced much less soil 
erosion rates than fallow fields. Cereal plants, ranging in growth stages from emergence 
to moderately developed plants, are lying in between the fallow and the grassed field 
states. This may indicate that CS, for a given AS, depends on plant growth stage. Shoot 
density can be regarded as a variable representing these different growth stages, and is 
therefore looked at in this section.  

The global data set was split up into three classes of low, medium and high shoot density. 
Linear regression analysis of the global data set was then performed with these three 
classes as classification variable. Studentized residual plots showed no clear pattern and 
could not be improved by transformation of the variables or by non-linear regression 
analysis (exponential, power). Although strongly conditioned by two outliers, and based 
on a limited number of data points for high AS-values, fitted trend lines in Fig. 3.7 
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indicate that plant shoot density classes can be an explanatory variable for the observed 
differences in eroded channel cross-sections. Even when the major outliers are removed 
from the data set, the indicated trends hold. The slopes of the three trend lines are 
significantly different from each other. 

Transformation of the information given in Fig. 3.7 into Fig. 3.8 is done by calculating 
channel cross-sections at three given values of flow intensity indicator (i.e. AS equalling 
1000, 3000 and 5000 m² as indicated by the vertical arrows in Fig. 3.7), using the 3 fitted 
trend lines for median shoot densities. The resulting relationship between channel cross-
sections and shoot densities suggests an exponential type of trend for the medium to high 
values of the flow intensity indicator (Fig. 3.8), whereas for the low value of AS, a linear 
trend is observed (Fig. 3.8). The same trend appears when using vegetative cover as 
explanatory variable (data not shown).  

– Plant roots – 

The reasoning of the previous paragraph, namely using differences in shoot densities as 
alternative for the differences in growth stage of plants, can be extended to the plant's 
rooting system too. Therefore, in this paragraph, a similar classification in low, medium 
and high root densities for the global data set was performed. Where concentrated flow 
channels developed through the topsoil layer, it was observed during the field 
measurements that the roots op the plant were not broken. Rather the soil was removed 
around the roots, until the complete plant could be removed by the water flow.  

In Fig. 3.9 the relationship between eroded cross-sectional areas and flow intensity 
indicator is explained by three different root density classes. Yet, as in Fig. 3.7 two 
outliers are present. For the high root density class, removing the outlier does not change 
the trend line very much. Yet, the outlier for the medium root density class is a leverage 
point. When removed, the slope of the fitted trend line increases. Since there is not valid 
reason to remove this leverage point, it was kept in the analysis. Hereby, the slopes of the 
trend lines through the low and medium root density classes are not significantly 
different.  

Transformation of the information given in Fig. 3.9 into Fig. 3.10 is done in a similar way 
it was done for transforming Fig. 3.7 to Fig. 3.8. Channel cross-sections at three given 
values of flow intensity indicator (i.e. AS equalling 1000, 3000 and 5000 m² as indicated 
by the vertical arrows in Fig. 3.9) were calculated using the 3 fitted trend lines for median 
shoot densities. The resulting relationship between channel cross-sections and root 
densities also suggests an exponential type of trend for the three values of the flow 
intensity indicator (Fig. 3.10). 
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Fig. 3.7. Scatter plot of eroded channel cross-sectional area (CS) and flow intensity 
indicator (AS; S expressed as m m-1). Trends through data clouds corresponding to 
three shoot density classes are shown. Range, mean (between quotes) and median 
(between straight brackets) of the three shoot density classes are indicated as well. 
Arrows, pointing at the X-axis, indicate selected flow intensity indicator values used in 
Fig. 3.8. Encircled data points are outliers. 
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Fig. 3.8. Eroded channel cross-sectional area (CS) predicted for the three median shoot 
densities (SD, see legend of Fig. 3.7) and for three selected values of flow intensity 
indicator (AS, see arrows pointing at X-axis in Fig. 3.7). 
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Fig. 3.9. Scatter plot of eroded channel cross-sectional area (CS) and flow intensity 
indicator (AS; S expressed as m m-1). Trends through data clouds corresponding to 
three root density classes are shown. Range, mean (between quotes) and median 
(between straight brackets) of the three root density classes are indicated as well. 
Arrows, pointing at the X-axis, indicate selected flow intensity indicator values used in 
Fig. 3.10. Encircled data points are outliers. White encircled dot is leverage pont. 
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Fig. 3.10. Eroded channel cross-sectional area (CS) predicted for the three median root 
densities (RD, see legend of Fig. 3.9) and for three selected values of flow intensity 
indicator (AS, see arrows pointing at X-axis in Fig. 3.9). 
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3.7 Discussion 

A major fraction of the variability in cross-sectional areas of all the channels can be 
explained by topographic parameters (A and S). Additionally, vegetation parameters were 
taken into account. Compared to cross-sectional areas in the fallow field parcels, those 
from the grassed field parcels are much smaller for the same flow intensity indicator (Fig. 
3.6). This may be a sign of the fact that soil surfaces covered with grasses are less prone 
to erosion than fallow areas, and that vegetation can influence soil erosion rates. It should 
be stressed that it is highly probable that the vegetation in its total influenced the cross-
sectional areas that were measured in the field,, i.e. the plant shoots and roots together. 
Moreover, a combination of other environmental factors (e.g. seedbed preparation, soil 
properties) also controlled the channel cross-sections. Therefore, statistical analysis was 
limited and further field research would be appropriate to allow a more thorough 
statistical analysis. Some focus points can though be drawn from the results. 

A good plant cover – or high shoot density – considerably reduces soil erosion by 
concentrated flow. This can be drawn from the fact that, whatever the values of flow 
intensity indicator, cross-sectional areas remain small for the high shoot density class. 
Moreover, when comparing Fig. 3.6 and Fig. 3.7, high shoot densities seem to coincide 
largely with sites where grasses were observed. These sites mainly consisted of (semi-) 
permanent meadows, where no incision but rather sediment deposition was observed. 
Grasses are known to be good erosion prevention and control plants because of their 
effective cover and root mat (Morgan, 1995; Prosser et al., 1995). On the other hand, low 
shoot densities do not offer much resistance to scouring, resulting in rather high channel 
cross-sections (Fig. 3.7) (the trend remains similar when the major outlier is removed). 
Since the effectiveness of a plant cover in reducing erosion by runoff depends on the 
height and continuity of the canopy, plant density, and the density of the ground cover 
(Morgan, 1995), greatest reductions in soil erosion will occur with dense, spatially 
uniform vegetation covers. The denser plants stand, the more retardation the water flow 
will be retarded, reducing its erosive power. The effect will be more pronounced in case 
of large stiff stems that are not submerged by the flow. Consequently, emerging arable 
crops are highly prone to soil erosion by water because of their low density and small, 
flexible stems. 

Based on the fitted trend lines in Fig. 3.7, an exponential type of relationship could be 
established between cross-sectional areas and plant shoot density. An exponential 
decrease in soil loss with increasing percentage canopy cover has been suggested by 
different authors (e.g. Moore et al., 1979; Dadkhah and Gifford, 1980; Elwell, 1981; 
Lang and McCaffrey, 1984; Rickson and Morgan, 1988; Kainz, 1989; Francis and 
Thornes, 1990; Lang, 1990; Snelder and Bryan, 1995). These studies, describing the 
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response of the vegetation of geographically very diverse zones to processes of water 
erosion, witness the universal character of this relationship (Bochet, 1996). 

Considering the striking parallelism of Fig. 3.7 and Fig. 3.9, there is an indication that 
plant roots can affect soil erosion by water as well as plant stems and leaves. This 
reflection is even strengthened when comparing Fig. 3.8 and Fig. 3.10. Likewise, an 
exponential decline in soil erosion can be seen, but whereas in Fig. 3.8 plant shoot 
density is the explanatory variable, it is plant root density in Fig. 3.10. These results are 
in agreement with the study of Dissmeyer and Foster (1985), who similarly indicated an 
exponentially declining relationship between soil loss and percentage of bare soils with 
fine roots. But still, it are only indications. 

– Balance between root and shoot effects – 

The striking parallelism between the influence of roots and shoots on concentrated flow 
erosion is partly due to the inherent correlation between shoot and root densities. In 
constant environmental conditions, there is a linear relationship between the logarithm of 
shoot and root masses during vegetative growth, often expressed as the root-to-shoot ratio 
(Russell, 1977). This ratio depends on the type of plant, genotype and the stage of plant 
development and growth conditions (Glinski and Lipiec, 1990). For cereals, this ratio is 
not constant, but varies within the growing season (Fig. 3.11). At germination, seminal 
roots start to develop first. Shoots only start to grow after the development of the seminal 
roots. Already at this time there is thus a difference in densities. During the vegetative 
stage, the masses of roots and shoots increase in parallel, meaning that the shoots and 
roots increase at the same growth rate and the root-to-shoot ratio is relatively constant. 
By anthesis (i.e. the opening of flowers) the root-to-shoot ratio diminishes because old 
roots are not being replaced anymore by the growth of new roots (Barraclough et al., 
1991), whereas shoots continue to grow and produce seed heads (Fig. 3.11). Typical root-
to-shoot ratios for cereals during the first two months of growth range between 6.04 and 
7.3 (Glinski and Lipiec, 1990). The root-to-shoot ratio of grass in the vegetative phase is 
consistently >1, and highest when the grass plants are young. 

– Implications – 

With the collected data set, further comparison between the individual effects of root and 
shoot densities on soil erosion rates is not recommended. Yet, it can be assumed that a 
shift in erosion control occurs within the growing cycle of plants, because of changes in 
plant characteristics. In the early plant stages, plant shoots are limited in number and they 
are very flexible, whereas emerging plant roots can contribute to soil cohesion, can 
provide additional strength and can form a physical barrier for flowing water. Over time, 
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shoots will progressively become more dominant in reducing soil erosion as the number, 
height, continuity and stiffness of the plant shoots increases. This stresses the temporal 
character of the relative influence of different parts of the vegetation on soil erosion rates 
by concentrated flow, as controlled by the growing cycle of plants. 

0

20

40

60

80

100

0 50 100 150 200 250 300 350

Days since sowing

R
oo

t a
nd

 s
ho

ot
 d

en
si

ty
 (%

)

Roots
Shoots

anthesis

 
Fig. 3.11. Transition of root and shoot dry cereal weight in time, relative to maximal 
density (=100%) (based on data provided by Barraclough et al., 1991). 

 
If roots as well as shoots contribute to the reduction of soil erosion rates, plant roots 
could also be of importance in the control of erosion by concentrated flow. Providing the 
soil with a good root mat could be a valid strategy for controlling or limiting soil erosion 
in the absence of other techniques or in case of low vegetation cover. It is obvious that 
the influencing role of plant roots on concentrated flow erosion will largely depend on 
root type and their spatial distribution, as suggested by a study of Dissmeyer and Foster 
(1985). These authors show that erosion rates decline exponentially with an increase in 
surface soil occupied by fine roots, and that this effect is more pronounced in the case of 
fibrous lateral roots. These, in contrast with taproots, form an important network just 
below the soil surface that reinforces the strength of the soil.  

Cereal and grass roots are of the fibrous root type with fine diameters (ca. 0.24 and 0.15 
mm) (Van Noordwijk and Brouwer, 1991) and produce a dense root mat just below the 
soil surface. Winter wheat has one of the most prolific root systems of all arable crops 
(Barraclough et al., 1991) and could consequently maybe be capable of controlling 
erosion in arable fields that are prone to soil erosion by concentrated flow if sown at 
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sufficiently high densities. It is obvious that the date of the first intense rains on the 
recently sown seedbeds is crucial with respect to possible impacts of the roots on soil 
erosion rates. In order to develop a certain rooting volume, roots need some time. 
Moreover, the degree of root distribution in the soil is influenced by the date of sowing: 
winter cereals produce more dry root matter than spring crops due to their longer growing 
season and this also applies to their shoot systems (Barraclough et al., 1991). For this 
reason, the technique of using root density as an erosion control strategy will be 
especially useful in winter periods, when many fields are left bare after the last field 
operation in autumn. 

3.8 Conclusions 

Many publications discuss the impact of vegetation on soil erosion by concentrated flow. 
However, the influence of plants is mainly attributed to the aboveground biomass. This 
triggers the question whether the belowground biomass is of no or negligible importance 
with respect to soil erosion by water. Systematic root studies with respect to water 
erosion have not been performed, although there is some evidence that roots prevent 
scouring of the soil by flowing water. Since this study demonstrates that the universal 
exponentially declining trend in soil loss with increasing vegetation can be explained by 
using the shoot density as well as the root density, reflections should be made about the 
relative importance of both plant parts. Many authors who have studied the influence of 
vegetation on soil erosion have attributed these effects entirely to the aboveground 
biomass, although they often measured the combined effects of roots and shoots on soil 
erosion. This study points to the fact that when analyzing and modelling the impact of 
vegetation on soil erosion rates, reflections should be made about the relative importance 
of roots and stems/leaves. Moreover, the temporal character of the separate influences of 
roots and stems/leaves must be considered.  

Reflections on the possible consequences of these findings lead to a second conclusion: 
cereal plant roots can potentially be used for controlling soil erosion in agricultural fields 
that are prone to water erosion. Plant roots are crucial in the early plant stages, when the 
aboveground biomass is fairly limited. If at this particular erosion-sensitive time stage 
plant roots are well developed, their rooting network can possibly temper soil erosion by 
water. The degree of soil erosion reduction by roots will be strongly conditioned by their 
spatial arrangement and rooting characteristics. In order to obtain a good rooting biomass, 
one could possibly sow at a higher than usual rate in zones at risk of concentrated flow 
erosion. The increased root biomass will furthermore increase the clod stability of soils, 
whereby the influence of plant roots will last longer.  
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The evaluation of these assumptions will be the subject of the next chapters. Since the 
data for this study were collected by performing field measurements after the erosion 
channels were created, the obtained results are influenced by a combination of different 
environmental factors, which causes a large scatter in the obtained results and masks a 
clear insight into the influence of different root densities on soil erosion. In order to 
obtain an unambiguous view on the influence of different plant roots densities and 
characteristics on soil erosion by water, laboratory experiments under controlled 
conditions are needed (see chapters 6 and 8). This also increases the probability of 
obtaining a better insight in the type of relationship between soil erosion rates and root 
densities. From the data in this chapter it was indeed not possible to determine this 
relationship clearly. The results of this chapter pointed towards an exponential decrease, 
both for roots and shoots, but the data were not very persuasive. The next chapter will 
therefore group and compare the available literature data on these relationships. 
Increasing plant roots densities for soil erosion reduction will be discussed in chapters 7, 
8 and 9. 
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CHAPTER FOUR

IMPACT OF PLANT ROOTS ON

THE RESISTANCE OF SOILS TO

EROSION BY WATER: A

REVIEW♦

4.1 Introduction 

Chapter three yielded some indications about the type of relationship between soil 
erosion rates and vegetation properties based on field measurements. Yet, no clear 
persuasive proofs could be given. Therefore, reviewing the vegetation-erosion problem 
may bring some clarification. 

Vegetation communities play a range of roles in reducing – or in some cases increasing – 
soil erosion rates in almost every climatic zone. General overviews of the interaction 
between vegetation and soil erosion are given by Thornes (1990) and by Morgan (1996). 
As vegetation influences soil erosion rates significantly, soil erosion models include a 
vegetation factor (e.g. Wischmeier and Smith, 1978; Knisel, 1980; Thornes, 1985; Kirkby 
and Neale, 1987; Flanagan and Nearing, 1995; Morgan et al., 1998).  

From a hydrological point of view, plants reduce soil erosion rates by intercepting 
raindrops, enhancing infiltration, transpiring soil water, providing additional surface 
roughness, and adding organic substances to the soil (e.g. Viles, 1990; Morgan, 1996). 
Given the importance of vegetation for reducing soil erosion, the protective effects of 
plant covers are often used in soil conservation practices on agricultural fields or 
construction sites and are the subject of numerous research projects.  

Fig. 4.1 compares the relationships between vegetation cover and soil detachment by 
splash, relative to splash detachment of a bare soil, extracted from different studies. Table 
4.1 provides the basic equations. Two trends can be observed in Fig. 4.1: a linear and an 
exponential decrease in relative splash (Sr) with increasing vegetation cover (C, %), 
according to the following equations: 

                                                 
♦ Based on: Gyssels, G., Poesen, J., Bochet, E., Li, Y. (in press). Impact of plant roots on 
the resistance of soils to erosion by water: a review. Progress in Physical Geography. 
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Sr = 1 – a C [4.1]  and Sr = e-b C [4.2] 

where a,b = constants. 
Ranges and averages for a- and b-values can be found in Table 4.3. 

Table 4.2 provides a summary of selected studies dealing with the relationship between 
vegetation cover and soil loss by interrill and rill erosion. Most equations indicate a 
decreasing soil loss with increasing vegetation cover (C, %). A comparison of these 
relationships was made in Fig. 4.2 after transforming absolute soil erosion values into 
relative erosion values (Er). An exponential equation best describes the relationship 
between vegetation cover (C, %) and relative soil loss (Er):  

Er = e-b C       [4.3] 

where b = constant. 
 

The coefficient b of the equations [4.2] and [4.3] indicates the effectiveness of the 
vegetation cover in reducing relative splash, interrill and rill erosion rates (Poesen et al., 
1994). The average b-value for splash is 0.0348 and for interrill and rill erosion b equals 
0.0492 (Table 4.3) (the equation of Dadkah and Gifford (1980) was excluded because it 
had a different mathematical formula). As these studies describe the vegetation-erosion 
process in very diverse environmental conditions, they indicate the universal character of 
this relationship. 

These relationships all attribute the soil loss reduction to the above-ground biomass of the 
vegetation, whereas in reality the measured soil loss reduction results from the combined 
effect of roots and above-ground biomass on soil erosion. Partly, this bias exists because 
of a methodological difficulty. Excavating the plant root system in the field and 
extracting the roots out of the soil samples in the laboratory is a laborious and time-
consuming task. But roots are an as essential part of plants. Consequently, the question 
can be raised as to whether roots also control soil erosion rates and if so, to what extent. 
Therefore, the objective of this paper is to review the influence of root characteristics on 
the resistance of soils to erosion by water and to evaluate whether it is possible to 
dissociate the effects of roots from canopy cover. Since roots are the hidden parts of 
plants, some introductory notes on plant root characteristics are presented first. 
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Fig. 4.1. Comparison of equations describing the influence of vegetation cover (C, %) on 
relative soil detachment by splash (Sr, relative to splash detachment for bare soil). In fact, 
these curves reflect the combined effect of both aboveground (stems and leaves) and 
belowground (roots) biomass. Graph numbers correspond to data source listed in Table 
4.1. For comparison, RUSLE-equations predicting relative interrill and rill erosion (Er) are 
given as well.  
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Fig. 4.2. Comparison of equations describing the influence of vegetation cover (C, %) on 
relative soil erosion rates (Er, relative to erosion on bare soil) for interrill and rill erosion. 
In fact, these curves reflect the combined effect of both aboveground (stems and leaves) 
and belowground (roots) biomass. Graph numbers correspond to data source listed in 
Table 4.2.  
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Table 4.1. Selected studies describing the relationship between vegetation cover (C, %) and soil detachment by splash (S). Numbers 
refer to graphs in Fig. 4.1. In fact, equations corresponding to graph numbers 3, 4, 5 and 7 reflect the combined effect of both above-
ground (stems and leaves) and below-ground (roots) biomass. For comparison, RUSLE equations for the canopy-cover subfactor (CC) 
and surface-cover subfactor (SC), predicting relative interrill and rill erosion rates (Er), are given as well. Sr = splash detachment, 
relative to splash detachment for bare soil, H = height of plant cover, Ru = surface roughness (inch) as defined in the RUSLE. 

Graph 
number 

Author(s)  Country Vegetation Equation Relative splash 
or Relative erosion type 

Original Equation 

1 RUSLE – Renard et al. 
(1997) 

USA different types Er = 1 – 0.0052*C, H = 2m CC = 1 - (C/100) * e-0.1*H (ft)  

2 RUSLE – Renard et al. 
(1997) 

USA different types Er = 1 – 0.0072*C, H = 1m CC = 1 - (C/100) * e-0.1*H (ft)  

3 Rejman et al. (1990) Belgium wheat Sr = 1 – 0.0110*C S (in g J-1) = 0.48 – 
0.0053*C 

4 Sreenivas et al. (1947) USA simulated 
(tissue bands) 

Sr = e-0.0251*C S (in g) = 2.4676 * e-0.0251*C

R² = 0.9707 
5 Eldridge and Greene (1994) Australia (Western 

New South Wales) 
cryptogamic Sr = e-0.0320*C S (in g m-2) = 307.97 * e-

0.0320*C    R² = 0.81 
6 RUSLE – Renard et al. 

(1997) 
USA different types Er = e-0.035*C, b = 0.035, Ru 

= 0.24 inch 
SC = 
exp(0.29*b*C/[Ru(0.88)]) 

7 Osborn (1954) USA (Western Gulf 
Region) 

rangeland Sr = e-0.0477*C Sr = 0.7273 * e-0.0477*C

R² = 0.9818 
 

 



 

Table 4.2. Selected studies describing the relationship between vegetation cover (C, %) and soil loss by interrill and rill erosion. 
Numbers refer to graphs in Fig. 4.2. In fact, these equations reflect the combined effect of both above-ground (stems and leaves) and 
below-ground (roots) biomass. RUSLE-equations for relative interrill and rill erosion are given in Table 4.1. Er = erosion, relative to 
erosion of a bare soil, E = erosion, I = rainfall intensity. 

Graph 
number 

Author(s)  Country Vegetation type Equation Relative 
erosion (Er) 

Original Equation 

1 Rickson and Morgan (1988)   Er = e-0.0168*C  E = 0.9258 * e-0.0168*C   
R²=0.9962 

2 Dunne et al. (1978) Kenya rangelands: grass, 
bushes and trees 

Er = e-0.0235*C E (cm year-1) = 0.0668 * e-0.0235*C

R² = 0.8965 
3 Dadkah and Gifford (1980) USA (Utah) grasses (2 types) Er = 0.0996 + 

0.9004*e-0.0370*C
E = 433.43 + 3920.44 * e-0.037*C

R² = 0.56 
4 Snelder and Bryan (1995) Kenya rangelands: 

grasses 
Er = e-0.0300*C E (g m-2) = 10.4856 * e-0.0300*C

rain during 30min, R² = 0.25 
E (g m-2) = 34.1240 * e-0.0300*C

rain during 60min, R² = 0.37 
5 Francis and Thornes (1990) Spain (Murcia) Mediterranean 

matorral 
Er = e-0.0411*C, with 
I = 100.7 mm h-1

E (g l-1) = 5.4172 * e-0.0411*C

R² = 0.9997 
6 Elwell and Stocking (1976) Zambia (former 

Rhodesia) 
pasture Er = e-0.0435*C E = 0.6667 * e-0.0435*C 

R² = 0.9206 
7 Moore et al. (1979) Kenya 

 
rangelands:  
grasses 

Er = e-0.0455*C E (g m-2) = 653.27 * e-0.0455*C

R² = 0.6156 
8 Noble (1965 – cited in Lang, 1990) USA (Utah)  Er = e-0.0477*C E (ton ha-1) = 64.4240 * e-0.0477*C 

R² = 0.9894 
9 Stocking (1988 – after Elwell, 1980 

+  Elwell and Stocking, 1974) 
Zimbabwe and Zambia 
(former Rhodesia) 

pasture Er = e-0.0527*C E = 0.9559 * e-0.0527*C 

R² = 0.9962 

 



 

10 Lang and Mc Caffrey (1984 – cited 
in Lang, 1990) 

Australia (Western 
New South Wales) 

pasture: grasses Er = e-0.0593*C E (ton ha-1) = 16.857 * e-0.0593*C

R² = 0.9654 
11 Lang (1990) Australia (Western 

New South Wales) 
pasture: grasses Er = e-0.0694*C E (ton ha-1) = 335.38 * e-0.0694*C

R² = 0.9785 
12 Kainz (1989) Germany (Bavaria) cultivated land: 

sugar beet + mulch 
Er = e-0.0790*C E = 136 * e-0.0790*C

R² = 0.866 
13 Francis and Thornes (1990) Spain  

(Murcia) 
Mediterranean 
matorral 

Er = e-0.0816*C  
with I = 25.8 mm 
h-1

E (g l-1) = 5.5669 * e-0.0816*C

R² = 0.9991 

 

 

 

Table 4.3. Range of a- and b-values for equations [4.1], [4.2] and [4.3] for different water erosion processes. Average value is indicated 
between brackets. 

Erosion process a-values for equation [4.1] b-values for equations 
[4.2] and [4.3] 

splash detachment 0.0052 – 0.0910  (0.0078) 0.0251 – 0.4770  (0.0348) 
interrill and rill erosion / 0.0168 – 0.0816  (0.0492) 
 

 

 



Chapter 4 

4.1.1 Morphological and functional aspects of plant roots 

Basic research about plant roots is very extensive, and is treated in different handbooks 
(e.g. Esau, 1977; Russel, 1977; Gregory et al., 1987; Glinski and Lipiec, 1990; Salisbury 
and Ross, 1991; Waisel et al., 1996). A brief overview of some important root 
characteristics is given below.  

As different root types exist, different root classification systems have been developed. 
Often these classifications are depending on the size and the number of the individual 
roots as well as on their origin (e.g. fibrous roots, storage roots, tap roots – Cannon, 1949; 
Glinski and Lipiec, 1990; Guerrero-Campo and Fitter, 2001). The developmental 
classification is the most useful (Waisel et al., 1996). In short, the roots of plants mostly 
consist of seminal roots which are attached to the seed and, more important in terms of 
size, distribution and longevity, adventitious roots which grow from internodes (Langer 
and Hill, 1991). Roots arising from other roots are called laterals (2ndary, tertiary, etc.) 
(Waisel et al., 1996). Much of the variation in root size and form can be explained by 
phenotypic response to the environment (Guerrero-Campo and Fitter, 2001), or as 
adaptations that promote the performance of the main functions of root systems: 
absorption of water and minerals from the soil, anchorage, storage of nutrients produced 
by the leaves and propagation (Fitter, 1996). 

Roots and shoots are part of the same organism, and a very close relationship between 
both exists (Russel, 1977). The indicator of the balance between these two parts of plants 
is the root-to-shoot-ratio (R:S). This mass ratio depends on the stage of the plant 
development, the growth conditions, the kind of plant (e.g. beet root: 3.06, barley: 0.25) 
and the genotype (Glinski and Lipiec, 1990). During vegetative growth the R:S of most 
plants shows a logarithmic increase under constant environmental conditions (Russel, 
1977). The pattern and size of root systems are also related to Raunkiaer's life forms, the 
plant's ecological strategy and seed size (Guerrero-Campo and Fitter, 2001). Apart from 
this, root growth is also influenced by a combination of different external factors: 
biological (e.g. old wormholes), chemical (e.g. availability of nutrients, pH and redox 
conditions of the soil), hydrological (water content), microclimatic (soil temperature) and 
physical (e.g. soil texture, soil mechanical impedance, soil structure). 

4.1.2 Influence of root systems on properties controlling soil erodibility 

The erodibility of a soil is defined as the susceptibility of a soil to both detachment and 
transport of soil particles. Soil erodibility is inversely proportional to the resistance of the 
soil to erosion. The intrinsic properties of the soil such as aggregate stability, infiltration 
capacity, soil bulk density, soil texture, organic and chemical content and shear strength 
are the most important determinants. As root systems affect some physical properties of 
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the soil adjacent to the root, roots can influence the soil's erodibility and therefore the rate 
of soil erosion.  

– Soil aggregate stability –  

According to the review of Amézketa (1999) the positive effects of plant roots and root 
hairs on soil aggregation consist of: 

 enmeshing fine particles into stable macro-aggregates by root secretions, even when 
the root is dead; 
 drying the soil environment around the roots, reorienting clay particles parallel to 

the axis of the roots and drawing soil particles together; 
 supplying decomposable organic residues to the soil; 
 supporting a large microbial population in the rhizosphere; 
 providing food for soil animals; 
 releasing polyvalent cations and increasing concentrations of ions in solution. 

 

Field observations in Southeast Asia reported by Ryan (1995) and Turkelboom et al. 
(1997) show that soil loss in newly prepared fields is generally very small in the first year 
after clearing, as the roots of the fallow vegetation create stable aggregates, but increases 
rapidly afterwards as the roots decay and aggregates break down.  

The effect of living roots on soil structural stability depends on the plant species. 
Monocotyledenous plants are superior to dicotyledenous plants and grasses are better 
than cereals in stabilizing aggregates, because the former contain a much larger root 
biomass with exudates (Glinski and Lipiec, 1990; Amézketa, 1999). Maize and tomato, 
on the other hand, can decrease soil aggregate stability by chelating iron and aluminium, 
thus destroying chemical bonds with organic matter (Reid and Goss, 1981; Lipiec and 
Glinski, 1990). But in general, it is found that plant roots significantly increase the soil's 
structural stability, and thus decrease the soil's erodibility (Li et al., 1992a). 

– Infiltration capacity – 

Plant roots penetrating the soil leave macropores that improve water movement and 
gaseous diffusion. They contribute to the system of continuous pores in the soil and 
enhance the infiltration capacity of the soil (Glinski and Lipiec, 1990). The study by Li et 
al. (1992b) indicates that soil infiltration increases because plant roots improve the non-
capillary porosity of the soil and  promote the formation of water-stable aggregates of 2-
5mm and >5mm in diameter. A higher soil infiltration capacity reduces the volume of 
surface runoff and consequently soil erosion. 
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– Soil bulk density – 

Roots growing in the soil occupy space that was previously occupied by soil pore space 
and soil particles. Since root diameter is usually larger than soil pores, soil particles are 
pushed aside and the bulk density of the soil up to 8 mm near the root increases (Lipiec 
and Glinski, 1990). However, fine roots less than 1 mm in diameter can significantly 
decrease the bulk density of the soil and increase the soil porosity (Li et al., 1992b; Li et 
al., 1993). This effect depends on the root diameter and the nature of the soil. To be of 
considerable effect for a change in the global resistance of a soil to erosion, it is generally 
thought that a large number of roots should be present in the topsoil, but this still needs to 
be investigated.  

– Soil texture, organic content and chemical composition – 

Texture, organic content and chemical composition of a soil are important because of 
their influence on soil aggregate stability (Morgan, 1996). Sakkar et al. (1979) reported 
modifications in particle size distribution and composition of the clay fraction within the 
rhizosphere around French bean roots. They attributed the changes in texture and 
mineralogy to an intensified weathering of the soil materials in the vicinity of the plant 
root. Yet, these changes are of minor importance for the resistance of soils to erosion.   

Preferential uptake of ions or water by roots leads to depletion or accumulation profiles 
of ions. Examples of this are depletion zones of phosphorus and potassium or the 
accumulation of sodium and chlorine (Glinski and Lipiec, 1990; Pojasok and Kay, 1990). 
Roots also have a positive effect on soil aggregation by supplying decomposable organic 
residues to the soil, supporting a large microbial population in the rhizosphere and 
providing food for soil animals (Tisdall and Oades, 1982; Amezketa, 1999). 

4.2 Mechanics of soil reinforcement by plant roots 

The shear strength of a soil has been recognized as a determinant of its resistance to 
erosion (Morgan, 1996). And from the start of slope stability research it was clear that 
vegetation roots were of substantial importance for soil reinforcement. Therefore, a 
separate section will be dedicated to review the mechanical influence of plant roots on 
soil reinforcement. 

4.2.1 Root effects on soil shear strength 

The shear strength of a soil is a measure of its cohesiveness and resistance to shearing 
forces exerted by gravity, moving fluids and mechanical loads (Morgan, 1996). Soil is 
strong in compression, but weak in tension. Plant roots are weak in compression, but 
strong in tension. When combined, the soil-root matrix produces a type of reinforced 
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earth which is much stronger then the soil or the roots separately (Simon and Collison, 
2001). Thus, roots reinforce the soil (Anderson and Richards, 1987). This conclusion was 
found independently by different researchers (Gray and Leiser, 1982), and gave birth to a 
general root reinforcement model for slopes, based on the law of Mohr-Coulomb. 

Root systems contribute to soil strength by providing artificial cohesion (Cr). Roots and 
rhizomes of plants bind the soil and introduce extra cohesion over any intrinsic cohesion 
that the soil material had. Roots increase the effective cohesion of the soil (C') but not the 
effective angle of internal friction (φ'). In a root-permeated soil the Mohr-Coulomb 
equation can be modified to include the extra cohesion by roots (Gray and Leiser, 1982): 

S = (C' + Cr) + (σ − µ) tan φ'   [4.4] 

where S = maximal shear strength (or shear stress at failure) (Pa); 
 C' = effective cohesion (Pa); 
 Cr = cohesion due to roots (Pa); 
 σ = normal stress (or shear stress) (Pa); 
 µ = pore water pressure (Pa); 
 φ'  = angle of effective shearing resistance (effective internal friction) (°). 
 

The increase in soil strength due to the presence of roots is a function of root tensile 
strength, areal density and root distortion during shear (Wu et al., 1979): 

Cr = Tr (Ar / A) (cos β tan φ' + sin β)   [4.5] 

where Tr = total tensile strength of roots (Pa); 
  = Σ tensile stress of roots, accounted for different diameters; 
 Ar/A = area of shear surface occupied by roots per unit area (root area ratio); 
 A = soil cross-section considered (m²); 
 β = shear distortion from vertical (°); 
 φ' = friction angle of soil (°). 
 

Since the term (cos β tan φ' + sin β) is relatively insensitive to changes in β and is close 
to 1.2 for a large range of φ', it is acceptable to write for a given soil (Wu et al., 1979):  

Cr = 1.2 Tr (Ar/A)    [4.6] 

 

Accordingly, the predicted shear strength increase depends entirely on the tensile strength 
of the roots and the root-area ratio. The tensile strength of roots has been investigated by 
a number of researchers, and although the testing procedure is time-consuming and 
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difficult, a sizeable amount of root strength data of different vegetation species has been 
collected (see Anderson and Richards, 1987). 

Root tensile strength is highly variable, with typical values of thousands to millions of Pa. 
There is a non-linear inverse relationship between root diameter and strength, with 
smaller roots contributing more per unit area (Greenway et al., 1984). Small roots appear 
to be more effective than larger roots, and roots extending uphill are stronger (tensile) 
than those extending downhill (compression) (Schiechtl, 1980). However, although 
stronger per unit area than larger roots, large numbers of small roots still may lack 
sufficient total area to contribute significantly to increases in Cr (Simon and Collison, 
2001).  

Schenk and Jackson (2002) recently published a study discussing the variability of  
rooting depths at a world scale. From this excellent review it is clear that rooting patterns 
and rooting depths are conditioned by climatic factors and prevalent life form (e.g. forest, 
prairies, …). Data reported by Martinez-Fernandez et al. (1995) also indicate that land 
use controls rooting properties. An example is given in Fig. 4.3. Their findings have some 
important implications for soil erosion rates. Root density is highest in topsoils and 
decreases exponentially with soil depth. Consequently, bearing in mind that root 
reinforcement extends only down to the rooting depth of the vegetation, plant roots will 
have the largest effect on erosion resistance in the top layer of soils. The rooting effects 
on soil erosion by concentrated flow of species with a shallow but dense network (e.g. 
meadows) will be larger than the effects of deep rooted species (e.g. deciduous forest). 
From a soil erosion point of view grasses are the best option for root reinforcement 
purposes, followed by shrubs and finally trees, according to the depth where 95% of the 
roots (as reported by Schenk and Jackson, 2002) is encountered. 

4.2.2 Root permeated soil cohesion measurements 

The type of the relationship between soil cohesion (shear strength) and root parameters is 
not well known. Positive linear relationships between the increase in soil shear strength 
and the root area ratio of barley roots have been obtained by Waldron (1977) in a silty 
clay loam soil, and by Ziemer (1981) between shear strength and root biomass of Pinus 
contorta in a sand soil. Also Tengbeh (1993) found that Loretta grass (Lolium perenne) 
increased the cohesion of the soil (c, kPa) as a function of root density (RD, kg m-3) in a 
linear way (Fig. 4.4). His experimental data showed that the root effect on soil cohesion 
is strongly conditioned by moisture content and by soil texture. Yet, the magnitude of his 
root density data is not realistic (up to 2000 kg m-3). Root densities up to 20 kg m-3 for 
grasses seem more realistic.  
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Sidorchuck and Grigorev (1998) compared cohesion values of bare soils (Co) and of soils 
with tundra vegetation roots (Cr), having a root diameter smaller than 1 mm. The ratio 
Cr/Co fits an exponential increasing curve, corresponding to  

Cr/Co = e 0.05 RD     [4.7] 

where Cr = cohesion of root permeated soils (105 Pa); 
 Co = cohesion of root free soils (105 Pa); 
 RD = root density (g 100-1 cm-3, over a depth of 5 cm). 
 

The relationship of Sidorchuck and Grigorev (1998) is compared with the data from 
Tengbeh (1993) in Fig. 4.5, after rescaling the unrealistic root density data of Tengbeh by 
two orders of magnitude to more realistic root densities for grasses. Comparisons based 
on root density densities can therefore not be done. Tengbeh (1993) indicates an 
increasing linear trend, whereas Sidorchuck and Grigorev (1998) obtain an exponentially 
increasing trend. Yet, the comparison can also be troubled by the fact that Tengbeh 
(1993) used laboratory grown grass plants whereas Sidorchuck and Grigorev (1998) 
analysed cohesion values of toendra vegetation in the field, whereby rooting patterns 
were probably different. As demonstrated by Schenk and Jackson (2002), 95% of the 
total root mass of toendra vegetation lies within a soil depth of 30 cm and 50% within 9 
cm soil depth. For grasses (meadows) these values are 40 and 5 cm respectively. In 
addition, they used different measuring devices: Tengbeh (1993) used a 19 mm hand-held 
direct shear tester, whereas Sidorchuck and Grigorev (1998) measured with a hydraulic 
jet device. 

4.2.3 Interrelationship between soil erosion and vegetation 

Some authors (e.g. Thornes, 1990; Sanchez and Puigdefabregas, 1994) have emphasized 
the importance of the reciprocity of the relationship between vegetation and soil erosion. 
Vegetation controls soil erosion by means of its canopy, roots and litter components, but 
erosion also influences vegetation in terms of composition and structure of the plant 
community as well as growth pattern. These authors provide evidence of this dynamic 
interaction mainly for the canopy (above-ground biomass). Guerrero-Campo (1998) 
points to the fact that, besides the canopy, also root characteristics are affected by the 
erosion rates. This study shows that in highly eroded areas (Aragon, Spain), plant species 
with roots between 50 and 100 cm depth are the most abundant and the less affected by 
soil erosion processes because of their ability to absorb water and nutrients from the soil 
during the dry season. 
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Fig. 4.3. Root density differences conditioned by climate and land use. 
Top: Global distribution of plant roots with depth (as a percentage of total root mass) for 
three plant species (after Schenk and Jackson, 2002). 
Bottom: Distribution of root densities (RD, kg m-3) with depth for abandoned fields and 
shrubland vegetation (matorral) in a mediterranean ecosystem (after Martinez-Fernandez 
et al., 1995). 
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Fig. 4.4. Influence of gravimetric soil moisture content (w, g g-1) on shear strength (S, 
kPa) of the top 4 cm of a sandy clay loam soil with different root densities (RD, kg m-3) 
of Lolium perenne grass roots (after Tengbeh, 1993). Note the unrealistic high RD.  
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Fig. 4.5. Comparison of data on shear strength (S, kPa) and cohesion (C) for topsoils 
with different root densities (RD, kg m-3) collected by Tengbeh (1993) and Sidorchuk 
and Grigorev (1998, see eq. [4.7]). Root density data from Tengbeh (1993) were 
corrected by two orders of magnitude (se text). Tengbeh (1993) measured shear strengths 
of soils with laboratory grown grass roots (Sr, kPa) and of bare soils (So, kPa) at 
different gravimetric soil moisture contents (w, g g-1) using a hand-held direct vane shear 
tester. Sidorchuk and Grigorev (1998) used a hydraulic jet device to measure cohesion of 
soils with toendra roots (Cr) and of bare soils (Co) in the field. 
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4.3 Plant root effects on soil erosion by water 

Compared to the focus on the vegetation cover in many erosion assessment studies, little 
information is present about the (individual) effects of the plant root system on water 
erosion rates. Table 4.4 summarizes studies describing the relationship between a soil 
erosion parameter and a plant root parameter for different erosion processes. 

4.3.1 Splash and interrill erosion 

Ghidey and Alberts (1997) stated that the dead root mass of alfalfa, Canada bluegrass, 
corn and soybeans did not significantly influence splash for a silt loam soil in their 
rainfall simulation experiment, although they found that roots had a significantly 
stabilizing effect on aggregate stability (Table 4.4). As they explain, roots may have 
stabilized the soil aggregates, but these stabilized aggregates were not strong enough to 
sustain the impact of the raindrops. 

Interrill erodibility was measured by Bui and Box (1993) in their study on the effect of 
different root length densities of corn (Zea mays L.) in a sandy loam soil during different 
plant stages. They cut the corn plants at the stem base, simulated rain on the soil surface 
and collected runoff and sediment. From their experiments they concluded that corn 
canopies offered more protection than their roots against interrill erosion, and that even 
high densities of live corn roots did not have a stabilizing effect against interrill soil 
erosion (Table 4.4).  

Contra to Bui and Box (1993), Ghidey and Alberts (1997) found significant differences in 
soil interrill erodibility for a root permeated silt loam soil in their laboratory rainfall 
simulation experiment. They used topsoils with dead roots of alfalfa, Canada bluegrass, 
corn and soybeans. Interrill soil erodibility parameters (sediment concentration and 
runoff volume) from perennial crops were significantly lower than those from the annual 
row crops, but the differences in interrill values amongst the crops were small compared 
to the differences in root mass and length. According to their results, the relationship 
between interrill soil erodibility and dead root mass is exponential (Table 4.4): 

Ki = 3.55 e(-0.71 dead RD) (n = 16, R² = 0.63)  [4.8] 

or 

Ki = 3.62 e(-0.029 dead RLD)  (n = 16, R² = 0.59)  [4.9] 

where Ki = interrill soil erodibility (kg s m-4); 
 dead RD = dead root density in 15 cm topsoil (kg m-²); 
 dead RLD = dead root length density in 15 cm topsoil (km m-²). 
Fig. 4.6 illustrates these equations after RD and RLD have been converted from kg m-² 
and km m-² to kg m-3 and km m-3 respectively.  
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Table 4.4. Overview of studies describing the relationship between a soil erosion and a plant root parameter for different erosion 
processes (excluding the effects of above-ground biomass). RD = root density (kg m-2 or kg m-3 or lb acre-1 in-1), RLD = root length 
density (km m-2 or cm cm-3), NR = number of roots per unit soil surface (number of roots (10 cm)-2), w = weeks, Ki = interrill erodibility 
(kg s m-4), Kr = rill erodibility (s m-1), dr = dead root mass (kg m-2), lr = living root mass (kg m-2), clay = soil clay content (0-1), OM = 
soil organic matter content (0-1), ρb = dry soil bulk density (kg m-3), Dr = relative D,D = soil detachment (kg m-2), Vcrit = critical flow 
velocity for D (m s-1), d = mean diameter of soil aggregates (m), Cr = cohesion of root permeated soil (105Pa), n.a. = not available 

Author(s) Root parameter  
(unit) 

Root parameter 
range 

Root sampling 
depth 

Vegetation type Erosion 
process 

Equation 

Ghidey and Alberts 
(1997) 

dead RD (kg m-2) and 
dead RLD (km m-2) 

0.092 – 0.495 
2.364 – 12.289 

15 cm alfalfa, Canada bluegrass, 
corn, soybeans 

splash no root effect 

Ghidey and Alberts 
(1997) 

dead RD (kg m-2) and 
dead RLD (km m-2) 

0.092 – 0.495 
2.364 – 12.289 

15 cm alfalfa, Canada bluegrass, 
corn, soybeans 

interrill Ki = 3.55 exp(-0.71 RD)   R² = 0.63 
Ki = 3.62 exp(-0.029 RLD) R²=0.59 

Bui and Box (1993) RLD (cm cm-3) 0.75 – 5.10 5 cm corn interrill no root effect 
Guerrero-Campo 
(1998) 

root depth (cm) 50 - 100 > 100 cm matorral interrill + rill n.a. 

Wischmeier (1975) root network in topsoil, 
relative to good 
rotation meadow (%) 

n.a.  n.a. weeds, grasses interrill + rill n.a. 

Dissmeyer and 
Foster (1985) 

percentage of bare soil 
with fine roots (%) 

0 – 100  2.5 to 5 cm lateral and taprooted 
forest trees 

interrill + rill n.a. 

RUSLE – Renard 
et al. (1997) 

living and dead RD (lb 
acre-1 in-1) 

n.a.   10 cm
10 cm 

cropland 
cropland 

interrill + rill PLU-subfactor 
SR-subfactor 

WEPP – Flanagan 
and Nearing (1995) 

living and dead RD 
(kg m-2) 

n.a.   15 cm
 
 
 
 
 
10 cm 

cropland 
 
 
 
 
 
rangeland 

interrill + rill 
 
 
 
 
 
rill 

cropland: interrill  
∆Kidr = exp(-0.56 dr) 
∆Kilr = exp(-0.56 lr) 
cropland: rill 
∆Krdr = exp(-2.2 dr) 
∆Klr = exp (-3.5 lr) 
rangeland: rill 
Ki = 0.0017+0.0042 clay-0.0088 
OM-0.00088 ρb/1000-0.00048 RD 

Mamo and 
Bubenzer (2001a) 

RLD (cm cm-3) – 
laboratory  

Exp I: 0.3 – 2.2 
Exp II: 4 – 23 

15.2 cm exp I: rye grass 8, 12 and 
16 w 
exp II: rye grass 6, 8 and 
10 w 

rill Exp I: Kr = 9.85 exp(-0.020 RLD) 
R² = 0.74 
Exp II: Kr = 42.66 exp(-0.323 RLD) 
R² = 0.75 

 



 

Mamo and 
Bubenzer (2001b) 

RLD (cm cm-3) – field  corn: 1 – 4 
soybean: 0.15 – 
0.7 

7.62 cm corn and soybean rill soybean: Kr = 0.552 exp(-1.142 
RLD)   R² = 0.13 
corn: Kr = 0.64 exp(-0.345 RLD) 
R² = 0.25 

Li et al. (1991) NR (number of roots 
(10 cm)-2) 

0 – 700 every 10 cm, 
up to 200 cm 

Pinus tabulaeformis, 
Hippophae rhamnoides, 
grass 

rill Sediment reduction = Eo NRk /  
(H+NRk)   R² = n.a. 
with Eo, H and k plant specific  

Liu et al. (in press) RD (kg m-3) 
RLD (km m-3) 

0.084 –  1.643 
3 – 111  

10 cm 
2 cm 

barley and soybean rill Dr = exp(-2.25 RD)   R² = 0.5876 
D = 0.762exp(-0.376 RLD)R²= 0.87 

Sidorchuk and 
Grigorev (1998) 

RD (kg m-3) 0 – 45 5 cm toendra rill Vcrit = 2.25 sqrt(d + 0.18 Cr2.25) 
R² = 0.54 

Gyssels and Poesen 
(2003) 

RD (kg m-3) 0 – 30 10 cm cereals and grasses rill and gully n.a. 
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Fig. 4.6. Relative interrill erodibility as function of (left) dead root density (dead RD, kg m-3) and (right) dead root length density (dead 
RLD, km m-3) in upper 15 cm of soil calculated using equations [4.8] and [4.9] (after Ghidey and Alberts, 1997). 
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4.3.2 Concentrated flow erosion (rill and (ephemeral) gully erosion) 

A study by Mamo and Bubenzer (2001a and 2001b) combined laboratory experiments in 
a hydraulic flow channel and field studies using an artificially created channel to 
determine the influence of living plant roots on soil detachment rate under concentrated 
flow conditions (Table 4.4). Fig. 4.7 summarises their results from both laboratory 
(ryegrass) and field measurements (corn and soybean) on silt loam soils. For each crop, 
rill erodibility and soil detachment rates decreased exponentially with root length 
densities, but rye grass experienced more soil detachment at low root length densities 
than the two other crops at the same root length densities. There is a difference in soil 
detachment rate in the order of magnitude of a factor 10 between laboratory and field 
conditions. Rill erodibility depends on the type of plant species, and a marking difference 
exists between field and laboratory grown crops. Rill erodibility is often higher for 
laboratory-grown crops.  
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Fig. 4.7. Rill soil erodibility (Kr) as influenced by root length densities (RLD, km m-3) 
for laboratory grown rye grass and for field grown agricultural crops (corn: n = 12, R² = 
0.25; soybean: n = 15, R² = 0.13). Rye grass was sown for 6 (>6w, n = 14, R² = 0.75) and 
for 8 weeks (>8w, n =16, R² = 0.74) before testing (after Mamo and Bubenzer, 2001a and 
2001b). Root sampling depth was 15.2 cm for rye grass and 7.62 cm for corn and 
soybean.  
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On the Chinese Loess Plateau, Li et al. (1991) measured soil detachment by rills using a 
hydraulic flume on in-situ field plots, in order to asses the impact of the roots of three 
plant species: Pinus tabulaeformis (a conifer), Hippophae rhamnoides (a shrub) and 
grasses. When plotted on a relative scale, once more a decreasing trend can be observed 
(Fig. 4.8). According to Li et al. (1991) a Hill curve or dose-response type of relationship 
(Hill, 1910; Dose-response, 2005) fits the data the best. This is a model of the form: 

Y = Eo Xk / (H + Xk)   [4.10] 

where k, Eo and H are three plant-specific parameters describing the curve. 

The root pattern of Hippophae rhamnoides seems to provide the least erosion resistance 
to the soil at high root densities, but the best at low root densities. This leads to the 
conclusion that the effects of plant roots on increasing the resistance of the soil to 
concentrated flow erosion mainly depend on the presence and distribution of 'effective' 
roots (i.e. roots with a diameter less than 1 mm) in the top 50 cm of the soil (Li et al., 
1991). According to Li et al. (1992a) and Li (1995), plant roots reduce concentrated flow 
erosion because they increase the resistance of the soil, enhance soil permeability and 
improve soil physical properties. 
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Fig. 4.8. Relative rill soil erosion rates as measured with a rainfall simulator on erosion 
plots on the Chinese Loess Plateau as function of root density (RD) for three plant 
species: Pinus tabulaeformis (n = 10), Hippophae rhamnoides  (n = 5) and grasses (n = 
5). Root sampling depth was 10 cm (after Li, 1995). 
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Recent research by Liu et al. (in press) analysed the effect of root densities of barley and 
soybean, grown in loess soils of Ansai (China) and in silt loam soils from Cincinnati 
(United States), on soil detachment rates by concentrated runoff flow rates in a hydraulic 
flume set-up. According to their results, no difference between the two crops or between 
the two used soils could be observed (Fig. 4.9). The equation that fits the data the best, 
irrespective of soil origin or kind of crop, is: 

Dr = e - 2.25 RD (R² = 0.59, n = 58)   [4.11] 

where: Dr = relative soil detachment (fraction); 
 RD = root density in the upper 10 cm of the soil (kg m-3) 

The data set of Liu et al. (in press) is with 58 observations the largest one available for 
the moment. Critical analysis of their data indicates however that the exponential model 
(eq. [4.11]) may not be the best one for explaining the variability in the observed data. A 
model that visually fits the observed data better can be achieved using the Hill curve from 
eq. [4.10], whereby Eo is set to 1 because detachment rates are expressed relative to 
detachment rates of rootless soil. The two other parameters (k and H) were fitted using 
non-linear regression analysis. The R²-value increases from 0.58 for the exponential 
model to 0.79 for the hill curve model (Fig. 4.9). The Nash and Sutcliffe (1970) model 
efficiency statistic (MEF) was then used to determine which of both regression methods 
leads to the best prediction of the observed relative detachment. Mayer and Butler (1993) 
argued that MEF is the best overall measure of agreement between observed and 
simulated values. MEF values larger than zero indicate a model with a larger predictive 
power than the mean value of the observed values and a MEF of one indicates a perfect 
model. For the considered data set, predicting relative soil detachment by the exponential 
model of [4.11] results in a MEF = 0.65, which is less than the MEF obtained when the 
Hill curve type model of [4.10] is used (MEF = 0.81) (Fig. 4.9). The Hill curve fits the 
observed data for small RD-values (up to 1 kg m-3) better than the exponential model, but 
it slightly overestimates relative soil detachment for higher RD-values. Additional 
experiments with high root densities may bring more clarification about the predictive 
power of the Hill curve model. 

 

Sidorchuk and Grigorev (1998) were able to link critical flow velocities for soil 
detachment with tundra root properties for different soils. Fig. 4.10, summarizing their 
results, shows that, apparently, below a critical root mass no effect of roots on critical 
flow velocity and therefore on the erosion rate is present. This is in sharp contrast to all 
the other studies, described earlier. 
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Fig. 4.9. A. Effect of root density (RD) on relative detachment (Dr) of Ansai and Cincinnati 

silt loam soils. Soybean and barley plants were grown at different densities in the 
laboratory and were subjected to runoff flow in a hydraulic flume set-up at different 
days after drilling. Root sampling depth was 10cm. Data and regression equation are 
based on Liu et al. (in press). MEF = model efficiency (see text). 

B. Hill curve (see eq. [4.10]) fitted through the experimental data of plot A.  
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Fig. 4.10. Critical flow velocities for soil detachment (Vcrit, m s-1) in different soil 
textures, as influenced by root densities (RD, kg m-3) of tundra vegetation (after 
Sidorchuk and Grigorev, 1998). 
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4.4 Plant root effects in soil erosion models 

Several soil erosion prediction models have been developed that incorporate plant root 
effects. Here, we investigate how this was achieved.  

4.4.1 USLE (Universal Soil Loss Equation) 

Wischmeier (1975) was the first to indicate graphically that roots in the topsoil influence 
soil erosion. He provided curves for correcting the residual effects of land use for the root 
network of weeds and grasses in the topsoil. The curves described an exponential decline 
in soil erosion with increasing root density. Although the curves were based on 
estimations, Wischmeier (1975) reported that they were consistent with field 
observations. Dissmeyer and Foster (1985) used these curves for correcting the USLE-
equation for forested land. They judged that fine tree roots were similar to grass roots 
(lateral rooted vegetation) and that broadleaf weeds were tap rooted. Although this 
assumption does not hold everywhere, the graphs indicated that soil erosion decreases 
exponentially with an increase in soil surface occupied by fine roots, and that this effect 
is more explicit in the case of lateral roots (Fig. 4.11), because lateral roots form an 
important network that reinforces the cohesion of the soil. The experimental support for 
this figure is however very weak. 
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Fig. 4.11. Soil erosion as influenced by differences in architecture of fine roots under 
forest in the top 2.5 - 5 cm of soil (after Dissmeyer and Foster, 1985). 
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4.4.2 RUSLE (Revised Universal Soil Loss Equation) 

An effort was made in the framework of the revision of the empirical USLE (Wishmeier 
and Smith, 1978) to incorporate the effects of roots on the intrinsic properties of the soil. 
The RUSLE-equation (Renard et al., 1997) was developed to compute the long-term 
average annual and temporal soil loss by interrill and rill erosion expected on slopes as: 

A = R . K . L . S . C . P   [4.12] 

where A = computed spatial and temporal mean soil loss (t ha-1 a-1); 
 R = rainfall-runoff erosivity factor (MJ mm ha-1 h-1 a-1); 
 K =  soil erodibility factor (t ha h MJ-1 mm-1 ha-1); 
 L = slope length factor (0-1); 
 S = slope steepness factor (0-1); 
 C = cover-management factor (0-1). 
 P = support practice factor (0-1). 

 

In the RUSLE two out of five subfactors of the C-factor deal with the root mass effects 
for calculating rill and interrill erosion at the plot scale: i.e. roughness of the soil surface 
(SR) and prior land use of the soil (PLU). The C-factor is calculated using soil loss ratios 
for different time periods of the year over which the important parameters can be 
assumed to remain constant. Soil loss ratios are computed as:  

SLR = PLU . CC . SC . SR . SM   [4.13] 

where SLR = soil loss ratio (ranges from 0 to 1); 
 PLU = prior land use subfactor (0-1); 
 CC =  canopy-cover subfactor (0-1); 
 SC = surface-cover subfactor (0-1); 
 SR = surface-roughness subfactor (0-1); 
 SM = soil-moisture subfactor (0-1). 
 

In the prior land use subfactor (PLU) the amounts of roots and subsurface residue of the 
harvested crops are used to calculate the impact on interrill and rill erosion rates. The 
effects of living roots and buried crop rests take two forms. First, roots and residue can 
control erosion directly by physically binding soil particles together and by acting as 
mechanical barriers to soil and water movement. Second, roots and residue exude binding 
agents and serve as food source for micro-organisms that produce other organic binding 
agents. These serve to increase soil aggregation and thereby reduce the soil's 
susceptibility to erosion. The relationship shows an exponential decrease in soil loss by 
interrill and rill erosion with increasing root density (Fig. 4.12), according to the equation 
(Renard et al., 1997): 
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PLU = Cf . Cb . exp [(-cur . Bur) + (cus . Bus / Cf cuf)]  [4.14] 

where Cf = surface-soil-consolidation factor (0-1); 
 Cb = relative effectiveness of subsurface residue in consolidation (0-1); 
 Bur = mass density of live and dead roots found in the upper inch of soil (lb 

acre-1 in-1); 
 Bus = mass density of incorporated surface residue in the upper inch of soil 

(lb acre-1 in-1); 
 cur = calibration coefficient indicating the impact of live and dead roots (acre 

in lb-1); 
 cus = calibration coefficient indicating the impact of incorporated surface 

residue(acre in lb-1); 
 cuf = calibration coefficient indicating the impact of soil consolidation on the 

effectiveness of incorporated residue. 
 

For a freshly tilled soil surface (Cf = 1) without any incorporated subsurface residue (Bus 
= 0) this equation can be reformulated as: 

PLU = Cb . e(-cur . Bur)   [4.15]

whereby according to the RUSLE-manual (Renard et al. 1997), Cb equals 0.951 and cur 
equals 0.00199 acre in lb-1. 
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Fig. 4.12. Influence of root density (RD, kg m-3) in the upper 2.5 cm of soil on the Prior 
Land Use (PLU) subfactor of the RUSLE model. PLU was calculated for the upper 20 
cm (8 inch) of soil with and without tillage operation to a depth of 15 cm (6 inch) using 
equations [4.14] and [4.15] (after Renard et al., 1997).  
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From Fig. 4.12 it is clear that, according to the RUSLE-erosion model plant roots are 
capable of reducing interrill and rill erosion rates significantly, given they are present in 
sufficient amounts, i.e. more than 2 to 5 kg m-3. Yet, in many cropland soils, plant roots 
densities, even at the end of the growing season, are often less than 2 kg m-3 (as measured 
in central Belgium), or are spatially not evenly distributed. Particularly fields with row 
crops where the space between the rows is wide (e.g. maize) have a very unevenly 
distributed root mass density. For these cases, the interrill or rill erodibility factor 
between the rows should not be corrected for rooting densities. 

 

The soil surface-roughness subfactor (SR) is a function of the surface's random roughness 
(R) (Renard et al., 1997). In RUSLE the baseline random roughness is set to 0.61 cm 
(0.24 inch): this is the condition of the soil surface of a clean cultivated field smoothed by 
extended exposure to rainfall of moderate intensity. The surface-roughness subfactor is 
corrected for tillage operation (Rt) and for subsurface biomass density present in the top 
10 cm (4 inch) of the soil (Bu). This corrected roughness is called the roughness after 
biomass adjustment (Ra) (Renard et al., 1997): 

Ra = 0.24 + (Rt – 0.24) . (0.8 [1 – e (-0.0012 . Bu)] + 0.2)  [4.16] 

where Ra = soil surface roughness after biomass adjustment (in); 
 Rt = original tillage roughness based on the assumption of ample subsurface 

biomass (in); 
 Bu = total subsurface biomass density in the top inch of soil (lb acre-1 in-1), or 

Bu = Bur + Bus. 
According to the RUSLE manual, this relationship is mainly valid for high-yielding corn 
crops, and not for cereal crops. 

After adjustment for tillage and biomass of the tilled field, the resulting surface-
roughness subfactor is calculated by 

SR = e-0.66 (Ra - 0.24)     [4.17] 

The surface-roughness subfactor is much more influenced by the roughness provided by 
tillage of the soil than by the extra roughness provided by the subsurface biomass that is 
brought to the surface when tilling the soil, as can be seen in Fig. 4.13 (after converting 
the root density units to kg m-3). The roughness provided by tillage (Rt) determines to a 
very large extent the order of magnitude of the surface-roughness subfactor. The presence 
of total subsurface biomass density (Bu) reduces this final SR-value in an exponential 
way. 
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Fig. 4.13. Influence of root density (RD, kg m-3) in the upper 10 cm of soil on the surface 
roughness subfactor (SR) of the RUSLE model, calculated using equations [4.16] and 
[4.17]. For these calculations the mass density of incorporated surface residue (Bus, see 
equations [4.14] and [4.15]) was set equal to zero. SR is mainly dependent on roughness 
after tillage (Rt) and is then corrected for rooting density (after Renard et al., 1997).  

 

4.4.3 WEPP (Water Erosion Prediction Project) 

The WEPP soil erosion model is a dynamic simulation model that predicts spatial and 
temporal distributions of soil loss and sediment deposition from overland flow on 
hillslopes, from concentrated flow in small channels, and sediment deposition in 
impoundments (Flanagan and Nearing, 1995). It includes a plant growth and residue 
decomposition component that generate information about root densities. Living and 
dead roots in the top soil are used for adjustment of interrill and rill erodibility parameters 
for cropland soils. For rangeland soils only rill erodibility and not interrill erodibility is 
adapted. Although the WEPP erosion model uses equations to adjust interrill and rill 
erodibility for the presence of plant roots in the topsoil, it is unclear on which 
experimental data set these equations are based.  

For cropland soils, the living and dead root density in the 15 cm topsoil reduces interrill 
soil erodibility (Ki) equally in an exponential way (Fig. 4.14A), after transforming the 
root density units to kg m-3) (Flanagan and Nearing, 1995): 

∆Kidr = e-0.56 dr     [4.18] 

∆Kilr = e-0.56 lr      [4.19]
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where ∆Kidr= interrill erodibility adjustment for dead roots (cropland soils) (expressed 
as a fraction of baseline interrill erodibility); 

 ∆Kilr= interrill erodibility adjustment for living roots (cropland soils) 
(expressed as a fraction of baseline interrill erodibility); 

 dr = dead root mass (kg m-2) in 15cm topsoil; 
 lr = living root mass (kg m-2) in 15cm topsoil. 
The combined effects of living and dead roots in the soil result in the largest reduction of 
interrill erodibility.  

Rill erodibility (Kr) for cropland soils is corrected for rooting parameters following (Fig. 
4.14B, after transforming the root density units to kg m-3) (Flanagan and Nearing, 1995):  

∆Krdr = e-2.2 dr      [4.20] 

∆Krlr = e-3.5 lr      [4.21] 

where ∆Krdr= rill erodibility adjustment for dead roots (cropland soils) (expressed as a 
fraction of baseline rill erodibility); 

 ∆Krlr= rill erodibility adjustment for living roots (cropland soils) (expressed as 
a fraction of baseline rill erodibility); 

 dr = dead root mass (kg m-2) in 15cm topsoil; 
 lr = living root mass (kg m-2) in 15cm topsoil. 
Roots have a more pronounced effect on reducing rill erodibility than interrill erodibility 
of cropland soils (Fig. 4.14A and B). 

 

For rangeland soils, only rill erodibility (Kr) is adjusted for the combination of clay 
content, organic matter, dry soil bulk density and root density in the top 10 cm soil. This 
relationship is linear (Fig. 4.14C, after transforming the root density units to kg m-3) 
(Flanagan and Nearing, 1995): 

Kr = 0.0017 + 0.0024 clay – 0.0088 OM – 0.00088 ρb / 1000 – 0.00048 root [4.22] 

where Kr = rill erodibility for rangeland (s m-1); 
 clay = soil clay content (0-1); 
 OM = organic matter content of the surface soil (0-1); 
 ρb  = dry soil bulk density (kg m-3); 
 root = total root mass in top 10 cm of soil surface (kg m-2). 
 

Compared to the soil loss predictions by RUSLE, the soil losses from cropland by rill 
erosion as predicted by WEPP are more affected by living and dead plant roots (when 
keeping other controlling factors constant). Using RUSLE, PLU is reduced to 0.13 by a 
root density of 5 kg m-3, whereas according to WEPP such a root density brings the rill 
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erodibility of cropland almost to zero. Yet, for interrill erosion on cropland, soil loss 
predictions by WEPP are higher compared to the predictions of RUSLE. A root mass of 5 
kg m-3 on cropland reduces the WEPP-interrill erodibility to 0.43. Summarizing, both 
models predict an exponential decrease, but the exponent of the decrease differs 
significantly. 
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Fig. 4.14.  

A Interrill soil erodibility (Ki) of cropland soils adjusted (adj) for living (lr) and/or for dead root 
(dr) density in 15 cm of soil (equations [4.18] and [4.19]). 

B Rill soil erodibility (Kr) of cropland soils adjusted (adj) for living (lr) and/or for dead root (dr) 
density in 15 cm of soil (equations [4.20] and [4.21]). 

C Rill soil erodibility (Kr) of rangeland soils adjusted for root density in 10 cm of soil (based on 
equation [4.22]).  

(after Flanagan and Nearing, 1995). 
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4.5 Discussion and conclusions 

4.5.1 Relating soil erodibility to root density 

The influence of vegetation on water erosion is a topic that still receives significant 
attention in erosion studies. For controlling soil erosion, vegetation cover - as a substitute 
for the integrated action of stems and leaves - seems to be a crucial factor. However, 
reviewing the influence of plant roots on soil erosion revealed that roots are also 
important. Plant roots were firstly recognized as an essential factor with respect to slope 
stability. In this domain a linear relationship between root density and resistance of a soil 
to erosion by mass transport was described. For optimal soil conservation results a 
combination of deep and dense rooting patterns (as e.g. a mix of small trees, shrubs and 
grasses) are preferred. But with respect to water erosion by concentrated flow, a shallow 
but dense root network seems more effective (e.g. grasses).  

Different authors tried to establish relationships between root densities and soil loss or 
soil erodibility, but as the methods used, parameters measured and experimental set-ups 
differ, it is very difficult to compare the findings of the different authors that were 
summarized in Table 4.4. Standardisation in the use of root density units and 
measurement instruments is therefore highly recommendable. Nevertheless, a selection of 
the different studies was compared in Fig. 4.15 and Fig. 4.16, as far as the used root and 
soil loss parameters were identical. From these graphs and from Table 4.4 it can be 
concluded that rooting properties dominantly decrease soil erosion parameters for interrill 
and rill erosion in an exponential way, according to the equation: 

SEP = e-b RP       [4.23] 

where SEP = soil erosion parameter (e.g. interrill erodibility, rill erodibility); 
 b = constant; 
 RP = root parameter (e.g. root density, root length density). 
 

The exponential model seems to confirm the results of chapter 3 were it was indicated 
that cross-sectional areas of concentrated flow channels could be related to root density 
by exponential trend lines. Only a minority of authors describe a different pattern: e.g. rill 
erodibility in rangeland soils diminishes linearly according to the WEPP model. The data 
provided by Li et al. (1991), by Liu et al. (in press) and by Sidorchuk and Grigorev 
(1998) are best described with a hyperbola. Probably, additional research will be needed 
to determine the exact type of relationship between root density and soil erosion by 
concentrated flow. From all authors referred to in this study, only Li et al. (1991) 
provides a physical meaning of the parameters used in his Hill curve model. All others 
present the relationship that describes the data best based on statistical analysis.  
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Fig. 4.15. Comparison of equations, obtained from experimental data or used in soil 
erosion models, describing the influence of root density (RD, kg m-3) on relative splash, 
interrill (Ki) and rill erodibility (Kr). lr = living root density, dr = dead root density. 
Equations can be found in Table 4.4. 
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Fig. 4.16. Comparison of equations describing the influence of root length density (RLD, 
km m-3) on relative splash, interrill (Ki) and rill erodibility (Kr), as obtained from 
experimental data. Equations can be found in Table 4.4. 
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In theory, studies on the impact of vegetation on soil loss by interrill and rill erosion have 
measured the combined effect of plant cover and roots. They have attributed this effect to 
the vegetation cover. Yet in practice, vegetation cover is mostly of importance for 
reducing interrill erosion, and to lesser extent rill erosion. Plant stems and leaves reduce 
the energy and flow velocity of water and thus prevent soil detachment at the soil surface 
itself. Roots however will essentially only reduce soil detachment at the moment that the 
water flow has removed the topsoil and starts to create concentrated flow channels (rills 
or gullies). From Fig. 4.15 and Fig. 4.16 it can be seen that plant roots are of no 
significant influence for splash erosion, but their effects on reducing interrill erosion are 
not unambiguously described. According to Bui and Box (1993), roots have no effect on 
interrill erosion, whereas all other authors describe an exponential decline in soil loss 
with rooting parameters. The decline in soil loss is even more pronounced in case of rill 
or concentrated flow erosion. In terms of the constant b of equation [4.23], three domains 
could be roughly separated: splash, interrill and concentrated flow erosion (Table 4.5). 
Whatever rooting parameter is used, for splash b equals 0. Values of b for interrill erosion 
are consistently lower than those for rill erosion, although some overlap occurs when 
RLD is used as root parameter. The exact boundaries of these domains can not be 
deduced from the data available, and probably the boundary between rill and interrill 
erosion is not very sharp. Moreover, the range of b-values given in Table 4.5 is quite 
large. Comparing the individual exponents of the equations given in Table 4.4 revealed 
that the exponents derived from experimental set-ups are often much larger than the 
exponents that are currently used in some soil erosion models (differences up to ca. 30%). 
The fact that the experimental support for the equations used in the erosion models is 
very weak, it is assumed that the experimental data are to be trusted more. This implies 
that the effect of plant roots on soil erosion rates, if it is accounted for in erosion models, 
is still underestimated. 

From Fig. 4.15 and Fig. 4.16 it is also clear that for inducing significant reductions in soil 
loss relatively high root densities are needed. In order to obtain a reduction in soil loss by 
50% (interrill and rill) one needs a root density of on average 5 to 20 kg m-³ according to 
the data of Fig. 4.15. But in many agricultural fields, even at the end of the growing 
season, rooting densities are lower than these values. Therefore, for significantly reducing 
rill and ephemeral gully erosion rates in erosion-sensitive areas it is recommended to use 
plant species that develop a dense root network (i.e. with fibrous roots such as cereals). 
On the other hand, Liu et al. (in press, Fig. 4.9) indicate that root densities as small as 
0.35 kg m-³ can already reduce soil detachment rates by 50%. For winter cereals, these 
root densities are present about 3-4 months after drilling. Concluding, based on the 
available data presented here, it is rather difficult to indicate optimal root densities for 
soil conservation practices, because this may be crop- and soil-dependent.  
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Table 4.5. Range of b-values for equation [4.23] according to root parameter (and units) 
used for different water erosion processes. Average value is indicated between brackets. 

 b-values for equation [4.23] 
Erosion process Root density (kg m-3) Root length density (km m-3) 
splash detachment 0.000 0.000 
interrill erosion 0.084 – 0.168  (0.1195) 0.000 – 0.004  (0.0022) 
rill erosion 0.330 – 0.855  (0.5930) 0.002 – 0.114  (0.0460) 

 

4.5.2 Laboratory-grown crops versus field crops 

The comparison of the different studies also shows the large discrepancy between data 
gathered in the field and data obtained from laboratory experiments. Good examples of 
this discrepancy are found in Fig. 4.5 and Fig. 4.7, where laboratory grown plant roots 
influence the soil shear strength and soil erodibility to a much lower extent than field 
grown crops. This discrepancy can be explained by thigmomorphogenesis, a biological 
term for the changes in the morphology and the mechanical properties of a plant due to 
constant disturbances such as friction with neighbouring plants or passing animals, wind, 
rain, changes in soil pressure etc. (Jaffe and Forbes, 1993). In short, plants grown in 
natural conditions will be shorter and stockier with more supportive features (more 
lignine), and thus stronger. This reaction of the plant to external stresses has very 
important consequences for soil erosion experiments, because results obtained from 
experiments with laboratory grown plants can only indicate trends but can not be 
extrapolated to field conditions. 

4.5.3 Relative importance of roots and shoots for soil loss 

The exponential decrease in soil loss with increasing root parameter values (Fig. 4.15 and 
Fig. 4.16) is very similar to the decrease in soil loss with vegetation cover (Fig. 4.1 and 
Fig. 4.2), a similarity that was also seen in chapter 3. However, a comparison of both 
plant parameters, i.e. a root parameter and vegetation cover, in order to determine which 
plant element has the highest impact on reducing soil losses, is rather difficult because of 
incomparable units and because many vegetation studies do not dissociate the effect of 
vegetative cover from that of root density. 

Of course, in different erosion assessment studies, the combined effect of above- as well 
as belowground biomass was measured, and the erosion reduction effect was attributed to 
stems and leaves. This may well be correct for humid zones. But in certain 
circumstances, the effect of the root biomass will be of more importance than the effect 
of the above ground biomass, e.g. after fires, in overgrazed areas, etc..  

Additional vegetation research would therefore benefit from determination of 
relationships between cover and root density units, and from relationships that allow to 
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compare the used root density units to the ones used in other research articles. As root 
density research is time-consuming, root density (kg m-3) or root length density (km m-3) 
seem the most appropriate ones. 

4.5.4 Relative importance of roots and shoots for different erosion 
processes 

Based on the foregoing discussions a structural model (Fig. 4.17) is made, indicating the 
relative importance of vegetation cover and plant root density on the different water 
erosion processes, i.e. splash, interrill, rill and ephemeral gully erosion. This model 
indicates that when looking at splash and interrill erosion, only vegetation cover is the 
most important vegetation parameter controlling soil losses. But when studying incisive 
erosion processes such as rill and (ephemeral) gully erosion, one should also consider the 
influence of the plant roots, because their effect on the possible reduction of soil losses 
may be at least as important as the influence of the vegetation cover. 

In conclusion, more in-field and laboratory root research is needed since the current 
knowledge about root morphology and its impact on soil erosion by water is still rather 
limited. 
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Fig. 4.17. Structural model, indicating the relative importance of vegetation cover and 
plant roots in controlling the intensity of several water erosion processes. 
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CHAPTER FIVE

EVALUATION OF THE USE OF A

POCKET SHEAR VANE FOR

MEASURING COHESION OF ROOT-

PERMEATED TOPSOILS

5.1 Introduction 

The maximum mechanical resistance of a soil to shearing stresses is expressed as shear 
strength (SSSA, 2003). The mechanical influence of plant roots on soil shear strength has 
been subject of many years of slope stability research. A major outcome of the research 
done on this subject is that plant roots contribute significantly to soil strength by 
providing artificial cohesion (see chapter 4). The additional cohesion provided by the 
plant roots is related to the root tensile strength. Anderson and Richards (1987) have 
collected a sizable amount of root tensile strength data of different vegetation species. 
Yet, most information on root tensile strengths comes from trees.  

Soil cohesion is also used as input parameter in soil erosion models for calculation of the 
resistance of a soil to detachment by runoff (e.g. European Soil Erosion Model or 
EUROSEM, Morgan et al., 1998). In order to accelerate the collection of input data 
needed for process-based soil erosion models, it would be ideal to measure cohesion of 
root-permeated soils using simple devices, rather than the time-consuming and difficult 
testing procedure for root tensile strengths. Slope stability research has focused on root 
tensile strengths for trees, and not for traditional agricultural crops. Though, soil erosion 
problems occur commonly in areas devoid of trees (e.g. forest clearings, cropped fields). 

In soil erosion research, several instruments are available to measure soil shear strength 
of bare soils in situ (e.g. pocket shear vane also called torvane, pocket penetrometer, hand 
vane tester). Poesen (1981) used the torvane to measure changes in apparent cohesion of 
topsoils during rainfall. Zimbone et al. (1996) compared four different instruments and 
demonstrated that the torvane and the hand vane tester are the most appropriate 
instruments for measuring soil cohesion for soil erosion research purposes. This is 
because they express the kind of shear involved in the detachment of soil particle by 
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flow. Little is however known on the effects of roots of arable crops on soil cohesion and 
on the suitability of these instruments for measuring the cohesion of a root-permeated 
soil. 

Tengbeh (1993) used a 19 mm hand-held direct reading shear tester to measure cohesion 
of root-permeated soils and obtained a linear relationship between grass root density and 
soil shear strength. Grass root densities were unrealistically high (200 to 2000 kg m-3). 
Sidorchuk and Grigorev (1998) obtained an exponentially increasing trend between soil 
cohesion and plant root density and were able to make the link with soil erosion in tundra 
vegetation. Yet, they used a hydraulic jet device that measures indirectly soil cohesion. 

Therefore, this chapter evaluates the use of a hand-held shear vane (or torvane) for 
measuring the cohesion of soil layers permeated with roots of small grains. More 
specific, three questions will be investigated: 

1. Do differences in root densities of wheat plants (Triticum L.) grown in the 
laboratory have an impact on soil cohesion? 

2. Is there a difference in soil cohesion on top of and between wheat plants in the 
field? 

3. Is the torvane appropriate for measuring soil cohesion variations due to the 
presence of wheat roots in the soil? 

5.2 Material and methods 

5.2.1 Pocket shear vane 

Soil cohesion was measured using a pocket shear vane (or torvane, 
see Fig. 5.1), similar to the one described by Zimbone et al. (1996). 
All recordings were done using the sensitive vane adapter (CL-602) 
with readings ranging from 0 to 10 (being equivalent to 0 to 20 kPa) 
and a reading scale precision of 1 kPa. The vanes were pushed into 
the topsoil over a depth of 0.5 cm. The torvane was than turned 
clockwise with a constant speed until failure. The average soil 
cohesion value was then calculated using ten 
replicates. F

v

5.2.2 Laboratory and field measurements 

In a first phase wheat plants were sown in soil contai
used in the containers for growing the wheat plants 

84 
ig. 5.1: Torvane with the sensitive
ane adapter pushed into the topsoil.
ners in the laboratory. Soil material 
was very similar to the soils in the 



 Evaluation of the use of a torvane for measuring cohesion of root-permeated topsoils 

study area. Loess-derived soils in the area are silt loam and contain generally ca. 10 % 
clay, 80 % silt and 10 % sand (Goossens, 1993). Soil was compacted to obtain a dry soil 
bulk density similar to normal field situations (ca. 1.25 g cm-3). Wheat grains (Triticum 
L.) were randomly seeded at two sowing rates: 75 and 150 seeds per m², representing the 
normal (or single) drill rate (3 containers) and the double drill rate (3 containers). Water 
and nutrients were added as needed. Small holes in the bottom of the containers allowed 
for drainage of excess water. In three additional soil containers no wheat plants were 
seeded. These soil containers were treated identically and served as reference. Thus, three 
treatments were created: rootless, single and double (Fig. 5.2). Plants sown in the 
laboratory did not grow well and were struck by a disease three weeks after sowing. 
Therefore, cohesion measurements on the containers with wheat grown inside took place 
one month after sowing, and a second series of 9 containers was seeded and put outside 
in the open air. Wheat plants sown in the soil containers in the open air grew better, and 
cohesion was measured three months after sowing. For both series of containers, the 
topsoil of the containers was saturated with 10 cm water and the aboveground biomass 
was clipped before measuring soil cohesion with the torvane (Fig. 5.3). By doing so, a 
difference in cohesion due to variable soil water content was prevented. For the 
containers grown inside, torvane measurements were performed at three moments: 15 
minutes after the applied water layer had infiltrated, 2 hours after infiltration and 48 
hours after infiltration. For the containers grown outside, cohesion measurements took 
place two hours after infiltration of the applied water layer. For both series, cohesion 
measurements were made at the soil surface (0 cm) and at 5 and at 10 cm depth. For all 
soil layers, for all treatments and for all points of time, soil cohesion measurements were 
repeated 10 times. Each time, soil and roots sheared by the torvane were collected. From 
the 10 replicates one large mixed soil-root sample was made and stored in a deep freezer 
for determination of root density afterwards. Gravimetric moisture content and dry soil 
bulk densities of each soil layer were assessed by standard procedures. 

 
A B
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Fig. 5.2: Soil containers with wheat plants grown in the laboratory (A, 2 weeks after 
sowing) and outside (B, 3 months after sowing). Containers at the left are without
wheat plants and treated identically as the containers in the middle (single-drilled) and 
at the right (double-drilled). 
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Fig. 5.3: Pictures showing the methods of saturating the topsoil by applying a
water film (A), clipping the aboveground biomass and indicating the positions of
the individual plants with small needles (B). 

 a second phase soil-root cohesion was measured in a winter wheat field, immedia

ter harvest. The remnants of the aboveground biomass were clipped, and the upper cm 
 the soil was carefully removed in order to eliminate the effects of soil surface changes 
e to algae growth and soil surface sealing. Care was taken not to measure in tractor 
ts. By inserting plastic plates into the soil over a depth of 10 cm a small plot of 1 m² 
as created (Fig. 5.4). The soil was saturated artificially by gently pouring 100 litres of 
ater over this plot. Consequently the soil was saturated over a depth of at least 10 cm. 
il cohesion was measured in the centre of the small plot immediately after the water 
d infiltrated. Two positions were selected: on top of wheat plants and between two 
ants, under the assumption that the position between the plants could serve as the 
ference situation (no or few roots present). Plant positions were indicated with small 
edles. Torvane measurements on top of plants and between plants were repeated 10 
es. Soil cohesion measurements were repeated every 2.5 cm deep (up to a depth of 11 
). Again, gravimetric moisture content and dry soil bulk densities of each 2.5 cm layer 

ere assessed, and a mixed soil-root sample was deep frozen for root density assessment. 

B

Fig. 5.4: Delineation of the 1m² field plot before saturation (A). Measurement of soil
cohesion in the field plot at 8.5 cm depth (B).
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5.2.3 Root density assessment  

The root-soil mixture retained by the torvane was frozen. Freezing does not destroy the 
roots, but facilitates the removal of soil particles adhering to the roots. When thawing the 
frozen soil-root mixture, sodium polyphosphate was added to enhance dispersion. Fresh 
roots were separated manually from dead roots based on colour and structure. After being 
separated from the soil following the hand washing method on a 250 µm sieve (Böhm, 
1979), roots were dried and weighed in order to calculate the root density (RD, kg m-3).  

5.3 Results and discussion 

5.3.1 Soil cohesion in containers with wheat plants 

– Wheat grown inside – 

Wheat was grown in the laboratory in order to eliminate changing dry soil bulk densities 
with depth and corresponding differences in soil moisture content, thus facilitating the 
interpretation of changes in soil cohesion and, possibly, corresponding root density. Fig. 
5.5B and D illustrate these soil properties for the measurements 2 hours after infiltration. 
This figure is representative for the measurements 15 minutes and 48 hours after 
infiltration. In general, soil moisture content and dry soil bulk density remain quite 
constant with soil depth and with treatments (except for the moisture content of the 
rootless treatment at 10 cm depth which is higher for the 2 hours situation). Soil dry bulk 
density is similar to field situations. At the same time, in general no significant 
differences in soil cohesion between the different treatments (rootless, single and double-
drilled) and for the different measurement moments were observed (Fig. 5.5A, Table 
5.1), except for the cohesion values of the rootless measurements 24 hours after 
infiltration. Yet, cohesion values for the single- and double-drilled containers (24 hours 
series) are not significantly different (Table 5.1), although general root densities of the 
double-drilled containers are significantly larger than single-drilled ones, and are 
obviously larger than the rootless treatment (Fig. 5.5C) (Prob>χ²=<0.0001). The 
association between average root density and soil cohesion is thus poor. Soil cohesion 
appears to be associated better with soil moisture content (Prob>χ²=0.0008), as illustrated 
in Fig. 5.6, even though the range in soil moisture content changes is small. Changes in 
soil moisture content arise from the fact that soil cohesion was measured at three different 
moments after saturation. 

Two interpretations can be given why, in this experiment, soil cohesion is not influenced 
by root density. 
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Fig. 5.5. Soil cohesion, soil moisture content, root density and dry bulk density data for the 
measurements performed on the cereal containers grown in the laboratory, at different 
depths, 2 h after water infiltration for saturation. Full horizontal line in boxplot indicates 
mean. Full circles show 5th and 95th percentiles. Whiskers indicate one standard deviation. 
 
 

First, the fact that a disease struck these containers three weeks after sowing may have 
hampered normal root development. Moreover, plants grown in the laboratory are often 
less strong than when grown outside. This process is called thigmomorphogenesis (Jaffe 
and Forbes, 1993). Because of the absence of wind, rainfall, the touch of passing animals 
etc. plants growing inside produce less lignin structures and are therefore less strong than 
plants grown outside. Thigmomorphogenesis also affects the strength of the root system 
(pers. comm. De Proft). This lack of root strength is possibly an element of the 
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explanation why in this laboratory experiment no relationship was found between soil 
cohesion and root density. 

A second interpretation comes from the low total root density values in the containers. 
The highest root density in this experiment was ca. 0.16 kg m-3. This value corresponds to 
normal wheat root densities in cropped fields one month after sowing, but it may have 
been too low for having a significant influence on soil cohesion. 

Whatever the interpretation, low root strength or low root density, the outcome of this 
experiment does not allow a closing answer on the question whether differences in root 
density affect soil cohesion. Growing wheat plants outside and for a longer time period 
may bring more clarification, under the assumption of better root development. 

Table 5.1. Results of non-parametric one-way ANOVA: mean Wilcoxon scores of 
cohesion classified by root density and depth for the soil containers with wheat grown 
inside (2 hours after infiltration). Significant different mean scores are given by asterisks.  
Depth Root density class Mean score Difference Prob > χ² 
0 – 5 cm rootless 46.72 * 0.361 
 single 46.62 *  
 double 43.17 *  
5 – 10 cm rootless 47.46 * 0.036 
 single 52.57 *  
 double 51.06 *  
10 – 15 cm rootless 37.55 ** 0.320 
 single 50.97 *  
 double 40.98 *  
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Fig. 5.6. Effect of gravimetric moisture content (w) on soil cohesion values for all 
treatments (rootless, single- and double-drilled) and for all measurement moments (15 
min, 2h and 48h) of wheat grown in soil containers in the laboratory. The negative trend 
between cohesion and w is significant (Prob>|t| =0.0002). Regression equation not given. 
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– Wheat grown outside – 

Three months after sowing, root densities of the wheat plants grown outside were almost 
tenfold of the ones grown inside the laboratory for three weeks (Fig. 5.7C). Plants were 
not affected by disease and thigmomorphogenesis could occur. Highest root densities 
occurred in the top soil layer (0-5 cm) and decreased with depth. Also, soil moisture 
content and dry soil bulk density in the top layer differed from the deeper layers, making 
the interpretation of changes in soil cohesion more difficult (Fig. 5.7B and D). Absolute 
and relative differences between single and double-drilled root densities were larger 
compared to the differences in root density observed in the inside-grown wheat 
containers. Moreover, these differences were significant (Prob>F=<0.0001). At the same 
time, more variation in soil cohesion values was observed compared to the inside-grown 
wheat containers, yet without clear relation to root densities (Fig. 5.7A and C, Table 5.2). 
In the top layer, cohesion values increased with increasing root density, but for the two 
deeper layers soil cohesion continued to increase, although root densities were much 
lower than in the top layer. Under the assumption of a relationship between soil cohesion 
and root density, cohesion values should decrease for the deeper soil layers too, which is 
not the case. As in the previous experiments, the pattern of the soil cohesion values with 
depth corresponded better with soil moisture content data than with root density. So 
again, no clear answer can be formulated to the question whether differences in root 
densities of wheat plants grown in containers affect soil cohesion. 

Table 5.2. Results of non-parametric one-way ANOVA: mean Wilcoxon scores of 
cohesion classified by root density and depth for the soil containers with wheat grown 
outside. Significant different mean scores are given by asterisks. 
Depth Root density class Mean score Difference Prob > χ² 
0 – 5 cm rootless 7.50 * 0.0002 
 single 15.25 **  
 double 23.75 ***  
5 – 10 cm rootless 9.45 * 0.0098 
 single 17.10 **  
 double 19.95 **  
10 – 15 cm rootless 14.25 ** 0.029 
 single 12.90 **  
 double 21.35 ***  
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Fig. 5.7. Soil cohesion, soil moisture content, root density and dry bulk density data for the 
measurements performed on the cereal containers grown in the open air, at different depths, 
2h after saturation. Full horizontal line in boxplot indicates mean. Full circles show 5th and 
95th percentiles. Whiskers indicate one standard deviation. 

 

Second, the root densities observed in this experiment are similar to root densities found 
in cereal fields in the study area. Root densities from the soil containers that were put 
outside the laboratory are therefore representative for field conditions. Yet, growing 
wheat in soil containers may have affected normal root development and spreading. An 
indication of this problem was seen during the soil cohesion measurements: turning the 
torvane did not break the wheat roots, but the roots were often simply torn out of the soil, 
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as if they were not enough branched to grasp the soil particles. In other words, by pushing 
the torvane into the soil, roots were pushed deeper into the soil and did not affect soil 
cohesion as measured by the torvane. 

In order to check these two options, cohesion in cereal fields was measured. 

5.3.2 Soil cohesion in wheat fields 

Field root densities of the top 10 cm of the soil were similar to the ones of the laboratory-
grown outside containers. Root densities on top of a plant were generally lower than 
between two plants, but only significantly lower for the top 2.5 cm (Fig. 5.8C, Table 5.3). 
Soil moisture content was highest in the top 5 cm of the soil (Fig. 5.8B). Dry bulk density 
increased with depth (Fig. 5.8D). Cohesion values increased with depth, whereas root 
densities decreased with depth. Therefore, for the third time, soil cohesion as measured 
with the torvane did not increase as a result of increased root densities.  

For the third time, two possible interpretations can be given. First, root densities are still 
too low for having any effect on the cohesion of the soil. Yet, as the measurements were 
done at the end of the growing season, with high wheat root densities, it is probable that 
only other plant species with larger root densities will be capable to significantly 
influence soil cohesion. 

Second, the torvane is not suitable for measuring soil-root cohesion in silt loam soils. 
During the measurements in the field it was observed that roots were pushed deeper into 
the soil when inserting the torvane. Sometimes the roots already broke before turning the 
torvane for measurement. In these cases, no root cohesion effect was measured. The use 
of other – less root destructive – devices may provide better results. 

Table 5.3. Results of non-parametric one-way ANOVA: mean Wilcoxon scores of 
cohesion classified by position and depth in cereal field. Significant different mean scores 
are given by asterisks. 

Depth Position Mean score Difference Prob > χ² 
0 – 2.5 cm on top of plant 14.25 * 0.0007 
 between plants 5.70 **  
2.5 – 5 cm on top of plant 11.35 ** 0.52 
 between plants 9.65 **  
5 – 7.5 cm on top of plant 13.70 ** 0.16 
 between plants 7.30 **  
7.5 – 10 cm on top of plant 9.44 *** 0.96 
 between plants 9.55 ***  
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Fig. 5.8. Soil cohesion, soil moisture content, root density and dry bulk density data for the 
measurements performed in cereal fields at different depths, 15 minutes after saturation. 

 

5.3.3 Evaluation of the use of the torvane 

The previous analysis shows that, overall, no association can be found between average 
soil cohesion values of rootless, single- and double-drilled soils. Indeed, associations 
between soil cohesion and soil moisture content, and to a lesser extent dry bulk density 
were better. Though, Willat and Sulistyaningsih (1990) reported a 1.5 times higher mean 
shearing resistance of loam soils in containers with rice plants compared to containers 
without rice plants. They used a vane shear tester with vanes of 10 mm, but did not 
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saturate the soil before measuring. The rice root densities ranged between 0.66 and 1.48 
kg m-3 (comparable to this study). Interactions with the high soil moisture content of 
nearly 50% and the fact of puddling the soil were reported. Apparently, they did not 
encounter the problem of breaking or moving roots as in this study. Also Tengbeh (1993) 
found a linear increase in soil cohesion with root density, working with a torvane. 
Compared to Tengbeh (1993) root density values in this study are very low (maximal 1.7 
kg m-3). The lowest root densities used in his experiments were 200 kg m-3, which is 100 
times more than the maximal root densities obtained in this study. As already mentioned 
in chapter 3, it was thought that these values are two orders of magnitude too large to be 
realistic. Moreover, Tengbeh (1993) reported to have used grasses that are known to 
exude organic and other substances around their surfaces onto which soil particles firmly 
adhere. No such adhesion of soil to root surfaces was observed in this study when 
collecting the root density samples. In the study of Tengbeh (1993) differences in soil 
cohesion for root-permeated soils at high soil moisture contents were also small, but still 
existing. Extending the soil-root cohesion tests to lower moisture contents may enlighten 
the absence of any relationship between soil cohesion and root density in this study.  

The major problem encountered in this study, however, still remains: the use of the 
torvane with small vanes (0.5 cm) seems rather inappropriate for measuring soil-root 
cohesion in cereal fields with low root densities because the individual roots often break 
or are pushed deeper into the soil when inserting the torvane. Roots may break at the 
moment when the torvane is inserted into the soil, because plant roots are weak in 
compression and only strong in tension (Simon and Collison, 2001). Cereal roots may be 
weaker compared to grass roots as studied by Tengbeh (1993) or rice roots as studied by 
Willat and Sulistyaningsih (1990).  

So it is readily apparent that the magnitude of increase in soil cohesion due to roots 
depends on both the amount of roots present in the soil and the tensile strengths of those 
roots. Yet again, the problem of measuring these root tensile strengths appears. 
Therefore, the use of a hydraulic jet device, as used by Sidorchuk and Grigorev (1998) 
and by Potter et al. (2002) seems more suitable, especially when dealing with low root 
densities or with friable roots. This apparatus does not destroy the plant roots as much as 
the torvane does and allows fast in-situ measurements. Root densities of the tundra 
vegetation in the study of Sidorchuk and Grigorev (1998) were also higher than in this 
study (up to 60 kg m-3), but these researchers were still able to measure accurately even at 
low root densities (1 kg m-3) (see also chapter 4). 
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5.4 Conclusions 

A fast and easy collection of input data for soil erosion models facilitates the model 
testing and calibrating procedures. Data on cohesion of bare soils are required in soil 
erosion models and can be measured accurately with a torvane. This study aimed to 
assess the impact of the wheat root densities on soil cohesion and to test the use of the 
torvane for root-permeated soils. In summary, three conclusions can be drawn from the 
results, answering the three put questions: 

Root densities of laboratory-grown wheat did not significantly alter the cohesion of the 
silt loam soil. Root densities of the soil containers grown inside were indeed very low 
(less than 0.16 kg m-3), but root density values of the wheat grown in soil containers in 
the open air were representative for field conditions (max. 1.7 kg m-3). Nonetheless, there 
appears to be only a correlation of soil cohesion with soil moisture content, rather than 
with root density. Soil moisture content is indeed a well-known parameter affecting soil 
cohesion (negative correlation, e.g. Camp and Gill, 1969). Since wheat roots were easily 
torn out of the soil when operating the torvane, root development may have been poor in 
terms of branching and it was decided to do additional tests in the field. 

Yet, even under field conditions no relationship could be established between root 
density and soil cohesion, although root development was natural and root densities high 
(up to 1.7 kg m-3). Soil cohesion values on top of plants and between plants were not 
significantly different. Root densities may have still been too low for affecting the 
cohesion thoroughly, but the main problem was the fact that roots broke or were pushed 
deeper into the soil out of the range of the torvane when inserting it. Therefore, the use of 
a torvane for measuring soil-root cohesion in fields with low root densities or for crops 
with friable roots may be questioned.  

According to the good results obtained in the studies of Tengbeh (1993) and Willat and 
Sulistyaningsih (1990) the use of a torvane with larger vanes may be valid for measuring 
soil-root cohesion of soils with very high root densities (at least 200 kg m-3) or for crops 
having stronger roots than cereals (e.g. rice). For measuring the effects of low root 
densities on soil cohesion, the use of a hydraulic jet device may be more appropriate, as 
demonstrated by Sidorchuk and Grigorev (1998) for soils with tundra vegetation roots. 
They indeed measured an increased cohesion for soils with root densities as low as ca. 1 
kg m-3. This device is less destructive for the plant roots than the torvane and it can also 
be used in the field. Yet, it has more practical limitations since it needs large amounts of 
water for scouring the soil. Moreover, because the depth of the scour hole depends on the 
friction of the soil, which in most cases is not known, absolute comparisons are difficult. 
Testing the hydraulic jet device in cereal fields and comparing its results with the test of 
the torvane measurements would in any case be useful. 
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Given that the torvane measurements did not allow for determination of increased soil 
cohesion by the presence of roots, alternative procedures for assessing the impact of root 
densities on the resistance of soils to erosion will be explored in the next chapters, 
namely by comparing soil detachment in laboratory experiments. 
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CHAPTER SIX

EFFECT OF DRILLING DIRECTION

OF SMALL GRAINS ON SPATIAL

VARIATIONS IN SOIL DETACHMENT

RATES♦

6.1 Introduction 

Since long contour tillage has been proposed as a strategy to prevent rill and interrill 
erosion. Contour farming is the practice of tillage or strip cropping parallel to the 
contours of the slope. According to Mutchler et al. (1994) contour farming can reduce 
soil loss by two-thirds. When tillage is oriented along the contour, the ridges (or oriented 
roughness) will partially or completely redirect the runoff, thereby modifying the flow 
pattern. Contour tillage reduces soil erosion by reducing both the runoff volume and the 
grade along the flow path (Renard et al., 1997). Therefore, the effectiveness of contour 
tillage, as described by the P-factor of the Revised Universal Soil Loss Equation 
(RUSLE), depends essentially on two factors: the slope gradient of the soil surface and 
the height of the ridges (Fig. 6.1). Runoff and erosion are also affected by the roughness 
of the soil surface, including roughness created by (contour) tillage. Soil surface 
roughness determines the volume of water that can be held on the surface as depression 
storage, and is accounted for in different physically-based erosion models, as for example 
in the European Soil Erosion Model (EUROSEM) (Morgan et al., 1998). Yet, one could 
consider roughness not only as a matter of the surface state of the soil. A drilled field 
provides locally extra roughness created by plant stems and leaves, which brings the 
biotic aspect into the description of the runoff and soil erosion processes on contour-
drilled fields.  

                                                           
♦ Based on: Gyssels, G., Poesen, J., Liu, G., Vandromme, L. (subm.). Effect of drilling 
direction of cereals on the erodibility of root-permeated topsoils during concentrated flow 
erosion. Soil & Tillage Research. 
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Fig. 6.1. Effect of soil surface slope (S) and height of ridges on the contouring 
subfactor value (P) of the Revised Universal Soil Loss Equation (after Renard et al., 
1997). Height of ridges: very low = 1.25 to 5 cm, medium = 7.5 to 10.25 cm, very high 
= > 15.25 cm. 
 

Summarizing, all effects of contour tillage on runoff and soil erosion are in general 
attributed to aboveground effects: i.e. slope gradient of the soil surface, height of ridges, 
depression storage, soil surface roughness and roughness created by stems and leaves 
(Fig. 6.2). Yet, when concentrated runoff is flowing parallel or perpendicular to the 
drilling lines, creating rills and ephemeral gullies, another effect could be of importance: 
i.e. the impacts of the belowground parts of the plants on soil erodibility. In chapter 4 it 
was suggested that plant roots could be of more importance for controlling incisive water 
erosion processes (i.e. rill and gully erosion) compared to diffusive water erosion 
processes acting at the soil surface (i.e. splash erosion, interrill erosion). Moreover, the 
presence of plant roots can increase the resistance of a soil to erosion. Observations in 
cereal fields indicate that plant roots are more abundant below plant rows, compared to 
inter-row zones. Therefore, concentrated runoff flowing perpendicular to the drilling lines 
encounters repetitively (at each drill line) a topsoil that is more root-permeated and 
experiences therefore more topsoil resistance to erosion compared to runoff flowing 
between sowing lines (where the local root density is smaller). Therefore, plant roots 
could be looked upon as if they contribute to additional 'root' roughness in the soil (Fig. 
6.2). Yet, the spatial changes in topsoil erosion resistance as affected by the underground 
biomass of drilled plants are not quantified yet. Therefore, the objective of this study is to 
assess through laboratory experiments in a hydraulic flow channel the impact of drilling 
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direction of wheat on the spatial resistance of root-permeated topsoils to concentrated 
flow erosion. Whereas during the field measurements described in chapter 3 the effect of 
plant roots on soil erosion could not be clearly dissociated from the effects of stems and 
leaves, the laboratory set-up allows the determination of the root effect under more 
controlled conditions by cutting the aboveground vegetation. Moreover, adapting the 
slope of the hydraulic flume channel and adapting the discharge of the concentrated water 
flow can simulate flow shear stresses representative for ephemeral gully development 
(see chapter 3). 

Runoff flowing parallel

to the drilling lines

Runoff flowing perpendicular

to the drilling lines

low roughness of soil surface in 
furrows

low depression storage

low topsoil resistance due to root 
effects (between drill lines)

additional roughness by soil ridges 
and plant stems

increased depression storage

increased topsoil resistance due to 
root effects (at the drill lines)

Runoff flowing parallel

to the drilling lines

Runoff flowing perpendicular

to the drilling lines

low roughness of soil surface in 
furrows

low depression storage

low topsoil resistance due to root 
effects (between drill lines)

additional roughness by soil ridges 
and plant stems

increased depression storage

increased topsoil resistance due to 
root effects (at the drill lines)

 

Fig. 6.2. Sketch illustrating the effects of drilling direction on topsoil characteristics 
affecting runoff and erosion. Arrows indicate water flow direction. Open circles represent 
individual cereal plants. 
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6.2 Methodology 

6.2.1 Laboratory measurements 

In order to simulate concentrated flow under controlled conditions on natural soil 
samples, undisturbed topsoils with seedlings of winter cereals were collected in cultivated 
fields, brought to the laboratory and then subjected to concentrated water flow in a 
laboratory flume. Samples were taken in fields located in the Belgian loess belt, which 
has silt to silt loam soils with on average 15% clay, 75% silt and 10% sand. 

– Experimental design –  

Samples were collected in farmers' fields at different stages during crop growth and from 
fields with different winter cereal crops (fall barley, winter wheat, fall barley). The fields 
were drilled after conventional ploughing and seedbed preparation on 27 September 2000 
(fall barley, Hordeum L.), 14 October 2002 (winter wheat, Triticum aestivum L.), and 16 
October 2003 (fall barley, Hordeum L.). Samples were taken at three points of time: on 
21 November 2000 (2 months after sowing), 23 January 2003 (3 months after sowing) 
and 26 March 2004 (5 months after sowing). Drill rates were approximately 165 kg ha-1. 
Distance between the drilling lines was 10 to 12 cm. At the time of sampling cereal plant 

leaves were about 7 to 10 cm long. No stem 
elongation had taken place yet. 

The undisturbed root-permeated topsoil samples 
were collected in small, rectangular bottomless 
steel boxes (0.388 m long, 0.096 m wide and 
0.09 m deep) that were pushed into the topsoil 
(Fig. 6.3). Five steel box samples were taken 
between and parallel to the drilling lines 
('parallel flow situation'), and five boxes 
perpendicular to the drilling lines 
('perpendicular flow situation'). The latter 
samples were taken in such a way that three 
drilling lines were present in the steel box. Care 
was taken not to disturb the soil surface when 
inserting and digging out the steel boxes. Thus 
the experimental design consisted of two 
treatments (parallel and perpendicular) tested at 

ree points of time.   th

Fig. 6.3. Steel box (0.388 m long, 
0.096 m wide) pushed into the soil 
parallel to and in-between two 
successive drilling lines (representing 
the parallel flow situation). 
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After excavation the steel boxes with the root-permeated soil sample were placed on a 
wooden plate to prevent soil loss during transport. At the time of sampling soil moisture 
content and dry soil bulk density were assessed using copecki cylinders (5 cm high and 5 
cm in diameter). The state of the soil surface (degree of compaction and sealing) was 
recorded visually. For each root-permeated topsoil sample an extra cylindrical soil 
sample was taken using a copecki cylinder of 10 high and treated the same way as the 
root-permeated sample itself in the period between sampling and the actual experiment.  

In the laboratory the steel box samples and accompanying cylindrical soil samples were 
placed in a container with a constant water level at 8 cm below the soil surface of both 
the soil samples and the cylinders to allow for slow capillary rise during at least 24 hours 
in order to obtain similar soil moisture contents for all samples. During this process all 
samples were stored in a cool room (5 to 10°C). The root-permeated steel box samples 
were used in concentrated flow experiments within one week after sampling to limit 
significant changes in root density.  

24 hours before the start of the concentrated flow experiments the steel box sample and 
the accompanying cylindrical soil sample were taken out of the water and allowed to 
drain. The top 5 cm of the cylindrical soil sample was used to measure dry bulk density 
and moisture content. At the beginning of the experiment the aboveground parts of the 
cereal seedlings were cut at soil surface level in order to exclusively assess the effects of 
roots on soil detachment rate. The soil surface of the undisturbed steel box sample was 
raised till it reached the upper rim of the steel box by adding thin plates at its bottom.  

– Test facilities and measurements –  

The steel box with the root-permeated sample was then put into a flume, similar to the 
one described by Poesen et al. (1999) (Fig. 6.4). The flume, 2 m long by 0.098 m wide, is 
made of Plexiglas with a 0.0025 m thick layer of dry silt loam soil particles glued to the 
bed to simulate a plane silt loam soil surface. The flume contains an opening in its 
bottom, exact the size of the steel box, so that the soil surface of the steel box sample and 
the bottom of the flume upstream and downstream of the steel box sample were at 
identical level. The space between the upper borders of the steel box and the flume 
bottom was sealed with painter's mastic to prevent edge effects. Edge effects can never be 
completely excluded, but previous studies (Poesen et al., 1999) have indicated that, with 
the present set up, these are minor to the effects of the different treatments. The slope of 
the flume was set at 20%. Clear tap water flow was simulated at a known constant 
discharge during 2.5 minutes. To ensure that the flow discharge remained constant over 
the entire run of the experiment, discharge values were measured 5 times before and 5 
times after each run. 
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Simulated flow discharges ranged between 0.0003 and 0.0019 m³ s-1. Every 15 seconds a 
sample of runoff water and detached soil was collected at the bottom end of the flume in 
10 l buckets during 5 to 10 seconds (depending on the runoff discharge) for calculation of 
the sediment detachment rate. If during the experiment the bottom of the steel box was 
reached due to intense erosion, or if a deep (> 3 cm) plunge pool developed, the 
experiment was ended. After each experiment the remaining part of the soil in the steel 
box was collected for assessment of the root density. Runoff velocities were measured 
over a distance of 80 cm with a dye after the sample was removed and replaced with a 
Plexiglas plate that was covered with glued silt in order to simulate a perfect loess layer. 
Water temperature ranged between 4 and 11°C. 

After three hours of sediment settling 
of the runoff samples, the excess 
water in the buckets was siphoned 
and the remaining water loaded with 
sediment was evaporated and oven 
dried at 105°C. Mean soil detachment 
rate (Dr, kg m-2 s-1) was calculated 
using the mean gravimetric sediment 
concentration of the 10 buckets in 
combination with the runoff 
discharge and the soil surface area 
that experiences the hydraulic shear 
stress. Because sediment free water is 

used in the experiment this is the maximal detachment rate (Nearing et al., 1991), which 
is a linear function of flow shear stress (Foster, 1982). The corresponding mean bottom 
flow shear stress (τ, Pa) was calculated using the equation: 

Fig. 6.4. Hydraulic flume set-up. 

τ = ρ g R S 
where: τ = mean bottom flow shear stress (Pa); 
 ρ = water density (kg m-3), taking into account water temperature; 
 g = acceleration due to gravity (m s-2); 
 R = hydraulic radius (m); 
 S = slope gradient = sinus of soil surface slope in °. 
and  

R = Q B-1 u-1

where: Q = flow discharge (m³ s-1); 
 B = width of the experimental channel (i.e. 0.0098 m); 
 u = flow velocity (m s-1). 
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According to Poesen et al. (2003) 75% of all ephemeral gullies in the field are created by 
runoff flow shear stresses of 5 to 20 Pa, with maximal shear stress values for ephemeral 
winter gullies in Belgium between 30 and 50 Pa. In chapter 3 shear stress values 
responsible for the development of concentrated flow channels ranged from 0.5 to 32 Pa. 
Therefore, flow shear stresses from 4.4 to 33.48 Pa were simulated in the laboratory 
flume experiments. For each experiment mean detachment rate was plotted versus shear 
stress and linear trend lines were drawn for parallel as well as perpendicular samples. 

Laboratory experiments on smooth soil surfaces differ from experiments on samples with 
bed irregularities. On smooth beds, the total shear stress equals the grain shear stress (i.e. 
the drag force due to friction between water and the soil surface) whereas on irregular 
beds a considerable fraction of total shear stress is dissipated on irregularities (i.e.form 
shear stress). The form shear stress is generally considered not to contribute to soil 
detachment and transport (e.g. Einstein and Barbarossa, 1952; Julien, 1995). Giménez 
and Govers (2002) compared the two types of experiments, i.e. small soil sample 
experiments where soil detachment from a smooth soil surface with limited dimensions 
(i.e. 0.04 m²) was measured on the one hand and experiments in a larger flume (i.e. 1.8 
m²) whereby a rill could freely develop on an irregular soil surface microtopography on 
the other hand. Their results indicate that form shear stress dóes contribute to soil 
detachment (whereas it does nót contribute to sediment transport, Govers and Rauws, 
1986; Govers, 1992). As a consequence, when total shear stress is used as predictor 
variable, rather than grain shear stress, soil detachment measured during experiments on 
small smooth samples is representative for the detachment occurring in natural rills. 

– Root density assessment – 

As determination of the root density is time-consuming and all experiments needed to be 
conducted within one week after collecting the root-permeated soil samples, the soil 
sample that was removed from the flume after the experiment was quickly washed and 
sieved. The root-soil mixture retained by the sieve was then frozen for later assessment of 
the root density. Freezing does not destroy the roots, but facilitates the removal of soil 
particles adhering to the roots. When thawing the frozen soil-root mixture, sodium 
polyphosphate was added to enhance dispersion. Fresh roots were separated manually 
from dead roots based on colour and structure. After being separated from the soil 
following the hand washing method (Böhm, 1979), roots were dried and weighed in order 
to calculate the root density (RD, kg m-3).  
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6.2.2 Additional root density measurements 

In order to collect additional detailed information on spatial (horizontal and vertical) and 
temporal variations of root density in cereal fields, a cropped field in the Belgian loess 
belt was chosen for root density monitoring during one growth season (October 2002 to 
July 2003). Winter wheat (Triticum aestivum L., Cultivar Napier) was drilled after 
conventional ploughing and seedbed preparation on 10 October 2002, at a rate of 175 kg 
ha-1. Mean row distance was 12 cm. Sampling of roots (Fig. 6.5) took place at one, three, 
six and ten months after sowing.  

 

Fig. 6.5. Root sampling at 10 months after sowing up to a depth of 60 cm. Copecki 
cylinders are at 30 cm below soil surface, at the lower border of the plough layer (dark 
coloured top layer). 

 
Root sampling was done using copecki cylinders of different height, depending on the 
depth of sampling (see Table 6.1 and Fig. 6.6). Number of samples varied with sampling 
date (see Table 6.1). Three sampling locations were chosen (Fig. 6.7) on top of a plant in 
a row (leave and stems were cut), between two successive plants on a row and between 
two plant rows. Distance between two plants in a row is on average 4 to 5 cm. If the seed 
in a row did not germinate, then the interplant distance is larger, and therefore samples at 
these plant gaps within the row were taken (location 2 in Fig. 6.7). Root samples were 
stored in a freezer until processing. Root density measurement was done as described 
above. 

The mean root density of location 3 represents the local root density in the 'parallel flow' 
situation (see Fig. 6.2). During fieldwork it was observed that on average 1 out of 6 
plants on a row was missing (by counting the total number of emerged plants and plant 
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gaps over a distance of 3 m at three different drill lines). Therefore, the mean local root 
density at the drill line, representing the situation when runoff reaches a drill line in the 
'perpendicular flow' situation (see Fig. 6.2), was calculated by averaging 5 times the 
average root density on top of a plant in a row (location 1) and 1 time the average root 
density between two plants in a row (location 2). Global mean root density is the average 
of calculated mean root density at drill line and mean root density between drill lines. 

Table 6.1. Sampling depth and height of copecki cylinders for wheat root sampling at 
different crop stages. All cylinders are 5 cm in diameter. For locations of root samples 
see Fig. 6.7. 

Months 
after sowing 

Sampling 
depth (cm) 

Cylinder 
height (cm) 

Number of replicates 
per location 

Total number of 
root samples 

1 0 – 10 2.5 10 120 
     

3 0 – 10 2.5 10 120 
     

6 0 – 10 2.5 5 60 
     

10 0 – 10 
10 – 30 
30 – 60 

2.5 
5 

10 

20 
20 
20 

240 
240 
240 

 

 
Fig. 6.6 Copecki cylinders of 2.5 cm (front), 5 cm (middle) and 10 cm height (back) 
for sampling soil at different depths in order to assess the root density distribution in 
winter wheat fields (see also Table 6.1). 
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Fig. 6.7. Sketch of the root sampling locations (indicated by hatched numbered 
circles). Open circles represent individual cereal plants. 1: on top of a plant in a row, 2: 
between two successive plants in a row, 3: between two plant rows. 

6.3 Results and discussion 

6.3.1 Laboratory measurements 

Fig. 6.8, Fig. 6.9 and Fig. 6.10 show the experimental results on the effect of flow shear 
stress (τ) on soil detachment rate (Dr) for runoff directions parallel and perpendicular to 
the drilling direction (treatments), for the three different fields (points of time).  

In the first experiment (Fig. 6.8) Dr at flow τ > 15 Pa is significantly larger for the 
'parallel flow' situation compared to the 'perpendicular flow' situation, although the 
variability in detachment for the perpendicular flow situation is large. As the 
aboveground vegetation was cut and differences in soil moisture content en dry soil bulk 
density between the two treatments were minimal, differences in Dr can be attributed to 
differences in root density and/or soil roughness. The mean root density value for the 
topsoil of the 'perpendicular flow' situation is indeed three times higher than the mean 
root density value of the 'parallel flow' situation (Fig. 6.8). Still root densities in both 
treatments are very low. On top of that, soil roughness is also slightly different for the 
two treatments. The soil surface in both treatments is highly sealed and relatively 
homogeneous, but for the perpendicular flow situation, soil roughness at the drill lines is 
slightly larger because emerging plants push the soil surface up and cause it to break and 

106 



 Effect of drilling direction of small grains on spatial variations in soil detachment 

loosen (see pictures in Fig. 6.8). In terms of height differences, this lifting is 1 to 3 mm 
maximal. It was observed during the experiments that soil removal often started exactly 
at this point with increased roughness. The extra soil roughness at the drill lines is 
therefore not the major mechanism for limiting soil detachment in perpendicular samples. 
The effects of the plant root overrule it, because from the moment that significant soil 
detachment starts (whether it is at the drill lines or between them), an extra 'roughness' 
created by the roots starts to have an effect. This root 'roughness' has apparently a higher 
influence than the local soil roughness.  

In the second experiment (Fig. 6.9) differences in Dr corresponding to the two flow 
situations could not clearly be observed. Unfortunately, during this experiment no flow 
shear stresses larger than 15 Pa could be simulated because of a technical failure.  In this 
experiment (Fig. 6.9), root densities were slightly larger compared to the first experiment 
because samples were taken at a later point of time after sowing. Yet, relative root 
differences between the parallel and the perpendicular samples were smaller than in the 
first experiment (Fig. 6.8), meaning that the cereal roots had started to invade the region 
between the two drill lines. Moreover, during the second experiment (Fig. 6.9) it was 
observed that variations in soil surface compaction and sealing between the different 
samples overruled the effects of plant roots, as long as runoff energy was too low to 
create a clear incision in the soil surface. Differences in soil roughness were small and 
apparently again of minor importance. Compared to the first experiment, the topsoil 
appeared to be more compact and sealed. This is because of aging effects. In case of a 
highly sealed homogenous soil surface, soil detachment rates remained low, even at 
medium discharges and for soil samples with little or no roots. Only with the presence of 
small soil cracks, or irregularities in the soil surface, soil detachment increased rapidly 
(see sudden increase in Dr for the parallel flow situation in Fig. 6.9). It is indeed only at 
that this moment that plant roots start to affect the mass of detached soil particles. In their 
experiments Liu et al. (in press) also encountered this no-erosion problem and therefore 
made 1.5 cm deep cuts into the soil surface of their root-permeated soil samples, 
perpendicular to the flow direction, in order to enhance soil detachment. By doing this 
they were able to obtain a clear relationship between soil detachment and root density 
(see further). It can therefore only be assumed that at steep slopes, and thus high τ values, 
the difference between 'parallel' and 'perpendicular flow' situation will be more 
pronounced. 

In the third experiment (Fig. 6.10) soil detachment was very low for both the 'parallel' 
and the 'perpendicular' flow situation, even at very high flow shear stress values. 
Detachment rates remained below 1 kg m-2 s-1. Five months after sowing, not only the 
soil was more compacted and sealed compared to the previous two experiments because 
of aging, but also total root density had increased massively (15 to 20 times larger than in 
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the second experiment). Moreover, 5 months after sowing, there is little difference in root 
density values between the 'parallel' and the 'perpendicular' flow situation. Compared to 
the previous two experiments, a combination of increased soil strength and high root 
density values tempered soil erosion significantly. As a result, even when the runoff flow 
was powerful enough to cut down in the soil through the compacted soil top layer, the 
high root densities – even in the parallel flow situation – prevented high detachment rates 
(see also most right picture in Fig. 6.10). 

The comparison of the three experiments made clear that it was very difficult to measure 
the pure root effect as such. Detachment was often determined by the properties of the 
soil in terms of sealing and compaction (aging effects), as long as no removal of the 
topsoil took place. Moreover, mean root densities were quite low. In chapter 4 it was 
demonstrated that, in general, root densities of at least 5 kg m-3 are needed for significant 
reduction in soil loss. Therefore, no further experiments on parallel and perpendicular 
samples were carried out, and because of the limited number of data no statistical 
analysis was performed to test if root densities are of significant influence for the 
erodibility of the soil in-between and on top of the drilling lines. So again, no relationship 
could be established between root density and soil erosion. Consequently, the testing of 
field-collected samples in the laboratory flume was abandoned for an alternative strategy: 
combining the additional measurements of local root densities in the field with an 
existing regression equation (Liu et al., in press) linking root density to soil erodibility. 
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Fig. 6.8. Top: effect of concentrated flow shear stress (τ) on soil detachment rate (Dr) 
for parallel and perpendicular flow directions with respect to drilling directions (see 
Fig. 6.2). RD = root density, BD = dry soil bulk density, w = gravimetric soil moisture 
content at time of experiment. Undisturbed topsoil samples taken in a barley field 2 
months after drilling (i.e. drilling on 27 Sept. 2000, sampling on 21 Nov. 2001). BD = 
1.45 g cm-3, w = 0.23 g g-1. Root densities and slope of linear regression curves are 
significantly different. Bottom: plan view of samples before and after the experiment 
in the flume, illustrating soil surface characteristics and soil removal for the two 
drilling directions. 
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Fig. 6.9. Top: effect of concentrated flow shear stress (τ) on soil detachment rate (Dr) for 
parallel and perpendicular flow directions with respect to drilling directions (see fig. 6.2). 
RD = root density, BD = dry soil bulk density, w = gravimetric soil moisture content at 
time of experiment. Undisturbed topsoil samples taken in a wheat field 3 months after 
drilling (i.e. drilling on 14 Oct. 2002, sampling on 14 Jan. 2003). BD = 1.41 g cm-3, w = 
0.25 g g-1. Root densities are significantly different, but mean detachment rates not 
(except for 1 point). Bottom: plan view of samples before and after the experiment in the 
flume, illustrating soil surface characteristics and soil removal for the two drilling 
directions. 
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Fig. 6.10. Top: effect of concentrated flow shear stress (τ) on soil detachment rate (Dr) 
for parallel and perpendicular flow directions with respect to drilling directions (see fig. 
6.2). RD = root density, BD = dry soil bulk density, w = gravimetric soil moisture 
content at time of experiment. Undisturbed topsoil samples taken in a barley field 5 
months after drilling (i.e. drilling on 16 Oct. 2003, sampling on 26 March 2004). BD = 
1.46 g cm-3, w = 0.24 g g-1. Root densities and slope of linear regression curves are not 
significantly different. Bottom: plan view of samples before and after the experiment in 
the flume, illustrating soil surface characteristics and soil removal for the two drilling 
directions. 
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6.3.2 Spatial and temporal changes of root densities in row-drilled 
topsoils 

Table 6.2 provides an overview of the differences in root density values, as measured in 
the field during one crop growth year. Data are also presented graphically in Fig. 6.11. 

Table 6.2. Maximal, minimal and mean wheat root density values of 10 cm topsoil for 
different sampling moments and sampling locations (see Fig. 6.7). StD = standard 
deviation per location, SE=standard error per month. Means with different lowercase 
letter differ significantly (within each month) (t-test, 5% significance level). For 
calculation of global mean root density per month (bold values), see text. Overall 
differences between months (not differentiated by sampling location) are significantly 
different if followed by uppercase letters. 

Months after 
sowing 

Sampling 
location 

n 
Max. 

(kg m-3) 
Mean 

(kg m-3) 
Min. 

(kg m-3) 
StDev/SE 
(kg m-3) 

1 1 39 0.36 0.14  a 0.02 0.10 
 3 40 0.41 0.12  a 0.02 0.08 
 2 40 0.18 0.08  b 0.02 0.05 
  39 0.25 0.12  A 0.04 0.01 
3 1 39 0.34 0.12  c 0.00 0.08 
 3 40 0.13 0.05  d 0.00 0.03 
 2 40 0.25 0.08  d 0.00 0.07 
  39 0.16 0.08  A 0.02 0.01 
6 1 20 4.76 1.42  e 0.52 1.05 
 3 20 0.85 0.56  f 0.01 0.26 
 2 20 3.92 1.11  e 0.01 0.89 
  20 2.19 0.96  B 0.37 0.09 

10 1 80 3.36 0.67  g 0.00 0.75 
 3 80 1.37 0.25  h 0.00 0.29 
 2 80 1.45 0.46  g 0.00 0.39 
  80 1.65 0.82  C 0.02 0.04 

 

Fig. 6.11 provides an overview of the mean root distribution in the soil and its variation 
in space and time during the growing season. Seminal roots (i.e. roots arising from the 
seed) start growing at the seed depth between 2.5 and 5 cm. Therefore, local root 
densities at these depths are higher than near the soil surface in the early growth stages 
(1-3 months) (Fig. 6.11A). Once the seedling coleoptile (germination stem) reaches the 
surface, adventitious roots start to develop at the soil surface, mainly extending laterally. 
The growth rate of seminal roots decreases. Root densities at 1 and 3 months after sowing 
are not significantly different. Afterwards, roots spread rapidly in radial direction, and 
invade the region between two rows. At the time of anthesis (opening of the flowers, ca. 
6-7 months after sowing) root growth is maximal. Hereafter, old roots are not being 
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replaced anymore by new ones, whereby the total root density slowly diminishes. 
Therefore, root densities at 10 months after sowing are smaller than at 6 months after 
sowing (Fig. 6.11B).  
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Fig. 6.11. Mean wheat root density (RD) distribution with soil depth (D) for the different 
sampling moments (1, 3, 6 and 10 months). For location of root samples see Fig. 6.7. Error 
bars indicate standard error on mean. Note: RD-scale is different in upper left plot.  
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At the end of the growing season a 60 cm deep root profile has been made (Fig. 6.11C). 
The root profile shows an exponential decline of root density with depth. The root mass is 
highest in the top 10 cm of the soil surface and decreases rapidly under the 20-25 cm 
(plough depth). The measured root density values correspond well to reported root 
density values for cereal fields in the study area (de Willigen and Van Noordwijk, 1987).  

Fig. 6.12 shows that the average root density (in the 10 cm thick topsoil) between two 
rows is significantly smaller than in-between the rows during most time of the growing 
season (see also Table 6.2). This observation indicates that concentrated runoff flowing 
(and incising) between two drilling lines (parallel flow situation) will experience less soil 
resistance to detachment compared to runoff flowing (and incising) perpendicular to 
drilling lines, presumed plant roots affect soil erodibility. 

0.00

0.50

1.00

1.50

Distance (cm)

R
D

 (k
g 

m
- ³) 

0-
10

 c
m

3 months
6 months
10 months

row row 22110

 

Fig. 6.12. Temporal and spatial variation in mean wheat root density (RD) over 10 cm 
soil depth. Mean RD values of 1 month are not significantly different from those of 3 
months, and therefore not shown. Graph based on data of Table 6.2. 

 

6.3.3 Variations in detachment of root-permeated topsoils 

Where the laboratory experiments failed to establish a relationship between root density 
and soil detachment, the measured rooting densities in the field can be combined with 
existing regression equations in order to assess the effects of spatial and temporal 
variation in root density on soil detachment, and to assess the effects of drilling direction 
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(with respect to the runoff direction) of wheat on relative soil detachment in the Belgian 
loess belt.  

In chapter 4, a literature review of these existing equations is given (see Table 4.4). Some 
were erosion-modelling equations; others were obtained from laboratory and fields 
measurements. Most equations indicate an exponential decrease in relative soil loss with 
increasing root density (RD) or root length density (RLD). As the existing erosion model 
equations are based on many assumptions, the use of regression equations based on 
experimental data found in literature is preferred for predicting the effects of roots on soil 
erodibility. From all equations derived from experimental data, only one uses RD as 
explanatory variable for soil detachment rates. This is the equation of Liu et al. (in press). 
These authors provided the largest experimental data set (n = 58), and their equation was 
established for barley and soybean in silt loam soils. In chapter 4, it was demonstrated 
that their original exponential equation could be improved by transforming it to a Hill 
curve. A comparison of the regression equation for RLD of Liu et al. (in press) with the 
results of Mamo and Bubenzer (2001a and b) who conducted similar root-erosion 
experiments with grass, corn and soybean, confirms the validity of the results of Liu et al. 
(in press) (see Table 4.4). Moreover, as Liu et al. (in press) analysed the effects of roots 
in loess-derived soils from both the US and from China, having similar properties as the 
Belgian loess-derived soils, their modified regression equation will be used in this study. 
This modified equation is: 

Dr = RD-0.85 / (5.32 + RD-0.85) [6.1] 
where: Dr = relative soil detachment (fraction); 
 RD = root density in the upper 10 cm of the soil (kg m-3) 
 

Fig. 6.13 depicts the temporal evolution of the mean root density over a soil depth of 10 
cm. The two most extreme situations are represented, namely (1) mean root density 
between two rows ('parallel flow' situation, see (Fig. 6.2) and (2) mean root density below 
a row of wheat plants ('perpendicular flow' situation locally at the drill line, see Fig. 6.2). 
When runoff is flowing perpendicular to sowing lines, it will experience an alternation of 
high and low topsoil resistance due to high (on the drill lines) and low (between two drill 
lines) root densities respectively. The curve, representing this average situation is located 
in-between the two most extreme situations depicted in Fig. 6.13. Using these mean 
wheat root density values and equation [6.1] the corresponding relative soil detachment 
values (Dr) were calculated and depicted in Fig. 6.14. 
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Fig. 6.13. Evolution of mean wheat root density (RD) over 10 cm soil depth in-
between two drilling lines (‘parallel’ flow situation, see Fig. 6.2) and at a drilling line 
(‘perpendicular’ flow situation, see Fig. 6.2). Error bars indicate standard error on 
mean. 
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Fig. 6.14. Evolution of relative soil detachment (Dr) in-between two drilling lines 
(‘parallel’ flow situation, see Fig. 6.2) and at a drilling line (‘perpendicular’ flow 
situation, see Fig. 6.2), calculated by eq. [6.1] using RD-values of Fig. 6.13. Error bars 
indicate error on mean. 
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At the time of wheat sowing no roots are present in the soil, and therefore soil erodibility 
is set equal to 1. One month after sowing the root density is already that high that it 
reduces this erodibility by almost 45%. At that moment the difference in Dr between the 
'parallel flow' and 'perpendicular flow' situation is only 2%. Between 1 and 3 months 
after sowing, plant roots are not growing abundantly due to low winter temperatures and 
limited daylight, and therefore Dr remains more or less constant. Three months after 
sowing the difference in erodibility between the 'parallel flow' and 'perpendicular flow' 
situation is 14%. After the winter period the growth conditions improve and soil 
erodibility is reduced drastically by the growth of new roots. The difference in erodibility 
between the 'parallel flow' and 'perpendicular flow' situation remains similar (11%) and 
reaches its maximum at the culminating point of root growth (i.e. after 6 months). As root 
growth at this stage is maximal, soil erodibility is lowest (0.13 and 0.24). Just before 
harvest (10 months) soil erodibility increases again slightly because of a decrease in root 
density within the topsoil. At this stage, the difference in erodibility between the 'parallel 
flow' and 'perpendicular flow' situation amounts to 16%. It has to be repeated that this is 
the maximal difference as can be encountered in the field: it compares the local soil 
erodibility in-between two drilling lines (lowest RD) and the local soil erodibility at the 
drilling line (highest RD), assuming the influence of other factors inexistent. 

From Fig. 6.14 it becomes clear that the difference in relative erodibility between 
'parallel' and 'perpendicular' drilled topsoils changes with time. Of course, as roots are 
growing, the aboveground mass of wheat plants increases at the same time. This means 
that with increasing plant growth the total reduction in soil erosion rate increases, as this 
reduction depends on the combined effect of roots and shoots (stems and leaves). 
Previous studies investigating the influence of vegetation on soil erosion rates looked in 
fact at the combined effect of plant roots and shoots (see chapter 3 and 4), whereas the 
reduction of soil erosion with increasing vegetation density was often attributed to the 
effects of the aboveground parts of the plants. Although based on a combination of own 
data and equations of other authors, this study indicates that the root system can also be 
important. Therefore, one should consider the whole plant and not just what can be seen 
of it above the soil surface when analysing the influence of vegetation on soil erodibility. 

Liu et al. (in press) obtained good results using laboratory-grown barley and soybean 
plants with similar soils and root density values as obtained in this study. Yet, this study 
did not yield good results using field samples. Therefore, the equation of Liu et al. (in 
press) may indicate a maximal effect of roots on soil detachment under ideal conditions. 
The fact that our experiments did not provide such clear relationship may therefore 
indicate that field conditions are not comparable to laboratory conditions. As a result, the 
effects of roots in the field, in combination with other changing variables (such as aging 
effects) may be much lower than the maximal effects predicted by equations established 
in controlled laboratory conditions. Field validation remains therefore essential. 
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6.4 Conclusions 

The erodibility of a soil is usually considered to be controlled by soil surface properties. 
Roughness and depression storage are given much weight in process-based erosion 
models. Effects of vegetation on erosion rates are most often modelled through the effects 
of roughness by stems and leaves, although a plant is more than just stems and leaves. 
Therefore, the objective of this study was to assess the influence of plant roots on the 
erodibility of topsoils experiencing concentrated flow parallel and perpendicular to the 
drilling direction. 

The results from the laboratory experiments indicate that soil detachment rate under 
concentrated flow can be higher for the 'parallel' flow situation compared to the 
'perpendicular' flow situation, for soils with fast erodible top layers and for high flow 
shear stresses. At low flow shear stresses, i.e. as long as no incision in the topsoil occurs, 
the state of the soil surface is often overruling the effects of the root system in the topsoil. 
As a consequence, roots will not reduce splash and interrill erosion significantly. Data 
support may be week, but it can be assumed that roots can be capable to reduce soil 
erosion by concentrated flow (rill and (ephemeral) gully erosion) significantly at large 
flow shear stresses, given they are present in the soil in a sufficient amount and in a well 
spread manner (no tap roots). Root densities in this chapter may have been too low for 
significant difference in soil detachment. Indeed, data from chapter 4 indicate that root 
densities of at least 5 kg m-3 are needed for significant reduction in soil loss. On the other 
hand, Liu et al. (in press) indicate that root densities as small as 0.35 kg m-³ can already 
reduce soil detachment rates by 50%. This amount of roots is reached at 6 months after 
sowing according to our measurements in the field. At 5-6 months after sowing, the 
difference in cereal root density between the 'parallel' and the 'perpendicular' flow 
situation becomes very small. At this stage soil detachment is very low, even at very high 
flow shear stresses, because of the combination of compacted topsoil with a dense root 
network in it.  

Root densities in the experiments of this chapter may have been somewhat low for 
significant reduction in soil detachment. And as a consequence, no relationship between 
soil detachment and root density could be established. In order to increase the amount of 
roots in the soil, one could e.g. double the drill rate. By doing so, and by performing 
similar laboratory tests on single- and double-drilled soil samples, the relationship 
between soil detachment and root density could be determined. This will be commented 
in chapter 8. 

The application of an empirical regression equation between cereal root density and the 
detachment of loess-derived soils led to the conclusion that soil detachment in cereal 
fields is not uniform, but is strongly conditioned by the distance to the sowing lines and 
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the time since sowing due to spatial patterns of root density values. Compared to a soil 
without roots and under optimal conditions, a reduction in soil erodibility by 87% can be 
obtained in root-permeated soils when root growth is maximal. Winter wheat root growth 
is maximal at ca. 6 months after sowing. At that time, the maximum difference in soil 
detachment between the 'parallel' and 'perpendicular' flow situation is 11%. After 10 
months this difference is 16%. These differences in soil detachment form an additional 
reason for applying contour drilling on erosion-sensitive slopes: the increased resistance 
of the root-permeated topsoil at the drill lines, in combination with the aboveground 
biomass, will reduce the erosion rates caused by runoff water that is flowing 
perpendicular to the drill lines.  

In principle, the effect of the roots on the detachment of the soil is independent from the 
slope of the soil surface. However, while the positive effect of contouring on the 
reduction of soil loss was in the past dominantly explained by the height of the ridges and 
the soil surface slope, the root effect will be most probably more pronounced in case of 
concentrated flow incising through the soil surface. Flow incision is more likely to occur 
at steep slopes under high flow shear stress values and small ridge heights. Obviously, 
root effects will only be of importance in detachment flow conditions and not in 
sedimentation conditions at gentle slopes. 

Of course, the same principles demonstrated in this study could also be applied to other 
crops or plants. Given that plant root density can reduce soil detachment, the findings 
could be transferred to different soil conservation strategies. Many existing soil 
conservation measurements in areas with problems of concentrated flow could be 
improved by selecting plant species with well-developed rooting systems. For optimal 
results, plants with a well-developed rooting system should be selected: grasses, cereals, 
soybeans, clover, etc. are species with a well developed rooting system and are therefore 
ideal to be used for soil conservation. Of course, perennial plants are to be preferred over 
yearlings. Tap root-permeated species, as e.g. maize or beats, are less suited because their 
root system is dominated by one large taproot that stretches down into the soil, without 
many secondary roots. In short, many soil conservation strategies could be improved by 
selecting plants with a good rooting system. Of course, in reality, plant shoots will also 
effect soil detachment. Yet, there are scenarios where only the root effect on topsoil 
erosion resistance plays: post-harvest fields without stubble ploughing, overgrazed areas, 
rapid surface fires (burned crop residues) that do not destroy the belowground biomass, 
etc..  

The potential use of roots for soil conservation will be demonstrated in the next chapter, 
where a case-study is presented where concentrated flow channels developed in a cereal 
field that was sown more than once in certain areas. 
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CHAPTER SEVEN

IMPACT OF SOWING DENSITY OF

SMALL GRAINS ON RILL AND

EPHEMERAL GULLY EROSION IN

CONCENTRATED FLOW ZONES♦

7.1 Introduction 

Large areas of the European loess belt are intensively cultivated and seriously affected by 
physical degradation and water erosion, often leading to the development of rills, 
ephemeral gullies and bank gullies (e.g. Poesen, 1993). Ephemeral gullies are responsible 
for approximately 50% of the total sediment export from rural catchments in the Belgian 
loess belt (Vandaele and Poesen, 1995), while the sediment source area is spatially 
limited to less than 0.5% of the total arable area (Nachtergaele and Poesen, 1999). The 
development of ephemeral gullies causes a threat to the productivity of loess-derived 
soils (Vandaele et al., 1996), where the severity of the problem is often masked by 
routine filling of the gullies during farm operations (Poesen and Govers, 1990). 
Concentrated flow also transports large amounts of sediment and agricultural chemicals 
off-site into surface waters (Verstraeten and Poesen, 1999), causing muddy floods as well 
as environmental pollution.  

Prevention and control measures for ephemeral gully erosion are often based on an 
increase in soil cover. The importance of plant cover in reducing soil erosion rates by 
water is extensively discussed in literature (see chapter 4). On the other hand, the effects 
of the belowground biomass on soil erosion rates are often forgotten or ignored. 
However, root density in the topsoil increases soil strength (Tengbeh, 1993; Li Yong et 
al., 1991) and may, therefore, control soil erosion by concentrated flow on fields with 
sparse cover (e.g. seedbeds). Root density also explains part of the success of grassed 
waterways. Grassed waterways are not only effective in providing a high vegetation 

                                                 
♦ Based on: Gyssels, G., Poesen, J., Nachtergaele, J., Govers, G. (2002). The impact of 
sowing density of small grains on rill and ephemeral gully erosion in concentrated flow 
zones. Soil & Tillage Research 64: 189-201. 
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cover at the soil surface, but also result in a dense root network, that provides substantial 
soil cohesion, limits surface wash and prevents channel incision (Prosser et al., 1995). 
Therefore, farmers are often encouraged to establish grassed waterways in areas that are 
prone to concentrated flow erosion. Yet, the implementation of this management practice 
results in a net loss of cropland and creates more complex patterns of farming operations 
(soil tillage, spraying, harvesting). Hence, farmers in Belgium, where incentives 
encouraging the use of this practice are only recently adopted, have long been reluctant to 
implement grassed waterways.  

This study was initiated following field observations made in a winter-sown triticale field 
(X Triticosecale Wittmack ex. A Camus) in Korbeek-Dijle (central Belgium). These 
observations seemed to indicate that multiple sowing of small grains (i.e. drilling two or 
three times locally) in zones of concentrated flow erosion had a strong impact on the 
development of concentrated flow erosion channels, essentially through root effects (Fig. 
7.1).  

The objective of this study is to document the impact of multiple sowing of small grains 
on concentrated flow erosion rates and cereal production. If multiple sowing in erosion-
sensitive zones of field parcels is able to reduce soil erosion significantly, it could 
represent an alternative to grassed waterways. This study focuses on winter-sown cereals, 
because they are an important crop during winter in the Belgian loess belt in terms of 
spatial distribution (see also chapter 1).  

7.2 Study area  

The study area, locally known as Korbeekveld, is located in the loess belt of Belgium, 
between Brussels and Leuven. The loess-derived soils have a very high silt content (70-
80 %) and a moderate clay content (10-20 %). The land in this region has been under 
cultivation for ca. 1000 years and is presently used for agricultural crops. The most 
important crops are winter wheat, sugar beet, potatoes, maize and chicory. Mean annual 
precipitation ranges between 700 and 850 mm and is well distributed over the year. 
Average January and July temperatures are respectively 3 and 17°C.  

Topography of the study area shows a gentle hollow in which surface overland flow 
concentrates. During the winter of 1999-2000 an ephemeral gully and several rills 
developed in this hollow, perpendicularly to the sowing lines (Fig. 7.2). Winter triticale 
was sown on the 15th of October 1999 at a rate of 120 kg ha-1 (ca. 300 seeds m-²). 
Distance between planting lines was 17 cm and plowing depth amounted to 25 cm.  
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A 

 

B 
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Fig. 7.1. Concentrated flow features in a winter triticale field in four different zones, 
Korbeek-Dijle, central Belgium, January 23, 2000 (total length of scale = 15 cm). 
A. Ephemeral gully that developed in zone 1 __ single drilled. Width of ephemeral gully is 

52 cm. Depth of ephemeral gully is limited to 30 cm due to the presence of a plow pan 
on top of a Bt-horizon. Note higher plant density in the background (= zone 2). 

B. Concentrated flow traces in zone 2 __ double drilled. Note that triticale seedlings have 
been submerged by overland flow and that the triticale density in the background is 
higher (= zone 3). 

C. Concentrated flow traces in zone 3 __ three times drilled. 
D. Rills (mean width = 19 cm, mean depth = 11 cm) which developed in zone 4 __ single 

drilled. 
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Fig. 7.2. Network of concentrated flow erosion channels (January 23, 2000) with their 
contributing areas in four zones of different sowing density (Korbeekveld). The 
location of transects along which channel cross-sections were measured and the 
locations where root and triticale samples were taken, are indicated. Width of channel 
network is not to scale.  
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Texture of the topsoil (0-5 cm) consists of 6% sand, 81% silt and 13% clay whereas the 
subsoil (> 25 cm) is richer in clay, indicating the presence of a Bt-horizon (6% sand, 76% 
silt and 18% clay). 

Rainfall in the study area was collected with a tipping bucket raingauge. Fig. 7.3 
summarizes the rainfall data. By the end of December 1999 the cumulative rainfall, 
equalling 150 mm since the date of sowing, resulted in strong sealing of the soil surface 
(Poesen and Govers, 1986). Heavy rainfall on 17h and 18 December 1999 exceeded the 
critical threshold for winter gully initiation (i.e. 15 mm in 24h after 150 mm of 
cumulative rainfall; Nachtergaele, 2001) with 43 and 28 mm rainfall in 24h, respectively.  

During the first visit to the Korbeekveld site in early January 2000 it was visually 
observed that sections of the field had been sown more than once. Based on the seedling 
density, the direction of the drilling lines and the dimensions of eroded channels, four 
distinct zones could be delineated (Fig. 7.1 and Fig. 7.2). The farmer confirmed the 
existence of the zones: he drilled these zones more than once to empty his seeding 
machine. Later on, stem density differences also confirmed the existence of these zones. 
The zones were numbered in order of appearance starting at the lowermost field border. 
Compared to zones 1 and 4 of normal sowing density, zones 2 and 3 showed remarkably 
higher triticale plant densities. In zone 3 plant density was highest. The first field erosion 
survey took place on the 17th of January 2000 and was repeated in July 2000 (Fig. 7.3).  
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Fig. 7.3. Rainfall depth (absolute and cumulative (i.e. since 15/10/99)) in the 
Korbeekveld study area between 01/08/99 and 31/07/00 as recorded by a nearby 
raingauge. Triticale was sown on 15 October 1999. The critical threshold for winter 
gully initiation (i.e.15 mm in 24h after 150 mm of cumulative rainfall) was exceeded 
on 17 and 18 December 1999, with 43 and 28 mm rainfall in 24h respectively. 
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7.3 Materials and methods 

An overview of field measurements and analyses in each of the four selected zones (Fig. 
7.2) during the two measurement periods is given in Table 7.1. In January 2000 the rill 
and gully pattern in the study area was mapped with a horizontal accuracy of 10 cm. 
Width and depth of the individual channels were measured using a measuring-tape 
(accuracy ± 1 cm). The contributing drainage area was determined in the field using a 
procedure described by Vandekerckhove et al. (1998). Slope gradient of the soil surface 
was assessed using a clinometer (type Suunto, accuracy ± 0.5°). Dry bulk densities of the 
topsoil near the primary channel and in the channel bed, and soil texture were determined 
using standard methods. Soil surface state and plant characteristics were described. For 
the determination of root biomass, a representative soil volume of root-permeated topsoil 
was dug out of the soil perpendicular to the sowing lines, starting and ending in-between 
two rows. The volume of the soil monolith was measured in the laboratory by the water 
displacement method. After being separated from the soil following the hand washing 
method of Böhm (1971), roots were dried and weighted in order to calculate the root 
biomass.  

Measurements of the eroded channel cross-sections in the different zones were repeated 
in July 2000, just before harvest. At this time cumulative rainfall amounted to ca. 500 
mm (Fig. 7.3). Channel pattern, soil surface characteristics, soil surface slopes and 
drainage areas were checked for possible changes during the observation period. In each 
of the four zones, three triticale samples were taken by cutting the triticale plants off at 
the stem base in a 1 m² wooden frame in order to assess the specific cereal production 
(Fig. 7.4). In each zone, triticale samples were collected both near the eroded channel in 
areas subjected to concentrated runoff stress and in the reference interrill areas (Fig. 7.2). 
The number of triticale stems was counted in each sample. The triticale samples were 
threshed and standard analyses were carried out to assess global grain weight, total dry 
biomass and hectolitre weight. All grain yield and yield quality parameters were 
corrected for a moisture content of 15% (standard moisture content for cereals). No 
protein analysis was carried out, because the quality of the yield mainly depends on the 
variety and the growing conditions, being the same for the whole field (pers. comm. 
Geypens, M.).  

To account for differences in the length of rills and gullies in each zone, eroded soil 
volumes were calculated by multiplying the average cross-section of each zone by a 
uniform length of 5 m (the actual length in zones 2 and 3). In order to calculate a specific 
total loss (ton ha-1 y-1) these soil volumes were divided by an area with a standard length 
of 5 m and a standard width of 70 m for each zone. This width equals the distance 
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between the two successive convexities in the triticale field that surround the 
concentrated flow area. 

Table 7.1. Data collection method, number of samples (n), symbol and units of measured 
parameters per zone. Cross indicates measurement period. Since triticale characteristics 
are measured in interrill and concentrated flow area, number of samples is given by n + n. 

Parameter Jan July n Data collection method Symbol Unit 
Erosion channels 
channel pattern 
channel width 
channel depth 
cross-sectional area

 
X 
X 
X 
X 

 
X 
X 
X 
X 

 
1 
3 
3 
3 

 
measuring-tape + photographs 
measuring-tape 
measuring-tape 
calculated 

 
 

W 
D 
CS 

 
 

cm 
cm 
cm² 

Topography 
contributing 
drainage area 
soil surface slope 

 
X 
 

X 

 
X 
 

X 

 
1 
 
2 

 
procedure of Vandekerckhove 
et al., 1998 
clinometer 

 
A 
 

S 

 
ha 
 

% 
Soil 
texture 
dry bulk density 
 
 
roughness height 
 
sealing state of the 
surface 

 
X 
X 
 
 

X 
 

X 

 
X 
X 
 
 
 

 
2 
5 
 
 
1 
 
1 

 
Sieve-pipette 
copecki cylinders, 2.5 cm thick 
topsoil (50 cm³), 24h oven 
dried at 105°C 
mean height of roughness 
elements (clods)  
standard pictures (Govers, 
1986), classes 0-5  

 
 

BD 
 
 

RR 
 

SSS 

 
text. class 

g cm-³ 
 
 

cm 
 

class 

Vegetation 
sowing direction 
vegetative cover 
root density 
 
 
 
stem density 
 
total dry biomass 
 
 
grain yield 
 
 
hectolitre weight 

 
X 
X 
X 

 
 
 
 
 
 
 

X 
 

X 
 
 

X 
 
 

X 

 
1 
1 
1 
 
 
 

3+3 
 

3+3 
 
 

3+3 
 
 

3+3 

 
field observation 
estimation 
monolith (ca. 5 cm deep, 5 cm 
wide and 25 cm long), hand 
washing and 24h drying at 
60°C (Böhm, 1971) 
cutting 1 m² at stem base, 
counting number of stems 
weighing of total dry biomass, 
corrected to 15% moisture 
content  
weighing of grains after  
threshing, corrected to 15% 
moisture content,  
Seedburo Filling Hopper 
Model 151, corrected to 15% 
moisture content 

 
 

C 
RD 

 
 
 

StD 
 

B 
 
 

Y 
 
 

HLW 

 
 

% 
kg m-³ 

 
 
 

m-² 
 

kg m-² 
 
 

kg m-² 
 
 

kg hl-1
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Fig. 7.4. Cutting the triticale plants off at the stem base in a 1 m² wooden frame in order 
to assess the specific cereal production. 

Table 7.2. Overview of average site characteristics. Symbols are defined in Table 7.1. 
Standard deviation is indicated between brackets. n.a. = not applicable; ameasurements 
taken in interrill area; b measurements taken in concentrated flow area; * average of all 
eroded channels; ** sum of all eroded channel cross-sections. 

 Time A S RRa SSSa BDa BDb Wb* Db* CSb** 
 (2000) (ha) (%) (cm) class (g cm-³) (g cm-³) (cm) (cm) (cm²) 

Zone 1 January 0.99 8.5 2-5 2 1.47 1.61 52 30 1575 

      (0.02) (0.08) (4) (2) (284) 

 July 0.99 8.5 2-5 2 n.a. n.a. 53 33 1761 

        (3) (5) (364) 

Zone 2 January 0.95 9 2-5 2 1.48 n.a. 16 9 569 

      (0.02)  (3) (2) (84) 

 July 0.95 9 2-5 2 n.a. n.a. 19 9 680 

        (6) (5) (172) 

Zone 3 January 0.92 8.5 2-5 2 1.49 n.a. 20 6 630 

      (0.01)  (5) (2) (38) 

 July 0.92 8.5 2-5 2 n.a. n.a. 22 8 1066 

        (3) (1) (50) 

Zone 4 January 0.87 9 2-5 2 1.51 n.a. 19 11 959 

      (0.02)  (3) (4) (39) 

 July 0.87 9 2-5 2 n.a. n.a. 23 11 1253 

        (4) (1) (58) 
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7.4 Results and discussion 

7.4.1 Soil erosion features and evolution 

Fig. 7.1 and Fig. 7.5 illustrate the difference in morphology of concentrated flow 
channels in the four zones in January 2000. The number and location of channels as 
observed in January did not change over time. Generally, the existing channels deepened 
and also some widening was observed. In zone 1 the depth of the channel remained more 
or less constant due to the presence of a Bt-horizon below the plough layer. The central 
channel in zone 3 showed the most pronounced deepening (Fig. 7.1), resulting in a large 
increase of the cross-section (Fig. 7.5).  
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Fig. 7.5. Evolution of total channel cross-sectional area (CS) in the four selected 
zones.  

 

7.4.2 Vegetation characteristics 

Since variations in slope gradient, drainage area, soil surface roughness, soil surface 
sealing and soil dry bulk density between zone 1 to 4 are minimal (Table 7.2), the 
variability in eroded channel morphology and channel development (Fig. 7.5) may be 
attributed to differences in vegetation density. Table 7.3 shows the major differences in 
crop characteristics (vegetative cover, root density, stem density) between the four zones. 
Since these characteristics vary in time as the plant grows, they must be differentiated 
over time. 

In January, the triticale roots obviously exerted a strong influence on reducing 
concentrated flow erosion (Fig. 7.1 and Fig. 7.5). Channel cross-sections were largest in 
zones 1 and 4 where plant density was lowest. In these areas, the sowing lines 
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perpendicular to the eroded channels could be clearly traced. Since the aboveground 
vegetation in the early winter period is relatively limited, the smaller channel cross-
sections in zones 2 and 3 can be attributed primarily to the crop root characteristics (Fig. 
7.6A and Fig. 7.6B). In these two zones the seedlings appeared in a more random pattern, 
due to crossing sowing lines. In zone 3 the seedling density was highest and the sowing 
pattern was completely random. From Fig. 7.6A a it is clear that the higher root densities 
in zones 2 and 3 reduced the total cross-section of the incised erosion channel 
(cumulative cross-sectional area in case of different rills). Roots can form a dense 
network that physically binds soil particles, thus creating a mechanical barrier to soil and 
water movement (Renard et al., 1997). Living roots also exert strong tensile strengths, 
promote cohesion and enhance surface roughness. When runoff flows across a soil 
surface with high root density, the barrier effect and the increased surface roughness 
reduce the effective scouring force. Moreover, the barrier effect and the elevated surface 
roughness force the water to spread out over the soil surface, whereby the water depth 
and hence flow shear stress is reduced. As a consequence, the dimensions of the erosion 
channels in zone 2 and 3, where the root biomass is highest, are smaller compared to 
zones 1 and 4.  

Following the reasoning that larger root densities result in smaller eroded channel cross-
sections, the question arises as to why the total cross-section in zone 3 is slightly larger 
compared to zone 2 (Fig. 7.6A and Table 7.2). The explanation of this apparent 
contradiction is attributed to the flow inertia effect, i.e. it takes some time (and therefore 
some distance) before the concentrated flow has adapted itself to the new topsoil 
conditions. When concentrated runoff from zone 4 reaches the high seedling density in 
zone 3, the increased surface roughness and the barrier effect of the roots causes it to 
decelerate. The flow adjustment is achieved only after the runoff has travelled some 
distance. Zone 3 is only 5 m long: apparently the velocity and the force of the water flow 
can not adjust itself to the new topsoil conditions within this distance. Therefore, the 
channels in zone 3 have on average a larger cross-section than in zone 2, despite the 
higher root density. 

The reason why the ephemeral gully channel cross-section in zone 1 is larger than the 
cumulative rill cross-sections in zone 4 is attributed to the clear water effect and to the 
number of channels. While flowing over the rough high-root density topsoil of zones 3 
and 2, the sediment-laden runoff leaving zone 4 loses its sediment load and much of its 
erosive energy is dissipated. As a result, the sediment-free runoff arriving at zone 1 has 
more erosive capacity. Furthermore, the number of channels (rills) in zone 4 is four times 
larger compared to zone 1, which is caused by the overflow of runoff water at the local 
field border (upslope of zone 4). As a result, the same runoff volume flowing through 
zone 1 in only one channel has a greater flow depth and therefore a greater scouring 
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capacity (shear stress). The much more concentrated runoff in zone 1 compared to zone 4 
therefore erodes a larger channel cross-section compared to those of zone 4.  

A shift in erosion control mechanism occurred between January and July. Fig. 7.6A 
illustrates the effect of root density in January, while Fig. 7.6B shows that a higher stem 
density leads to lower channel cross-sections in July. Field observations indicated that by 
the end of the growing season, stem density was more important than root biomass in 
controlling soil erosion by concentrated flow.  
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Fig. 7.6.  

A. Total channel cross-sectional area (CS) as a function of root density (RD) in 
January. For zone 1 RD ranged between 0 (when all seedlings were washed away) 
and 0.135 kg cm-³ (interrill area) during the early stages of concentrated flow. 

B. Total channel cross-section (CS) as a function of triticale stem density (StD) in 
July. 
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Table 7.3: Overview of average crop characteristics. Symbols are defined in Table 7.1. Standard deviation is indicated between 
brackets. Means with the same letter are not significantly different (p<0.05). n.a. = not applicable; a measurements taken in interrill area; 
b measurements taken in concentrated flow area. 

 Time Ca RD a StDa StDb Ba Bb Ya Yb HLWa HLWb

 (2000)          
             

(%) (kg m-³) (m-²) (m-²) (kg m-²) (kg m-²) (kg m-²) (kg m-²) (kg hl-1) (kg hl-1) 
Zone 1 January 5 0.135 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

 July >75 n.a. 337  a 0  b 1.840  c 0  d 0.862  e 0  f 76.01  g 0  h 
            

             

(33) (0) (156) (0) (118) (0) (2.03) (0)

Zone 2 January 10 0.225 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
 July >75 n.a. 427  i 396  i 1.794  c 1.795  c 0.813  e 0.816  e 74.28  g 73.46  g 
            

             

(50) (12) (203) (144) (138) (69) (0.51) (1.47)

Zone 3 January 15 0.295 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
 July >75 n.a. 515  j 483  j 1.651  c 1.827  c 0.739  e 0.772  e 72.81  g 71.36  g 
       

             

(48) (30) (73) (240) (106) (82) (1.84) (1.27)

Zone 4 January 5 0.066 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
 July >75 n.a. 348  a 250  k 1.725  c 1.383  c 0.788  e 0.704  e 75.61  g 73.20  g 
            

           

(27) (26) (242) (22) (150) (29) (5.01) (0.57)

Mean for January 9 0.180 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
4 zones July >75 n.a. 407  l 285  l 1.753  m 1.239  m 0.801  n 0.561  n 74.68  o 52.81  o 

            (82) (201) (166) (823) (120) (366) (2.77) (36.35)
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7.4.3 Soil loss by concentrated flow erosion 

Total soil loss caused by concentrated flow erosion in the studied zones amounts to 25 
ton ha-1 y-1 (Table 7.4) from an area of 0.14 ha. Table 7.4 clarifies that the total soil losses 
in zones 1 and 4 (normal sowing) exceed considerably the soil losses from zones 2 and 3 
(multiple sowing). Compared to zone 1, total soil losses in July in zones 2 and 3 amount 
to 39 and 61% of the soil loss in zone 1, respectively.  

Mean soil loss in the zones of normal sowing (zones 1 and 4) in July was 31.6 ton ha-1 y-

1, compared with an average soil loss of 18.3 ton ha-1 y-1 in the zones of multiple sowing 
(zones 2 and 3). The average reduction in soil loss by multiple sowing therefore amounts 
to 42%. This reduction reflects the total reduction in soil loss caused by the triticale roots 
as well as by the aboveground biomass over the whole growing season. Comparing soil 
losses in the zones of normal sowing and the zones of multiple sowing in January, which 
reflects only the effects of the triticale roots on the runoff erosion rates, results in an even 
higher reduction: i.e. 53%. This result reinforces the statement that roots of seedlings in 
arable land exert a strong influence on soil erosion rates by concentrated overland flow.  

Table 7.4. Eroded soil volumes and soil losses per zone (length of 5 m and width of 70 
m). Relative soil loss is expressed as a percentage of soil lost in zone 1. 

 eroded  soil loss 
 soil volume  absolute relative 
 

Time 
(2000) 

(m³) (ton)  (ton ha-1 y-1) (%) 
zone 1 January 0.79 1.14  32.6 100 

 July 0.88 1.28  36.5 100 

zone 2 January 0.28 0.42  11.9 36 
 July 0.34 0.50  14.2 39 

zone 3 January 0.32 0.46  13.2 41 
 July 0.53 0.78  22.4 61 

zone 4 January 0.48 0.71  20.4 63 
 July 0.63 0.93  26.7 73 

All zones January 1.87 2.73  19.5  
 July 2.38 3.49  24.9  

 

 

  133 



Chapter 7 

Therefore, from the point of view of soil conservation, the positive effects of multiple 
sowing are clear. These results also agree with the findings of Hudson (1957) who 
showed that increasing the plant density of maize in Zimbabwe (from 25000 to 37000 
plants ha-1) reduced runoff and soil loss by sheet and rill erosion. Truman and Williams 
(2001) obtained similar results in runoff plot experiments with a doubling of peanut rows. 
Yet, in both studies the authors attribute the reduction in soil loss entirely to the 
vegetative cover, whereas no indications are given about the relative importance of the 
increased root density. Also Melville and Morgan (2001) demonstrated that differences in 
plant densities of two grass species (11500 versus 20400 plants per m²) affected the 
effectiveness of contour grass strips. They mention the greater root density of one of the 
two grass species, but give no further quantitative information. 

7.4.4 Crop yield comparisons 

Enquiries among farmers indicate that they are seldom concerned about reducing soil 
erosion on their fields if additional effort is required and if the (short-term) cost-benefits 
balance is not positive. Therefore, the technique of multiple sowing will only be 
successful if also benefits in terms of crop yield are apparent. To determine if such 
benefits can be achieved, average crop yields for the whole field (global comparison) and 
crop yields in the studied zones were compared (interzonal comparison). Furthermore, 
within each zone crop yields were compared between the areas experiencing concentrated 
flow stress and reference interrill areas (intrazonal comparison – for sampling see Fig. 
7.2). Statistical differences were determined using Tukey's Studentized Range Test at the 
5% significance level (SAS Institute Inc., 1988). 

There were no significant differences in average crop yields between the interrill areas 
and the concentrated flow areas for all zones (global comparison) (Table 7.3, mean for 
all zones). Although the mean values for StD, B, Y and HLW consistently showed lower 
values in the concentrated flow zone, these differences were not statistically significant. 
Over the period of one growing season, there was no significant decline in crop yield or 
yield quality due to the presence of rills and gullies (0.6% of the total field area or 42 m²), 
nor due to the application of the technique of multiple sowing. However, over a longer 
period of time, it is likely that crop yield in the concentrated flow area would decline due 
to the negative effects of soil erosion on soil productivity (Thomas et al., 1986; 
Schumacher et al., 1999).  

A comparison of the triticale samples taken in the interrill area and in the concentrated 
flow area of each individual zone (intrazonal comparison) shows that there is a zone-
dependent difference in crop yield (Table 7.3 – horizontal comparison). The samples in 
the concentrated flow area of zones 2 and 3 have, on average, the same stem density and 
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grain yield as the reference samples in these zones. This is not the case for zones 1 and 4. 
In zone 1 the total grain yield in the area of concentrated flow is zero, because all 
seedlings have been washed away in the ephemeral gully channel, compared to a yield of 
862 g m-² in the interrill area. In zone 4 the concentrated flow area produced fewer stems 
(250 m-²) and grains (704 g m-²) than the reference area (348 m-² and 788 g m-², 
respectively), but the grain yield difference is not significant. This is due to the fact that 
the triticale is still capable of growing in the shallow rills, being the case in zone 4. Even 
when the water flows with such force that the triticale seedlings bend down and their root 
network is exposed, the roots continue to hold the soil together (see Fig. 7.1). Following a 
rainfall/runoff event, such seedlings are capable to continue growing normally. The fact 
that no significant difference in triticale production exists between the concentrated flow 
area and the interrill area in zones 2 and 3 may have been caused by an increase in 
nutrients, attached to sediments that were deposited in these zones later in the growing 
season because of increased total plant biomass.  

The hectolitre weight in the area of concentrated flow of each zone is slightly lower than 
in the reference area (Table 7.3). The parameter HLW represents the weight of the grains 
in a fixed volume, and is therefore an expression of the grain size distribution. Large 
hectolitre weights are an indication of large grain size. Consequently, triticale grains in 
the zone of concentrated flow are smaller than those in the interrill area, but this 
difference is not significant. 

When making interzonal comparisons, there are obvious differences in stem density 
between zones, confirming the visual interpretation of the existence of four different 
zones (Table 7.3 – vertical comparison). On the contrary, crop yield and HLW do not 
show the same pattern: despite the highest stem density in zone 2 and 3, maximum grain 
yield and HLW-values are found in the interrill area of zones 1 and 4. This is likely due 
to the existence of the optimal sowing density for cereals of about 450 seeds m-² as 
standard agricultural practice (Geypens, pers. comm.). When drilled at higher rates, the 
additional plants do not produce seed heads or the seed heads produce fewer grains. In 
addition, a higher density of the plants promotes diseases, and competition between the 
individual plants leads to fewer tillers per plant. Therefore no significant differences 
could be traced in the grain production and the HLW within the four zones in the interrill 
area (Table 7.3).  

Grain yield and HLW in the concentrated flow area of zone 1 are zero because all the 
seedlings were flushed away during growing stage. Compared to zone 1, good grain 
yields are obtained in the concentrated flow zone in zones 2 and 3. Compared to zones 2 
and 3, zone 4 shows a slightly lower total biomass and grain yield in the concentrated 
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flow area, and a similar HLW. Yet, the difference is negligible (statistically not 
significant).  

7.5 Conclusions 

This case study clearly demonstrates the potential of multiple sowing of small grains in 
concentrated overland flow areas with respect to controlling rill and ephemeral gully 
erosion rates. The results indicate that the increase of the total root mass of triticale in 
multiple drilled areas reduced concentrated flow erosion rates by 53% in the early plant 
stages. Although crop roots cannot completely eliminate soil erosion in all cases, it is 
clear that they may prevent water from scouring rills or ephemeral gullies, particularly 
during early plant growth. This is accomplished by enhancing soil cohesion, by 
conserving soil roughness, and by acting as a mechanical barrier. Even where erosion is 
not completely eliminated, the formation of small rills is to be preferred over the 
development of gullies. Cereal crops can still grow in shallow rills, whereas they are 
washed away in the case of ephemeral gully development. 

Additionally, the results with respect to the grain production in the concentrated flow area 
are promising. Despite the slightly smaller grains in the zones of multiple sowing, overall 
grain yield did not decrease as a result of higher stem density or increased risk of disease. 
Consequently, considering that the reduction in grain size in the zones of multiple sowing 
was compensated for by an increase in the grain yield in these zones, and considering that 
in the absence of multiple sowing a lot of seedlings are washed away, the benefits of 
multiple sowing for the farmers are obvious. Compared to the problems experienced by 
farmers with the implementation of grassed waterways, the method of double sowing has 
less disadvantages and might therefore be more acceptable to the farmers. In order to 
evaluate whether this technique is actually cost-effective, a cost-benefit analysis would 
have to be performed. 

It should be stressed that double (or multiple) sowing as soil conservation strategy is a 
measure that only needs to be applied very locally, namely only in the field zones where 
concentrated flow channels develop. Increasing the seed density, and thereby exceeding 
the optimal seed density for normal agricultural use, is only needed for reducing soil 
erosion in the zones that are prone to soil erosion by water. In order to prevent spill-over 
like problems, the width of the zone that is double-drilled should be at least twofold the 
width of the zone of concentrated flow. Moreover, this zone and should be drilled firstly 
before drilling the field parcel conventionally in order to prevent wheel tracks along the 
direction of the water flow.   
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Controlling erosion based on multiple sowing is highly sensitive to the timing of rainfall 
with respect to drilling operations. The observed differences between single and double 
sowing in this study are representative for the specific rainfall conditions during the study 
period. Should a storm have occurred 1.5 months earlier, differences in soil loss would 
have been much smaller. On the contrary, if a storm had occurred 1.5 months later, the 
increased plant biomass would have had an even more pronounced effect on the erosion 
reduction. Consequently, the effectiveness of the roots in reducing soil erosion is strongly 
conditioned by the plant growth stage. 

The results from this study are valid for a particular position of treated zones along the 
concentration flow line. There is no doubt that the results likewise apply to a position 
located more upstream in the landscape. To what extent the conclusions also hold for 
more downstream positions, were concentrated flow intensity will be larger, is at present 
not known. At these landscape positions the resistance of the topsoil against concentrated 
flow erosion as controlled by root characteristics may be exceeded. This needs therefore 
to be further investigated.  

Given the results of this case study, more research is needed to optimize the technique of 
multiple sowing of small grains in concentrated flow zones in terms of sowing rates, crop 
suitability, crop yield performance, effectiveness under various soil types and 
topographic positions, and application limits. 
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 CHAPTER EIGHT

EFFECTS OF CEREAL ROOTS ON

DETACHMENT RATES OF SINGLE-

AND DOUBLE-DRILLED TOPSOILS

DURING CONCENTRATED FLOW♦

8.1 Introduction 

In order to limit the detrimental consequences of soil erosion by runoff water, soil and 
water conservation studies have produced a wide range of erosion-control practices. Yet, 
strategies to fight soil erosion have been implemented with only limited succes in Europe 
(Morschel et al., 2004) because of the reluctance of farmers to adopt these new strategies. 
The involvement of farmers in demonstration projects is indeed crucial, as they have to 
be convinced about the usefulness and applicability of soil conservation measures 
(Verstraeten et al., 2003). Farmers will more likely adopt soil conservation strategies that 
are easily incorporated in the normal farming practices than practices that require 
additional labour or specific machinery. 

A remarkable field observation made in a winter-sown triticale field (see chapter 7) 
seemed to indicate that double sowing of small grains, i.e. drilling two times in zones of 
concentrated flow erosion, had a strong impact on the development of concentrated flow 
erosion channels, not only by shoots by also through root effects. One of the conclusions 
of that case study points towards the possible use of plant roots for reducing soil erosion 
rates by concentrated runoff in cereal fields. Soil reinforcement by plant roots was rapidly 
recognized in slope stability studies in the 70's and 80's, but it is only recently that a few 
authors have begun to conduct research on the effectiveness of plant roots in reducing 
soil detachment by water erosion (e.g. Li et al., 1991; Bui and Box, 1993; Ghidey and 
Alberts; 1997; Mamo and Bubenzer, 2001a and 2001b; Liu et al., in press).  

                                                 
♦ Based on: Gyssels, G., Poesen, J., Van Dessel, W., Knapen, A., De Baets, S. (subm.). 
Effects of cereal roots on detachment rates of single- and double-drilled topsoils during 
concentrated flow. European Journal of Soil Science 
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An early pioneer was Kramer (1936) who compared for the first time the relative 
efficiency of roots and shoots of plants in protecting the soil from erosion. He registered 
the time needed for soil to be completely removed from soil boxes containing full-grown 
plants, from boxes containing only the root system of plants and from bare soil boxes by 
water spraying, simulating interrill and rill erosion. Fig. 8.1 summarizes his results for 
field crops. With decreasing effectiveness in resistance to erosion by the whole plant 
(roots and tops), the relative effectiveness by the plant roots system increases. The root 
system of sorghum, wheat and oats accounts for circa 20% of the reduction in soil erosion 
by the total plant, whereas the root system of alfalfa accounts for 38 to 48 %. Compared 
to a bare soil, corn roots increase the time to erode all soil from the box with 47%. 
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Fig. 8.1. Comparison of the time needed to erode all soil by interrill and rill flow from 
the box of soil samples with roots and tops, samples with only roots and samples with 
bare soil. After Kramer (1936).  

 
Not only the data from Kramer (1936) but also more recent research findings indicate that 
plant roots can reduce soil losses by runoff. In the review of chapter 4, an exponential 
decline in relative soil loss with increasing root density was reported for the majority of 
studies described. Laboratory experiments in chapter 6 could not confirm these trends, 
and one of the possible reasons for this were the quite low root density values of the field 
samples. Having observed the reduction in soil loss in the double-drilled triticale field 
(chapter 7), the possibility grows that root density values larger than the normal root 
densities (chapter 6) may be needed in order to answer the question whether cereal plant 
roots do control concentrated flow erosion rates in field conditions.  
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Therefore, in this chapter, laboratory flume experiments – simulating concentrated flow – 
were performed using field-grown cereal samples of rootless, single and double-drilled 
field parcels. In addition, similar to chapter 6, a detailed field survey on root density 
variations in time and space in single- and double-drilled field parcels took place during 
one cereal growth season.  

More specific, this chapter aims to answer the following questions:  

 Is there a difference in soil detachment of rootless and root-permeated cereal field 
samples? 
 What is the effect of variations of root density over time on soil detachment rates? 
 How large is the (possible) reduction in soil erosion rates by doubling the root 

density? 

8.2 Materials and methods 

8.2.1 Laboratory measurements 

– Experimental design – 

In order to simulate concentrated flow under natural conditions, undisturbed topsoils 
from fields with different cereal crops (barley, winter wheat, spring wheat) were collected 
in cultivated fields located near Leuven in the Belgian loess belt. The silt to silt loam 
soils have on average 15% clay, 75% silt and 10% sand. For double-drilled samples, 
farmers were asked to install small, double-drilled parcels (9 m by 9 m) in their cereal 
fields at time of normal drill, by drilling the area the second time in a 90° angle. The seed 
density rate was not increased. As a result, double-drilled field parcels have a drill line 
pattern in a square grid pattern with drill lines crossing each other perpendicularly; 
single-drilled field parcels have a drill line pattern with parallel drill lines. Double-drilled 
field parcels were treated identically as normal (=single) drilled field parcels. The fields 
were drilled after conventional ploughing and seedbed preparation on 27 September 2000 
(barley), 19 February 2001 (spring wheat), 6 October 2001 (barley), 6 November 2001 
(winter wheat) and 14 October 2002 (winter wheat). Sowing density (single drill) ranged 
between 125 and 200 kg ha-1 (single drill), depending on time of drilling and cultivars 
used. Distance between drilling lines was 10 to 12 cm. Samples were taken at different 
stages in the crop growth season. Sampling dates are shown found in Fig. 8.2 and Table 
8.1. 

The undisturbed root-permeated topsoil samples were collected in small, rectangular 
bottomless steel boxes (0.388 m long, 0.096 m wide and 0.088 m deep) that were pushed 
into the topsoil (see Fig. 6.3 and Fig. 8.3). Attention was paid not to take samples in 
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possible wheel tracks. Five to six steel box samples were taken in single-drilled field 
parcels perpendicular to the drilling lines, and as many in double-drilled field parcels 
(Fig. 8.3). The single-drilled samples were taken in such a way that three drilling lines 
were present in the steel box. Double-drilled samples were taken perpendicular to the last 
drill operation. Care was taken not to disturb the soil surface when inserting and digging 
out the steel boxes.  

After excavation, the steel boxes with the root-permeated soil sample were placed on a 
wooden plate to prevent soil loss during transport. At the time of sampling soil moisture 
content and dry soil bulk density were assessed using copecki cylinders (5 cm high and 5 
cm in diameter). These small soil samples were also used for determination of soil 
particle size distribution by Sieve-pipette method (Gee and Bauder, 1986). The state of 
the soil surface (degree of compaction and sealing) was recorded visually. For each root-
permeated topsoil sample an extra cylindrical soil sample using a copecki cylinder of 10 
cm high was taken and treated the same way as the root-permeated sample itself in the 
period between sampling and testing in the laboratory. 

In the laboratory the steel box samples and accompanying cylindrical soil samples were 
placed in a container with a constant water level at 8 cm below the soil surface of both 
the samples to allow for slow capillary rise during at least 24 hours in order to obtain 
similar soil moisture contents for all samples. During this process all samples were stored 
in a cool room (5 to 10°C). The root-permeated steel box samples were used in 
concentrated flow experiments within one week after sampling to limit significant 
changes in root density.  

Twenty-four hours before the start of the concentrated flow experiments the steel box 
sample and the accompanying cylindrical soil sample were taken out of the water and 
allowed to drain. The top 5 cm of the cylindrical soil sample was used to measure dry 
bulk density and moisture content. At the beginning of the experiment the aboveground 
parts of the cereal seedlings were cut at soil surface level in order to exclusively assess 
the effects of roots on soil detachment rate. The soil surface of the undisturbed steel box 
sample was raised till it reached the upper rim of the steel box by adding thin plates at the 
bottom of the steel box. 
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Table 8.1. Characteristics of root samples in single and double drilled field parcels. For field parcel codes see Fig. 8.2. WB: winter 
barley; SW: spring wheat; WW: winter wheat; SMC1: average soil moisture content at time of sampling (5 samples); SMC2: average 
soil moisture content just before the experiment (5-6 samples); ρb: average dry soil bulk density at time of experiment (5-6 samples); 
RD: mean root density (5-6 samples); τcr: critical flow shear stress; Kr: soil erodibility; n.a.: not available. Standard deviation for RD is 
given between brackets. 

Texture 
Sample 

Days after 
sowing 

Cereal 
crop Clay (%) Silt (%) Sand (%) 

SMC1 
(kg kg-1) 

SMC2 
(kg kg-1) 

ρb 
(g cm-3) 

RD 
(kg m-3) 

τcr 
(Pa) 

Kr 
(kg s N-1) 

            

KH: 2 single 124 WB 16.0 73.9 10.1 n.a. 0.26 1.28 0.13 (0.03) 0.0 0.018 
KH: 2 double 124 WB 12.7 76.3 11.0 n.a. 0.27 1.34 0.21 (0.04) 6.5 0.019 
KH: 3 single 187 WB 12.0 70.6 17.4 n.a. 0.25 1.39 0.44 (0.06) 6.0 0.002 
KH: 3 double 
 

187 WB 11.8 72.0 16.1 n.a. 0.24 1.33 0.55 (0.12) 0.0 0.000 
           

           

           

GP2: 1 single 92 SW 11.3 79.1 11.3 n.a. 0.19 1.25 0.49 (0.09) 3.3 0.016 
GP2: 1 double 92 SW 11.8 79.7 11.8 n.a. 0.26 1.22 0.82 (0.18) 2.2 0.017 
GP2: 2 single 116 SW 13.2 78.0 8.8 n.a. 0.27 1.22 1.34 (0.19) 2.3 0.011 
GP2: 2 double 
 

116 SW 12.2 77.8 9.9 n.a. 0.28 1.26 1.56 (0.14) 2.6 0.007 

BW: 1 rootless 5 WB 16.3 74.3 9.4 n.a. 0.23 1.32 0.01 (0.00) 4.1 0.042 
BW: 2 single 17 WB 12.5 76.1 11.4 n.a. 0.24 1.34 0.03 (0.00) 2.5 0.002 
BW: 2 double 17 WB 12.5 76.1 11.4 n.a. 0.24 1.30 0.04 (0.01) 0.0 0.002 
BW: 3 single 45 WB 12.9 78.1 8.9 n.a. 0.23 1.42 0.05 (0.01) 4.0 0.002 
BW: 3 double 45 WB 12.9 78.1 8.9 n.a. 0.23 1.44 0.13 (0.05) 4.0 0.001 
BW: 4 single 55 WB 14.8 76.5 8.7 0.26 0.23 1.35 0.13 (0.09) 0.0 0.003 
BW: 4 double 
 

55 WB 14.8 76.5 8.7 0.26 0.21 1.44 0.21 (0.26) 0.0 0.000 

GP3: 1 single 94 WW 9.1 72.4 18.5 0.25 0.23 1.52 0.02 (0.01) 0.0 0.003 
GP3: 1 double 94 WW 14.4 58.6 27.0 0.22 0.21 1.51 0.15 (0.04) 6.8 0.005 
GP3: 2 single 131 WW 11.3 77.8 11.0 0.24 0.22 1.56 0.17 (0.07) 4.0 0.005 
GP3: 2 double 131 WW 11.6 77.7 10.7 0.24 0.22 1.56 0.19 (0.06) 0.0 0.001 
GP3: 3 single 167 WW 10.2 79.5 10.3 0.20 0.23 1.39 0.59 (0.20) 0.0 0.012 
GP3: 3 double 167 WW 13.8 76.5 9.8 0.19 0.23 1.41 1.01 (0.24) 0.0 0.004 

    



 

GP3: 4 single 188 WW 9.7 77.8 12.6 0.21 0.21 1.58 1.42 (0.51) 5.7 0.007 
GP3: 4 double 
 

188 WW 6.2 84.8 9.0 0.21 0.21 1.48 1.58 (0.23) 7.2 0.009 
           

         

AB1: 1 rootless 11 WB 9.8 72.1 18.1 0.22 0.22 1.28 0.00 (0.00) 5.8 0.029 
AB1: 1 single 11 WB 9.8 72.1 18.1 0.22 0.22 1.24 0.02 (0.01) 5.8 0.012 
AB1: 1 double 11 WB 9.7 72.3 18.0 0.24 0.22 1.26 0.02 (0.01) 5.7 0.012 
AB1: 3 single 101 WB 9.7 74.1 16.2 0.28 0.25 1.53 0.05 (0.02) 0.0 0.015 
AB1: 3 double 101 WB 9.0 78.7 12.3 0.28 0.26 1.57 0.14 (0.04) 
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Fig. 8.2. Overview of the sampling dates and root densities (RD) of the samples tested in the 
laboratory experiments. Field parcel codes are given as well. Root densities of single- and 
double-drilled field parcels that are not significantly different at 5% level are encircled. S = time 
of sowing; 1, 2, 3, 4 = first, second, third and fourth series of sampling for the same field parcel. 
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Fig. 8.3. Top: inserting and excavating steel boxes with root-permeated samples. 
Bottom: example of a series of single- and double-drilled steel box samples. 
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– Test facilities and measurements – 

The steel box with the root-permeated sample was then put into a flume, similar to the 
one described by Poesen et al. (1999). The flume, 2 m long by 0.098 m wide, is made of 
Plexiglas with a 0.0025 m thick layer of dry silt loam soil particles glued to the bed to 
simulate a plane silt loam soil surface (see Fig. 6.4). The flume contains an opening in its 
bottom, the size of the steel box, so that the soil surface of the steel box sample and the 
bottom of the flume upstream and downstream of the steel box sample were at the same 
level. The space between the upper borders of the steel box and the flume bottom was 
sealed with painter's mastic to prevent edge effects. Edge effects can never be completely 
excluded, but previous studies (Poesen et al., 1999) have indicated that, with the present 
set up, these are minor to the effects of the different treatments. The slope of the flume 
was set between 20 and 30%. Clear tap water flow was simulated at a known constant 
discharge during 2.5 minutes (150 s). To ensure that the flow discharge remained 
constant over the entire run of the experiment, discharge values were measured five times 
before and five times after each run. Simulated flow discharges ranged between 0.0003 
and 0.0019 m³s-1. Every 15 seconds a sample of runoff water and detached soil was 
collected at the bottom end of the flume in 10 l buckets during 5 to 10 seconds 
(depending on the runoff discharge) for calculation of the sediment detachment rate. If 
during the experiment the bottom of the steel box was reached due to intense erosion, or 
if a deep (> 3 cm) plunge pool developed, the experiment was ended. After each 
experiment the remaining part of the soil in the steel box was collected for assessment of 
the root density. Roots that were washed away during the experiment were collected from 
the buckets and from the collector barrel at the outlet of the flume. Runoff velocities were 
measured over a distance of 80 cm (10 replicates) with a dye after the sample was 
removed and replaced with a Plexiglas plate that was covered with glued silt in order to 
simulate a perfect loess layer. Water temperature ranged between 3.0 and 18.5°C. 

After three hours of sediment settling in the runoff samples, the excess water in the 
buckets was siphoned and the remaining water loaded with sediment was evaporated and 
oven dried at 105°C. Mean soil detachment rate (Dr) was calculated using the mean 
gravimetric sediment concentration of the 10 buckets in combination with the runoff 
discharge and the soil surface area that experiences the hydraulic shear stress. Because 
sediment free water is used in the experiment this is the maximal detachment rate 
(Nearing et al., 1991), which is defined as (Foster, 1982): 

Dr = Kr (τ −τcr) 
where: Dr = detachment rate (g m-2 s-1); 
 Kr = channel erodibility (g s-1 N-1); 
 τ = mean hydraulic bottom shear stress (Pa); 
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 τcr = critical bottom shear stress (Pa). 

The corresponding mean bottom flow shear stress (τ) was calculated using the equation: 

τ = ρ g R S 
where: τ = mean bottom flow shear stress (Pa); 
 ρ = water density (kg m-3), taking into account water temperature; 
 g = acceleration due to gravity (m s-2); 
 R = hydraulic radius (m); 
 S = slope gradient = sinus of soil surface slope in °. 
and  

R = Q B-1 u-1

where: Q = flow discharge (m³ s-1); 
 B = width of the experimental channel (i.e. 0.0098 m); 
 u = flow velocity (m s-1). 

According to Poesen et al. (2003) 75% of all ephemeral gullies in the field are created by 
runoff flow shear stresses of 5 to 20 Pa, with maximal shear stress values for ephemeral 
winter gullies in Belgium between 30 and 50 Pa. In chapter 3 shear stress values 
responsible for the development of concentrated flow channels ranged from 0.5 to 32 Pa. 
Therefore, flow shear stresses from 4.4 to 22.36 Pa were simulated in the laboratory 
flume experiments. The reason why flow shear stress is used, rather than other 
parameters for describing runoff flow energy during the laboratory experiments on the 
soil samples, is given in chapter 6. 

For each experiment mean detachment rate was plotted versus flow shear stress and trend 
lines for single-drilled as well as double-drilled samples were determined by linear 
regression analysis. The corresponding critical flow shear stress (τcr, intersection with X-
axis) and channel erodibility (Kr, slope of regression equation) were deduced for both 
sets of samples. Wherever Kr or τcr were negative, their values were set to 0. The linear 
model was thus sometimes modified to fit the data. Statistical analyses were performed 
using SAS Enterprise Guide V2. 

– Root density assessment – 

 As determination of the root density is time-consuming and all experiments needed to be 
conducted within one week after collecting the root-permeated soil samples, the soil 
sample that was removed from the flume after the experiment was quickly washed and 
sieved at 200 µm. The root-soil mixture retained by the sieve was then frozen for later 
assessment of the root density. Freezing does not destroy the roots, but facilitates the 
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removal of soil particles adhering to the roots. When thawing the frozen soil-root 
mixture, sodium polyphosphate was added to enhance dispersion. Fresh roots were 
separated manually from dead roots based on colour and structure. After being separated 
from the soil following the hand washing method (Böhm, 1979), roots were dried and 
weighed in order to calculate the root density (RD, kg m-3).  

8.2.2 Additional root density measurements 

In order to collect additional detailed information on spatial (horizontal and vertical) and 
temporal variations of root density in single and double-drilled cereal fields, the root 
density of a cropped field in the Belgian loess belt was monitored during one growth 
season (October 2002 to July 2003). Winter wheat (Triticum L., Cultivar Napier) was 
drilled after conventional ploughing and seedbed preparation on 10 October 2002, at a 
rate of 175 kg ha-1. Mean row distance in single-drilled field parcels was 12 cm. Small 
parcels in the field were double-drilled: the second drill direction was perpendicular to 
the first drill direction, resulting in a square grid pattern. Sampling of roots (see Fig. 6.5) 
took place at one, three, six and ten months after sowing. Root samples were stored in a 
freezer until processing. Root density measurement was done as described above. 

A detailed description of the root sampling procedure and of the calculations of mean 
root density for single-drilled fields is given in chapter 6, paragraph 6.2.2. The same 
procedures were followed for the double-drilled field parcels. In short, mean root density 
calculations were performed taking into account the distance to the drill lines and the 
absence of plants in a row.   

8.3 Results and discussion 

8.3.1 Root density evolution 

The evolution of mean root densities in the top 10 cm of the soil, as obtained by the field 
measurements, is shown in Fig. 8.4 by dotted lines. Detailed information is given in 
Table 8.2. Rather than a linear increase with time, root densities of winter cereals 
increase slowly in the first two to three months after sowing, experience a fast increase in 
spring and early summer until the time of flowering and then decrease slowly until 
harvest. This general growth pattern is valid for spring-sown cereals as well, with the 
exception of a larger initial growth rate as the meteorological conditions in spring favour 
faster growth. For winter-sown cereals the root density of double-drilled samples is 
significantly different from the single-drilled samples already one month after date of 
sowing (Table 8.2). Yet, it can not be explained why the root density of the double-drilled 
field parcels is at that time smaller than the one of the single-drilled parcels. It may be a 
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matter of competition between the root systems of the different seeds. Later on, double-
drilled samples have significantly larger root densities than single-drilled samples. It is 
not known how long it takes to develop a significant difference in single and double-
drilled samples for spring-sown cereals.  

The root density values of the samples used for the laboratory experiments are plotted on 
the graph as well (individual dots in Fig. 8.4) and are in agreement with the general 
growth pattern obtained by the field measurements (dotted line). In all cases root 
densities of single-drilled field parcels are smaller than those from double-drilled field 
parcels. The observed root densities correspond to mean root densities found in Belgian 
cereal fields (de Willigen and Van Noordwijk, 1987). The root densities of the samples 
used in the laboratory experiments of this study are therefore representative for field 
conditions, rather than in other studies with laboratory grown plants. 
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Fig. 8.4. Evolution of root density (RD) in the top 10 cm of the soil for single and 
double-drilled field plots. Mean data from the field measurements (dotted lines) as 
well as from the samples for the laboratory experiments (lab exp) are presented. Error 
bars indicate standard error on mean, for matters of readability only given for the field 
measurements. Error information on samples of the laboratory experiments can be 
found in Table 8.1. 
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Table 8.2. Global mean root density values of 10 cm topsoil for single and double-drilled 
field parcels at different sampling moments. For calculation method, see text. Means with 
different uppercase letter differ significantly (at 5% level). SE = standard error on mean.  

Months after 
sowing 

Field 
parcel 

n 
Maximum 

(kg m-3) 
Mean 

(kg m-3) 
Minimum 
(kg m-3) 

SE 
(kg m-3) 

single 39 0.25 0.12  A 0.04 0.01 1 
double 39 0.23 0.10  B 0.03 0.01 
single 39 0.16 0.08  C 0.02 0.01 

3 
double 39 0.35 0.13  D 0.03 0.01 
single 20 2.19 0.96  E 0.37 0.09 

6 
double 19 2.06 1.29  F 0.76 0.10 
single 80 1.65 0.82  G 0.02 0.04 

10 
double 79 1.74 1.13  H 0.55 0.05 

 

Drilling field parcels two times does not double the mean root density. Rather an increase 
by 25% is observed when comparing available root density data for single- and double-
drilled field parcels (see Fig. 8.5). This increase is relatively consistent for the full range 
of root densities. Although the data tend to show a sigmoid increase, the dataset is too 
small for accurate determination of its describing parameters. The fitted linear regression 
equation, having an R² of 95%, may therefore be a good approximation. 

RDdouble = 1.25 RDsingle
R² = 0.95     n = 18
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Fig. 8.5. Relationship between cereal root densities (RD) of single- and double-drilled 
field parcels (based on data from Table 8.1 and Table 8.2). Measurements were done 
between 0 and 300 days (ca. 10 months) after drilling of winter cereals and therefore 
represent a full growth cycle. Dotted line is 1:1 line. 
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8.3.2 General pattern of detachment rates 

In general, the detachment rate of root-permeated soil samples tested in the laboratory 
flume experiments decreased with time but did not show a clear systematic evolution 
over time. A representative example from the experimental results for double-drilled 
topsoils is given in Fig. 8.6. After the first 15 to 30 seconds of large detachment rates, Dr 
decreased to a relatively stable value. This initial peak in soil detachment is explained by 
the washing off of loose soil aggregates and particles at the soil surface. Fig. 8.6 also 
indicates that detachment rates of the different sets of experiments are variable. In the 
example given, detachment rates of the third set of experiments on double-drilled 
samples from the Kaalheide field (KH3) were much smaller than those of the second set 
(KH2). 

For all experiments, plots of the average Dr per corresponding τ were made. In Fig. 8.7 a 
selection of those graphs was made for illustration and discussion of some general trends. 
Although all fields sampled are of similar soil type, the inter-field variability of mean 
detachment rates is large. And although the erosion resistance of soil is known to vary 
with moisture content prior to the erosion experiment, especially for soil moisture 
contents below 20% (Govers et al., 1990; Bennet et al., 2000; Bryan, 2000), this effect 
was minimal in this study since initial soil moisture content always exceeded 20% and 
soils in this study were similar to the ones described by Govers (1991). 
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Fig. 8.6. Evolution of detachment rates (Dr) with time for 6 double-drilled soil 
samples of the Kaalheide (KH) field, taken at two different times (KH2 and KH3). 
Hydraulic shear stress (tau) varied from 7 to 20 Pa. 

  151 



Chapter 8 

8.3.3 Rootless versus root-permeated samples 

In two fields (BW and AB1) rootless samples were taken and tested for comparison with 
root-permeated samples. In the first field, BW, rootless samples were taken five days 
after drilling, yielding quite large detachment rates in the laboratory test flume (Fig. 8.7A 
– BW: 1 rootless). In comparison, detachment rates of the root-permeated samples that 
were taken between 17 and 55 days after drilling (BW: 2, BW: 3 and BW: 4) remained 
very low. Kr-values (see Table 8.1) dropped from 0.042 to almost 0. Yet, during the 
experiments it was observed that the top 5 mm of the soil surface was highly compacted. 
Probably the intense rainstorms that struck the field in the first weeks after sowing had 
sealed it. As a result, during the experiments on BW-samples, almost no soil surface 
lowering was observed. Therefore, the roots present within the topsoil of the samples 
could hardly be of significance for reducing soil detachment. It can therefore be deduced 
that topsoil compaction overruled the effects of the roots in the soil during these 
experiments. The reduction in Kr can therefore not be attributed to the increased root 
density values. 

In the second field, AB1, the rootless samples (Fig. 8.7B – AB1: 1 rootless) yielded 
larger soil detachment rates compared to the root-permeated samples taken at the same 
time (Fig. 8.7B – AB1: 1 single and AB1: 1 double) (see also Kr-values in Table 8.1). 
Yet, compared to the initial detachment rate of the rootless samples (AB1: 1 rootless), the 
root-permeated samples of AB1: 3 (single and double) showed similar to larger 
detachment rates, although the samples were taken 101 days after drilling. The reason for 
this sudden increase in soil detachment rate with time is not known. Root densities and 
dry bulk densities of the soil samples of AB1: 3 are significantly larger than those of the 
rootless samples of AB1: 1. But the AB1: 3 samples were taken after a period with soil 
temperatures well below zero. Freezing could have altered the structure of the topsoil and 
have lead to an increase of its erodibility. Moreover, it was observed during the 
experiments that after the removal of a few millimeters of the topsoil, the base of the 
plant stems started to vibrate in the water flow. These vibrations lead to flow turbulences 
and therefore to a larger soil removal in the vicinity of the plant stems compared to the 
areas without plant stems. This local scouring of the soil around the plant stem base is 
similar to the horseshoe vortex erosion around individual rock fragments recorded by 
Savat (1976), Bunte and Poesen (1993) and Poesen et al. (1994). 
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Fig. 8.7. Comparison of typical graphs of mean soil detachment rate (Dr) versus shear 
stress (τ) for different fields. Single and double drilled-samples are compared to 
rootless samples in A and B. Evolution of single and double-drilled samples taken at 
different crop growth stages is shown in C and D. 
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Fig. 8.7 continued. 
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The comparison of these two cases indicates that an increase in root densities during crop 
growth may not necessarily lead to a reduction in channel erodibility, as at the same time 
soil properties may change as well. As long as the runoff flow does not remove the 
topsoil sufficiently, the effects of plant roots on soil detachment rates will be limited. But 
at the same time, plant roots strengthen the soil and will prevent significant soil loss 
whenever runoff water breaks through the topsoil.  

8.3.4 Single versus double-drilled samples 

Thirteen experiments were performed comparing the effects of single and double-drilled 
samples on soil detachment rates. In Fig. 8.7C and d two examples were chosen for 
general description: KH and GP3. In the KH experiment (Fig. 8.7C) at four months after 
sowing, the detachment rates of single-drilled samples (KH: 2 single) are larger than 
those of the double-drilled samples (KH: 2 double). Yet, 6.5 months after sowing (KH: 3 
single and double) no significant difference between both could be found, although root 
densities still differ significantly. The opposite trend was observed in the GP3-experiment 
(Fig. 8.7D). In the first series of experiments, around three months after sowing (GP3: 1 
single and double), the difference in root densities between single and double-drilled 
samples was significant, yet, detachment rates were low and were not significantly 
different for both sets of roots densities. However, the results of the third experiment six 
months after drilling (GP3: 3 single and double) showed a clear difference in soil 
detachment rates. Detachment rates were larger compared to the first series of 
experiments on GP3.  

  
Single drilled Double-drilled 

Fig. 8.8. Comparison of soil detachment in single- and double-drilled field samples 
after the concentrated flow experiment. Note the presence of more root in the double-
drilled sample. 
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From the examples discussed, it may become clear that it is very difficult to define a 
general trend in detachment rates for single and double-drilled soil samples. In six (46%) 
out of the 13 experiments comparing single and double-drilled soil samples, double-
drilled samples resulted in clearly smaller detachment rates than the single drilled 
samples (see Kr-values in Table 8.1). In the other 46% of the dataset no significant 
difference could be found. In only one case (AB1: 3) double-drilled samples produced 
significantly larger detachment rates compared to single-drilled samples. Overall, double-
drilled cereal samples decreased Kr-values compared to single-drilled samples in about 
50% of the cases. In the other 50% no net effect was observed.  

In order to corroborate the preliminary conclusions obtained by this rather descriptive 
interpretation of the experimental data, statistical tests were performed. For all 
experiments conducted on single and double-drilled samples, Table 8.1 provides the 
corresponding τcr and Kr-values. τcr values are not normally and not symmetrically 
distributed. Therefore, the Sign Test was used to test if the subtracted τcr values of single 
and double-drilled samples were significantly different from 0. The result of this test was 
negative. The presence of an increased amount of roots in the soil is therefore not likely 
to alter the critical shear stress for soil detachment, compared to the soil samples with a 
normal amount of roots (single). 

The logarithms of Kr-values are normally distributed. The transformed Kr-values for 
single and double-drilled samples are not significant different on the 5% level (paired t-
test: pr>(t)=0.15). Therefore, as this dataset concerns, the difference in root densities of 
single and double-drilled cereal samples is not large enough, or even global root densities 
may be too low to be of net significant influence for reducing channel erodibility.  

How to explain these findings? During the experiments it became clear that both the root 
effects and the soil properties changed over time. Soil erosion remained low when the 
soil surface was covered with algae (biological crust formation) or was highly sealed, or 
when dry bulk density of the topsoil was large and prevented significant soil loss of the 
soil's top layer. Only when the presence of cracks or irregularities in the soil surface 
enhanced soil erosion, the effects of the roots started playing a role. Li et al. (1991) 
reported similar findings. In order to overcome this 'no-erosion' problem, they created 
two artificial cuttings into the soil surface for enhancing soil detachment in root-
permeated topsoils.  

How then to answer the question: do double-drilled samples have smaller soil detachment 
rates than single-drilled samples? Or formulated in terms of erosion reduction: is it worth 
to drill two times in zones with erosion risk? The data of this study suggest that soil 
properties and root densities act together, complementary. In the first weeks after drilling, 
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soil surface compaction, algae growth and surface sealing are limited. At this stage, the 
relative importance of plant roots for reducing soil erosion can be large. The longer the 
time after drilling, the more important the properties of the soil become for reducing soil 
detachment. Yet, whenever runoff water is able to penetrate the soil along cracks or 
irregularities, the presence of large root densities is to be preferred. The effects of the 
roots can be masked by changes in soil properties by e.g. freezing and thawing. As a 
consequence, the pure root effect on Dr may be difficult to demonstrate using soil 
samples from croplands. 

8.3.5 Evolution of τcr and Kr during the growth season 

Assuming that an increase in root density would result in lower detachment rates, one 
could think of a general decrease in detachment rates during the crop growth season, 
regardless of the difference between single and double-drilled soil samples. But from the 
examples given and discussed in the above paragraph, no general trend could be found 
(e.g. KH and GP3 data in Fig. 8.7C and D). In many cases detachment rates of soil 
samples taken later in the growing season are smaller, but in some cases they are larger. 
Reasons for these sudden changes can be found in changes of soil properties (freezing 
and thawing, soil cracking, vibrations of buried plant stems, etc.).  

As root densities increase during the drop growth season, plots of τcr and Kr versus RD 
were made. Regardless of the difference between single and double-drilled samples, no 
significant relationship was found between τcr and RD (Fig. 8.9A). Consequently, the 
presence of roots in the soil does not affect the critical flow shear stress. 

Although a decreasing trend can be seen between Kr and RD (Fig. 8.9B), no statistically 
significant regression equation between both parameters could be found. The results from 
Liu et al. (in press, see chapter 4) show an exponential decrease of relative soil 
detachment with increasing RD, but they do not provide information on corresponding 
Kr-values. Therefore, a comparison with the data found in this study is difficult. 
Moreover, these authors used laboratory-grown barley and soybean samples and 
enhanced soil removal by creating two cuttings into the soil. Mamo and Bubenzer (2001a 
and b) found an exponential decrease between Kr and root length density (km km-3) for 
both laboratory-grown grasses and corn and soybean field samples. Again, a comparison 
with our data is difficult, as they do not provide root density data. Ghidey and Alberts 
(1997) do provide root density and root length density values for tested samples of 
laboratory-grown alfalfa, Canada bluegrass, corn and soybeans, but they only measured 
the amount of dead roots. The resulting trend line between the interrill channel erodibility 
and dead root density decreases exponentially, but their dead root density values are quite 
large (up to 5 kg m-3), probably because they used laboratory-grown plants.  
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Fig. 8.9.  
A. Effect of root density (RD) on critical shear stress (τcr). 
B. Effect of root density (RD) on soil erodibility (Kr). 
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Consequently it is rather difficult to compare the experimental data of this study with 
those of other studies. The fact that no significant trend line can be drawn between Kr 
and RD may be due to limited data points or to the interaction with changes in soil 
properties. Part of this problem is probably overcome by using laboratory-grown plants. 
But by doing so, the transferability of the results to the field conditions becomes a 
problem at the same time. The results of Mamo and Bubenzer (2001 a and b) also 
demonstrate this problem of transferability: the exponents of the trend lines found for the 
field-grown crops (corn and soybean) are obviously different from those obtained from 
the laboratory plants (grasses) (also see chapter 4). It is unlikely that the differences 
found by Mamo and Bubenzer (2001a and b) are related to differences in root properties 
of the crops, because all crops they used have a fibrous root system. Moreover, Ghidey 
and Alberts (1997) and Liu et al. (in press) also reported no difference in Kr-values 
between their different crops. It is therefore probable that the differences in Kr-values 
found by Mamo and Bubenzer (2001a and b) are due to the different growth locations of 
their plants (laboratory versus field). 

8.3.6 Temporal variations in detachment of root-permeated topsoils 

The laboratory experiments failed for the second time to establish a relationship between 
root density and soil detachment, even whilst the root density values in this chapter were 
higher than in chapter 6. Therefore, similar to chapter 6, the measured global mean wheat 
root density values of the field parcels (presented in Table 8.2) will be combined with the 
modified regression equation of Liu et al. (in press) (see chapter 4 and equation [6.1]) in 
order to assess the effects root densities of single and double-drilled field parcels on soil 
detachment in the Belgian loess belt. As indicated in chapter 6, this may represent the 
maximal effect of roots on soil detachment, as assessed under laboratory conditions, 
whereas under field conditions the interaction with other changing variables may not 
allow the establishment of such clear relationship. The modified equation of Liu et al. (in 
press) is: 

Dr = RD-0.85 / (5.32 + RD-0.85) [8.1] 
where: Dr = relative soil detachment (fraction); 
 RD = root density in the upper 10 cm of the soil (kg m-3) 

At the time of sowing no roots were present in the soil, and therefore relative soil 
detachment (Dr) is set equal to one (or 100%) (Fig. 8.10). About one month after sowing 
the root density has increased that much that it reduces soil detachment by ca. 40%. The 
maximal reduction in Dr (90%) is obtained between 150 and 200 days after sowing, at the 
time of largest root densities (double). The maximum difference between single and 
double-drilled Dr-values corresponding to the soil samples used in the laboratory 
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experiments is 34% at 94 days after sowing (GP3: 1, winter wheat – see also Fig. 8.11). 
For the field measured RD-values, the maximum difference between single and double 
Dr-values is 10% at the spring time (ca. 100 days after sowing). In Fig. 8.10 two 
envelope curves are drawn, indicating the most extreme differences in Dr between single 
and double-drilled samples, i.e. maximum reduction in Dr for double-drilled samples and 
minimum reduction in Dr for single-drilled samples. One could consider these curves as 
the best and the worst-case scenario for cereal fields. For the double-drilled samples, Dr 
decreases from the date of sowing (DR=100%) to the time of maximal root growth 
(Dr=10%) to increase again slightly up to 20% at the time of harvest. For single-drilled 
samples, Dr decreases slowly to ca. 80% for the first 100 days after sowing. At the time 
of smallest Dr-values for the double-drilled samples (10%), the largest Dr-value for the 
single-drilled samples is ca. 30% and does not change noteworthy towards the end of the 
growing season. 

At the end of the growing season, roots in single-drilled plots can thus reduce soil loss 
relative to soil loss of bare soils by ca. 70% (see Fig. 8.10: at 300 days Dr single is 30%). 
This is much higher than the 47% reduction Kramer (1936) found for maize roots. Of 
course, this value was obtained by completely different methods and even for different 
crops. But, regardless of the absolute values (47 or 70%), this result indicates that the 
roots of plants could indeed be effective for reducing soil loss. 

0.00

0.25

0.50

0.75

1.00

0 100 200 300
Days after sowing

D
r

field: mean single field: mean double
lab exp: single lab exp: double

Fig. 8.10. Evolution of relative soil detachment (Dr) with days after sowing. Dr was 
calculated using equation [8.1] and mean root density data from the field measurements 
(dotted lines, Table 8.2) as well as the root density data from the samples tested in the 
laboratory (lab exp, Table 8.1). Solid lines represent envelope curves. 

160 



 Effects of cereal roots on detachment rates of single and double-drilled topsoils 

The relative differences in Dr between single and double-drilled samples are not constant 
with time and show a large variability (Fig. 8.11). Moreover, differences in Dr of single 
and double-drilled field parcels, based on root density data of the field and laboratory 
samples (= data points in Fig. 8.11) are consistently lower than the maximum differences 
that could be expected by calculating the difference in Dr of the two envelope curves of 
Fig. 8.10 (= solid line in Fig. 8.11). Yet, Dr-differences indicated by the data points in 
Fig. 8.11 follow a similar pattern as the maximum differences in Dr indicated by the solid 
line in Fig. 8.11. Dr-differences indicated by the data points increase from the date of 
sowing towards a maximum of 34% at 2.5 to 3 months, and decrease to 7% at the end of 
the growing season. Maximum Dr-differences increase to 53% around 100 days after 
sowing, and decrease also to 7% towards the end of the growing season.  
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Fig. 8.11. Evolution of difference in relative soil erosion (SER) between single and 
double-drilled samples. SER was calculated using equation [8.1] and root density data 
from the field measurements and from the samples tested in the laboratory. Thick 
vertical line indicates 75 days after sowing. 
 

Predictions of the reduction in soil erosion by double-drilling in zones of concentrated 
flow will therefore be time-dependent. In the Belgian loess belt, the silt loam soils 
become highly sealed after 125 to 150 mm cumulative rainfall (Poesen and Govers, 
1986). Concentrated flow channels (rills, ephemeral gullies) during the winter period 
typically start to develop after an intense rain event of at least 15 mm in 24h after 150 
mm of cumulative rainfall (Poesen et al., 2003). On average, these conditions occur ca. 
75 days after sowing. Therefore, the dataset of Fig. 8.11 is split into two smaller sets: one 
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corresponding to less than the 75 days after sowing and one for more than 75 days after 
sowing. As indeed shown in Fig. 8.11, the relative difference in Dr for single- and 
double-drilled field parcels in the early growth stages is small: from time to sowing to 75 
days after sowing the average difference is only 2%. This relative difference starts to 
increase from ca. 50 days after sowing, and beyond 75 days after sowing – thus from the 
moment that concentrated flow channels generally start to develop – root density values 
have increased sufficiently to obtain a difference in Dr of 9% on average. 

8.4 Conclusion 

What is the major conclusion of this chapter, and what are its implications for soil erosion 
reduction? Soil detachment is not a constant erosion factor. The experiments in the 
laboratory indicate that soil properties change with time and have a strong influence on 
soil detachment rates. At the same time, root densities also increase with time. Whether 
roots in the soil will effectively reduce soil erosion rates during concentrated flow 
depends therefore on the timing of drilling, on the position in the landscape, and on the 
effects of changes in topsoil properties occurring at the same time. These interactions 
make it difficult for analysing the pure root effect on soil detachment using field samples 
in laboratory flume set-ups. Even whilst it was tried in this chapter to obtain larger root 
density values by double drilling for the laboratory tests, on average only 25% more roots 
were present in the samples. These densities could still have been too low for significant 
reduction in soil detachment. It is however also possible that the hydraulic flume set-up is 
less appropriate because it does not allow sufficient removal of the topsoil. The root 
effect could therefore not be proved, but only suggested from a few experiments. 

Combining field data on root densities with the modified regression equation of Liu et al. 
(in press) gives indications on the to-be-expected pattern of changes in soil detachment 
with time, or on the maximal effect of plant roots. From the time of sowing, roots reduce 
soil detachment. For single-drilled fields this reduction is limited during the first three 
months after drilling. Yet, for double-drilled fields the reduction in soil detachment in 
three months can be up to 60% (maximal). There is a marked difference in soil 
detachment of single and double-drilled samples, indicating that double drilling may be a 
viable technique for reducing soil erosion by concentrated flow. Compared to normal 
drilling, double drilling of small grains can reduce channel erodibility during 
concentrated flow on average by 10%, through an increased cohesion caused by the roots. 
But at the same time, the aboveground parts of the plant will have produced a good soil 
cover. Therefore, the potential of using cereal roots for soil erosion control is especially 
effective during the early plant growth stages, when the aboveground biomass is rather 
limited. Double drilling may therefore be beneficial for reducing soil erosion in winter-
sown cereal fields with medium risk of concentrated flow. 
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CHAPTER NINE

EFFECTS OF DOUBLE-DRILLING OF

SMALL GRAINS ON SOIL EROSION

BY CONCENTRATED FLOW AND

CROP YIELD♦

9.1 Introduction 

Soil erosion by concentrated runoff water poses a serious threat to cultivated land in 
northwest Europe, and the resulting environmental problems are far-reaching. The 
cyclical formation of rills and (ephemeral) gullies in fields leads to a reduction in soil 
fertility (Pimentel et al., 1995), to a decrease in crop yields (Stone et al., 1985; Verity and 
Anderson, 1990), to damage to machinery and to a reduced trafficability of the field 
(Pierce et al., 1983). Yet, the negative consequences of soil removal are not only confined 
to the farming sector. Large volumes of sediment are transported to brooks, rivers and 
ponds and cause them to fill up, leading to an increased flood risk (Verstraeten and 
Poesen, 1999). Muddy floods, aggravated by concentrated flow erosion are a threat to 
people living in villages downstream from the source area of the sediment (Poesen et al., 
2003). Cleaning and dredging infrastructures is a costly operation. Moreover, as 
sediments are often polluted with chemicals and heavy metals, special treatments for 
disposal are required. 

Sustainable productivity on sloping land and control of sediment transport therefore 
requires effective erosion control practices. Yet, although erosion control practices are 
manifold, farmers in Europe are often reluctant to adopt these because of practical 
limitations (e.g. loss of agricultural land, use of specific machinery) or because of a low 
awareness of the soil erosion problem (Morschel et al., 2004). Compared to North 
America, fields in Europe are smaller in size (3-5 ha) and specific crop yields on fields in 
the loess area are very high. Growing vegetation and residues at the soil surface (= 

                                                 
♦ Based on: Gyssels, G., Poesen, J., Van Dessel, W. (subm.). Effects of double drilling of 
small grains on soil erosion by concentrated flow and crop yield. Soil & Tillage 
Research. 
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mulch) are known to be effective in dissipating raindrop impact energy, in reducing 
runoff rates, in slowing down runoff velocities and in trapping detached sediment (Meyer 
et al., 2001). Yet, the aboveground vegetation may be of less value for limiting 
concentrated runoff flow cutting into the topsoil, as in the case of rills and (ephemeral) 
gullies. 

In their state-of-the-art paper on gully erosion Poesen et al. (2003) state that innovation in 
gully erosion control research is rather limited compared to innovation in gully erosion 
process research. They also list and describe the current techniques for controlling gully 
erosion in concentrated flow zones, summarized as: 1) the establishment of grassed 
waterways, 2) the building of check dams with drop structures, 3) no tillage farming, 4) 
topsoil compaction and 5) grass and shrub hedges. The latter three techniques are being 
increasingly used in Europe since grassed waterways (Fiener and Auerswald, 2003b) and 
check dams are less easily applied into the European farming systems. 

In chapter 7 a new technique for controlling concentrated flow erosion was proposed, 
based on field observations in a triticale field that was unintentionally drilled more than 
once. This 'double-drilling' reduced soil loss by concentrated flow erosion by ca 50%. As 
at the time of channel initiation the aboveground biomass was very limited, the authors 
state that the amount of plant roots in the topsoil was probably of more importance than 
the plant cover. Based on these observations, the technique of 'double drilling' was put 
forward as a possible new erosion control practice without need for additional labour and 
material inputs of the farmers. 

Double drilling refers to drilling more than once, but only in zones of concentrated flow 
erosion, in order to increase the total root mass in this zone and to limit soil loss. The 
technique of double drilling may be applied for drilling plants with a fibrous root system 
(e.g. small cereals). The root density in the topsoil increases soil strength (e.g. Tengbeh, 
1993; Li Yong et al., 1991) and may, therefore, control soil erosion by concentrated flow 
on fields with sparse cover (e.g. seedbeds).  

Increasing the plant density for reducing soil loss is not new. Already in 1957 Hudson 
showed that increasing the plant density of maize in Zimbabwe (from 25000 to 37000 
plants ha-1) reduced runoff and soil loss by sheet and rill erosion. Truman and Williams 
(2001) obtained similar results in runoff plot experiments with a doubling of peanut rows. 
Yet, in both studies the authors attribute the reduction in soil loss entirely to the 
vegetative cover, whereas no indications are given about the relative importance of the 
increased root density. Also Melville and Morgan (2001) demonstrated that differences in 
plant densities of two grass species (11500 versus 20400 plants per m²) affected the 
effectiveness of contour grass strips. They mention the greater root density of one of the 
two grass species, but give no further quantitative information. 
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This study aims to evaluate the technique of double drilling in terms of its potential to 
reduce soil erosion by concentrated flow. Therefore, this paper tries to answer the next 
two questions:  

 Is double drilling effective in reducing concentrated flow erosion rates? Or, is the 
cross-section of rills and gullies developed in double-drilled field plots smaller than 
those created in normal drilled field plots and how large is this difference?  

 Is double drilling efficient? Or, what are the benefits and the disadvantages involved 
by this technique for the farmers? And, consequentially, will farmers adopt this 
technique or not? 

9.2 Material and methods 

9.2.1 Study area 

The loess-derived soils in the study area in central Belgium are characterized by a very 
high silt content (70-80 %) and a moderate clay content (10-20 %), and have a silt to silt 
loam soil texture according to the USDA-classification. The land in this region has been 
under cultivation for ca. 1000 years and is presently used for agricultural crops 
(Goossens, 1993). The most important crops are winter small cereals, sugar beet, 
potatoes, maize and chicory. Fields are usually ploughed before sowing crops. Winter 
crops, drilled between the end of September to the end of October, consist mostly of 
winter cereals (wheat, barley). Fields where no winter crops are drilled, are often left bare 
without any further farming operation after harvest of the summer crop (sugar beet, 
maize, chicory). Few fields have cover crops (e.g. green mustard). Mean annual 
precipitation ranges between 700 and 850 mm and is well distributed over the year. 
Average January and July temperatures are 3 and 17°C, respectively. Rills and gullies 
form typically at 2.5 to 3 months after sowing, when an intense rain event of at least 15 
mm in 24h (Poesen et al., 2003) strikes the soil surface that has become sealed by ca. 125 
to 150 mm of cumulative rainfall (Poesen and Govers, 1986). 

9.2.2 Measurements of soil erosion by concentrated runoff 

During four subsequent years farmers were asked to construct small plots in the thalweg 
of fields that were experiencing rill and gully erosion regularly. Drilled crops consisted of 
winter wheat, winter barley and spring wheat. Drilling took place between the end of 
September to the beginning of November after normal ploughing and seedbed 
preparation at a drill rate of 115 to 200 kg ha-1. For obtaining optimal results farmers 
were asked to firstly drill the zone of concentrated flow in their fields and then proceed 
with the normal drill of the field parcel (see ideal situation in Fig. 9.1A). By doing this, 
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tractor ruts parallel to the direction of concentrated water flow are avoided. The width of 
the zone of double-drill should be at least a twofold of the width of water flow. Yet, for 
research purposes, farmers were asked to drill twice only parts of the zone of 
concentrated flow. This way, a succession of small experimental plots of normal 
(=single) and double-drill was created in the zone of concentrated flow (see actual 
situation in Fig. 9.1B) with the intention of measuring the difference in single and 
double-drilled plots within the same field parcel. Farmers were asked to install field plots 
of minimal 3 by 3 meter. As farmers were further let free in dimensioning the double-
drilled field plots, the lengths of the plots varied from 6 to 40 m and their widths from 6 
to 18 m (Fig. 9.2). In all double-drilled field plots the second drilling operation took place 
perpendicularly to the first drilling operation. Double-drilled field plots were treated 
identically as the rest of the field.  

In total 12 fields were drilled in this manner whereby in total 34 double-drilled field plots 
were created. During the field observation period, in only two of these fields rills and 
gullies were created. Low energy rainfall conditions in combination with an increased 
area of cover-cropped fields in the catchment areas prevented concentrated flow channels 
to form. With the intention of increasing the number of data points, additional field 
observations were therefore made in the headlands of fields where concentrated flow 
channels formed after intense rainfall (see Fig. 9.3). In a typical farming situation, fields 
are drilled parallel to the largest border of the field parcel. Drilling is interrupted when 
the tractor reaches the headland for turning. After drilling the field, the headland is drilled 
perpendicularly to the overall drilling direction of the field parcel. Because part of the 
field is drilled again when drilling the headland, a double-drilled area is created at the 
border of the headlands of fields. 

In both the field parcels and the headlands width and depth of the concentrated flow 
channels in the single and double-drilled field plots were measured using a measuring-
tape (accuracy ± 1 cm) (Fig. 9.4). Ten cross-sections were measured over a distance of 
one to two meters. Care was taken not to measure in the vicinity of tractor ruts, as soil 
bulk density is larger there. Dry bulk densities, moisture content and texture of the topsoil 
near the channels were determined using standard methods. The contributing drainage 
area was determined in the field using a procedure described by Vandekerckhove et al. 
(1998).  
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A 

 

B 

 

Fig. 9.1. Plan view of field parcel with concentrated flow erosion channel.  
A Double-drilling the zone of concentrated flow in an ideal situation: i.e. the zone of 

concentrated flow is drilled firstly; the rest of the field parcel is conventionally 
drilled afterwards. 

B Sequence of single- and double-drilled field parcels in the zone of concentrated 
flow as actually designed for research purposes. Crop yield measurements are done 
in the zone of concentrated flow (single and double-drilled parcels) and at least 10 
m outside of it (interrill area). 
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A 

 
B 

 

C 

 
Fig. 9.2. Pictures of double-drilled fields in the early growth stages. Double-drilled 
plots are indicated with stakes.  
A Double-drilled plots appear as darker regions in the field (in white rectangle). 

Farmer created large field plots. Water is flowing from top middle till down left.  
B Farmer installing the small double-drilled fields plots. Plots in this field are small. 
C Same field as above, after a few months. Double-drilled plots parcel have a 

yellowy color because of higher moisture content (lighter areas in the picture, 
indicated by arrows). Water is flowing from top right to bottom left. 
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Fig. 9.3. Plan view of the headland of a field parcel, crossed by a concentrated flow 
channel. Traditionally, the field parcel is first drilled from left to right, whereby the 
tractor with the drilling equipment uses the headland for turning (without drilling). 
Afterwards the headland is drilled, whereby crossing drilling lines create double-
drilled zones in the field. Locations of the measurements of the cross-sectional area of 
the concentrated flow channel in the single and double-drilled areas are indicated by 
the ovals. 

 

Fig. 9.4. Measuring width and depth of concentrated flow channels in headlands of 
fields. Note the significant change in depth and the presence of wheat plants in the 
channel at the upper side of picture. Measurement tapes indicate border between single 
and double-drilled field plots.  
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Slope gradient of the soil surface in the thalweg was assessed using a clinometer (type 
Suunto, accuracy ± 0.5°). Only when the difference in slope gradient between single and 
double-drilled field plots was less than 1% and when the field plots were located less than 
10 m from each other, channel width and depth were measured. In this manner changes in 
cross-sectional area of the channel in single and double-drilled zones are not a result of 
variations in slope gradient or drainage area, and hence of concentrated flow intensity. 
An attempt was made to measure the width and depth of the concentrated flow channels 
in single-drilled field plots with a drilling direction similar to the last drilling operation of 
the double-drilled field plots (see Fig. 9.3, position X), in order to prevent secondary 
changes in cross-sectional areas as a result of changes in drill line direction or of the 
clear-water effect. In other cases cross-sectional measurements of the single-drilled plots 
were only possible in position Z (Fig. 9.3). Whenever possible, width and depth of the 
concentrated flow channel were measured at both X and Z positions and averaged for 
obtaining a mean situation. Concentrated flow channels that showed a remarkable 
deepening or widening over time were measured a second time later on in the growing 
season.  

9.2.3 Crop yield assessment 

In order to assess the specific cereal production small grain plants were cut off at the stem 
base in a 1 m² wooden frame at time of harvest (see Fig. 7.4). In eight out of the twelve 
fields, samples were collected both in areas subjected to concentrated runoff stress both 
in single (CFS) and double-drilled (CFD) field plots and in the reference interrill areas 
(IA). In total 24 m² was sampled per field, giving a total of 192 cereal samples. The 
number of stems on a row per meter and the number of stems per m² were counted in 
each sample. Stem length was measured. Samples were threshed and standard analyses 
were carried out to assess global grain weight, total dry biomass and hectolitre weight 
(Engledow and Wadham, 1923). A large hectolitre weight indicates a large grain size. All 
grain yield and yield quality parameters were corrected for a moisture content of 15% 
(standard moisture content for cereals). In addition results were corrected for the number 
of drill rows per m² (7) for comparisons of stem densities. 

After tests for normal distributions, standard or non-parametric statistical tests on 
differences were performed using the SAS Enterprise Guide V2 software (SAS Institute 
Inc., 1987). 
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9.2.4 Costs and benefits for the farmers 

Farmers have concerns about the effects of alternative soil erosion control practices on 
their net revenues. Therefore, costs and benefits for the farmer on the short-term were 
calculated. A full long-term cost-benefit analysis, including environmental issues, would 
exceed the purpose of this study. Calculating the additional expenses of double drilling 
for farmers included two factors:  

 Costs for additional sowing-seed in the double-drilled zone. 
 Costs for fuel and working hours for drilling the field. 

On average wheat, barley and triticale sowing-seed costs are € 0.5 kg-1, € 0.47 kg-1 and € 
0.44 kg-1 respectively (prices in 2003). Additional costs for fuel and working-hours are 
calculated using the standard cost for drilling in wage-work of € 62 ha-1 (standard costs in 
2003). All other costs are assumed identical. Benefits of double drilling for the farmers 
consist of soil conservation, gain in time when cultivating the field (spraying, harvesting) 
if no deep erosion channels develops and increased yield of the sowing-seed that is not 
washed away by soil removal. Benefits for soil conservation are not known, difficult to 
assess and out of the scope of this study. Extra time is required when the normal spraying 
and harvesting operation is hindered by the development of a wide and deep erosion 
channel. Nachtergaele et al. (2001) indicate that the mean width and depth of ephemeral 
winter gullies in the Belgian loess belt is 53 cm and 26 cm respectively. This does not 
cause problems for spraying and harvesting. Problems only arise if channels wider than 
75 cm develop. Consequently, only benefits in terms of increased grain yield will be used 
in the calculations. The prize farmers get for their grain yields mainly depends on the 
quality of the grain. On average selling prizes for barley are 0.100 € kg-1, for triticale 
0.113 € kg-1, for feeding wheat 0.113 € kg-1and for baking wheat 0.125 € kg-1 (prices in 
2003). 

Short-term costs and benefits of double drilling for the farmer are analysed by comparing 
four situations: 

A. a single-drilled field, where no erosion channel was created, 
B. a single-drilled field, where an erosion channel of 0.5 m wide and 100 m long 

removed all seedlings (thus, loss of grain yield), 
C. a field were the zone of concentrated flow was double drilled over an area of 3 m 

wide by 100 m long and where no erosion channel developed, 
D. a field were the zone of concentrated flow was double drilled over an area of 3 m 

wide by 100 m long and where an erosion channel of 0.5 m wide and 100 m long 
removed all seedlings (thus, loss of the extra seeds). 

For assessing the revenues of the grain yield, the actual measured crop yield data were 
used for the different zones in the eight individual fields. 
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9.3 Results and discussion 

9.3.1 General plant evolution in single and double-drilled field plots 

In Fig. 9.5 a photo is given from a winter wheat field with single and double-drilled plots. 
The difference in plant density between both is clearly visible once seedlings start to 
sprout (Fig. 9.5A and Fig. 9.5B). The soil surface in double-drilled field plots seals 
relatively faster compared to single-drilled field plots, because the seedbed is smoother 
due to the second drill operation. As a result, the soil moisture content in the top layer is 
higher and plant shoots in double-drilled field plots get a yellowy colour. But this does 
not affect normal plant development (pers. comm. by farmers). At time of stem 
elongation the difference between single and double-drilled plots is not visible anymore 
from the leaf density (Fig. 9.5C and Fig. 9.5D). Yet, in the case of the field shown in Fig. 
9.5, the double-drilled field plot experienced less soil loss by sheet and rill erosion 
compared to a single-drilled field plot.  

9.3.2 Comparison of concentrated flow erosion rates in single and 
double-drilled field plots 

Fig. 9.6 and Table 9.1 compare the cross-sectional areas of the concentrated flow 
channels in single and double-drilled plots. On average, concentrated flow channels in 
double-drilled areas are smaller than those in the single-drilled areas: data for ten out of 
the thirteen sites are located below the line of perfect fit. In only three cases the double-
drilled cross-sectional areas are comparable to or larger than the single-drilled areas. 
Thus, in the case that an erosion channel develops in the double-drilled zones, the 
probability that its cross-section is smaller than that of the single-drilled zone is ca. 75 %. 
Thus, on average, double drilling can reduce soil erosion rates by ca. 25% (Fig. 9.6). If 
the three data points lying above the line of perfect fit in Fig. 9.6 are excluded from the 
calculations, the mean reduction in cross-sectional areas of concentrated flow channels in 
double-drilled zone even increases up to 40 %. Ephemeral gullies are responsible for 
approximately 50% of the total sediment export from rural catchments in the Belgian 
loess belt (Vandaele and Poesen, 1995), while the sediment source area is spatially 
limited to less than 0.5% of the total arable area (Nachtergaele and Poesen, 1999). This 
means that, under optimal conditions, double drilling only 0.5 % of the total arable area 
(i.e. the concentrated flow zone) can yield a mean reduction in total sediment export of 
20%. Of course, this reduction results from the combined effect of plant shoots and roots. 
This 20% reduction in sediment export may be a conservative estimation, because 
ephemeral gullies increase the connectivity between sediment source areas and sinks in 
the landscape. Reducing this connectivity, which is especially present during winter, may 
even increase the reduction in sediment export from small agricultural catchments. 
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Fig. 9.5. Single and double-drilled field parcels, photographed one (A, B) and 5 (C, D) 
months after drilling. 
A. Single-drilled winter wheat field parcel. Length of booklet is 15 cm. 
B. Double-drilled winter wheat field parcel. Length of booklet is 15 cm. 
C. Single-drilled field parcel in the zone of concentrated flow of a winter wheat field. A rill 

of ca. 5 cm deep and 55 cm wide developed during wintertime and removed seeds and 
seedlings. A = 2.38 ha, S = 10%. 

D. Double-drilled field parcel in the zone of concentrated flow of a winter wheat field, 
downstream from the single-drilled field parcel. Almost no soil removal by concentrated 
flow took place during winter time. A = 2.38 ha, S = 10%. 
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Fig. 9.6. Comparison of mean cross-sectional area (CS) of the concentrated flow channels 
in single- and double-drilled zones of headlands and field parcels. Error bars indicate 
standard error from mean. Root density data are only available for two field parcels (Kov 
1 and GP3 2, Table 9.1). RDsingle was 0.10 and 0.59, RDdouble 0.26 and 1.01 kg m-3. 
 
Table 9.1. Overview of contributing drainage area (A), soil surface slope (S) and mean 
cross-sectional area (CS) of the concentrated flow channels (rills and ephemeral gullies) 
in single and double-drilled zones of headlands and cereal field parcels. SE = standard 
error of mean CS-values. CS was measured between 71 and 178 days after drilling. 

Field A S A.S n CS (cm²) SE (cm²) 
name (ha) (%) (m²) single double single double single double 
Headlands          
EV 1 0.87 6.0 522 6 6 56 40 5 7 
HW 0.43 13.5 581 10 10 265 136 17 11 
EV 2 0.87 6.0 522 5 5 375 449 29 65 
GM 1 5.20 7.5 3900 5 5 1062 801 65 97 
GM 2 5.20 7.5 3900 5 5 1088 883 49 99 
DD 0.67 8.0 536 10 5 355 72 54 9 
BrW 1.34 3.0 402 5 5 188 135 10 13 
VW  3.22 8.5 2737 10 6 962 1612 99 75 
Field parcels          
GP3 1  2.38 10.0 2380 4 4 172 95 13 22 
GP3 2 2.38 8.0 1904 3 3 118 102 3 21 
GP3 3 2.38 9.0 2142 3 3 118 127 29 26 
KoV 1 0.99 9.0 891 20 17 1267 600 308 31 
KoV 2 0.99 9.0 891 11 24 1634 873 196 193 
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Compared to the effectiveness of other soil conservation techniques for limiting soil 
export from small catchments of the Belgian loess belt (simulations of Gillijns et al., 
2004), double drilling seems quite effective (Fig. 9.7). With its average reduction in 
sediment export by ca. 20%, it performs better than the use of cover crops (8% reduction) 
and is almost as effective as putting 10% of the cropland area in small catchments under 
fallow (21% reduction) or combining cover crops and minimal tillage on 20% of the field 
parcels (23% reduction). Moreover, the turnover of cropped fields to fallow is not likely 
to be accepted easily by farmers, and for minimal tillage special machinery is needed. 
Therefore, from the point of view of practical application, double drilling has more 
advantages than other conventional soil conservation techniques, while it might be as 
effective. Moreover, the effectiveness of double drilling will depend of the position of the 
field in the landscape. Fields with problems of concentrated flow erosion that are located 
close to the border of the catchment contributing drainage area will benefit more from 
double drilling than fields located at the outlet of the catchment contributing drainage 
area (see also chapter 7). Of course, soil conservation should be implemented at the 
catchments scale, and should consist of a mix of techniques, adapted to local topography. 

This may also be the reason why double drilling has not proved to be effective in certain 
cases in Fig. 9.6. Due to the combination of a steep soil surface slope and a large drainage 
area (A.S, see also Table 9.1), hydraulic flow energy may have been too large. Fig. 9.8 
shows the observed soil surface slope (S) and drainage area (A) points for ephemeral 
gully initiation in central Belgium as recorded by Nachtergaele et al. (2002). On the same 
plot an attempt is made to present the S-A range for which double drilling of small 
cereals is expected to be effective for reducing soil erosion by concentrated flow. For 
drainage areas smaller than 0.75 ha double drilling is expected to effectively reduce soil 
erosion rates. Applied to the ephemeral gully initiation points of Nachtergaele et al. 
(2002), double drilling would have reduced soil loss for 20 out of the 43 ephemeral 
gullies (47 %). For fields with a drainage area between 0.75 and 2.25 ha the succes of the 
application of double drilling will also depend on the timing of the intense rains, the state 
of the soil surface at that time and the application of other soil and water conservation 
techniques in the contributing drainage area. Most probably there is also an upper soil 
surface slope limit above which no reduction in soil erosion rates by concentrated flow 
will be observed. Yet, this critical slope limit could not be established in this field study. 
The data collected in this study only suggest an upper limit of ca. 15 %. Double drilling is 
expected to be less or not effective at all for concentrated flow channels with a 
contributing drainage area larger than 2.25 ha and soil surface slopes over 15-20 %. Soil 
erosion control practices other than double drilling should be used in these fields. It needs 
to be stressed that the S-A criterion presented here, is only a first estimate of the 
topographic limits of the effectiveness of double drilling and would need further testing 
in the field.  
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Fig. 9.7. Comparison of the effectiveness of double drilling to other soil conservation 
techniques for sediment export from small catchments (ca. 250ha). Data based on 
simulations performed by Gillijns et al. (2004) for the Belgian loess belt. Fallow x% = 
x% of watershed put under fallow condition, minimal till = minimal tillage, GBS = 
grassed buffer strips. 
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Fig. 9.8. Tentative range of drainage areas (A) and soil surface slopes (S) along
concentrated flow channel (CFC) trajectories for which double drilling (DD) is expected
to reduce erosion rates significantly (light grey zone) in the Belgian loess belt. Dark
grey zone indicates transition zone beyond which no significant effect of double drilling
is expected to occur (white zone). Data points corresponding to concentrated flow
channels observed in this study are compared with data points for the initiation of
ephemeral gullies in the Belgian loess belt (after Nachtergaele et al., 2002).  
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9.3.3 Crop yield 

Doubling the number of plants runs counter the conventional farming practices. 
Conceivably, farmers are concerned about direct effects of double drilling on their crop 
yields, often unaware of or ignoring the negative effects of long-term soil erosion on soil 
productivity. But as it is the farming community who carries out the required changes in 
agricultural farming practices needed for soil erosion control, soil erosion control 
research should pay attention to changes in crop yields due to the application of soil 
erosion control measures as well.  

Proposing farmers to double-drill their cereal fields in the zone of concentrated flow 
raised their anxiety about an increased risk of diseases and layering of the grain, which 
would result in a decrease of the grain yield. But even though the plant density in the 
double-drilled field parcels was larger than the optimal cereal plant density of ca. 450 
seeds per m² (Evans, 1993), plant diseases did not appear earlier or more severe 
compared to the single-drilled parcels and layering of the grain did not occur more or 
sooner in double-drilled areas than in the conventionally drilled areas. 

Fig. 9.9 provides an overview of six different cereal yield parameters for single (CFS) 
and double-drilled (CFD) plots in the zone of concentrated flow and for interrill areas 
(IA). According to the farmers, plants in double-drilled zones grew as well as elsewhere 
in the field. Indeed, doubling the seed density did not affect stem length compared to 
single drilling in the zone of concentrated flow (Fig. 9.9A). Yet, compared to the interrill 
area, plant stems in the zones of concentrated flow were significantly shorter. Shortage of 
plant nutrients and/or unfavourable soil structural conditions by repeated soil removal in 
the zone of concentrated flow may explain this reduced length growth. 

The number of stems per running meter (Fig. 9.9B) in CFS was significantly lower than 
in IA. This means that in the single-drilled zone of concentrated flow grain seeds were 
washed away or did not germinate well, compared to zones where runoff water stress was 
absent. The number of stems per running meter in CFD is significantly higher than in 
CFS, yet similar to IA. In theory, no difference is to be expected in the number of stems 
between single and double-drilled zones, because the drill lines are perpendicular and 
measurements were done along a drill line. Therefore, the observed difference in number 
of stems per running meter between single and double-drilled areas indicates that less 
seeds were washed away in the double-drilled zones, because of the increased plant 
roughness.  

Double drilling obviously increased the total number of stems per m² (Fig. 9.9C). Stem 
density in CFD (mean: 483 m-2, standard error: 14 m-2) was significantly higher than in 
CFS (mean: 417 m-2, SE: 15 m-2). But stem density in double-drilled zones is not equal to 

  177 



Chapter 9 

the double of stem density of single-drilled zones: rather, a mean increase with a factor 
1.13 was observed. The increased concurrence between the individual plants for space 
and nutrients inhibits the doubling of the stem density. The difference between CFS and 
IA (mean: 447 m-2, SE: 12 m-2) was not significant. This suggests that even if some seeds 
were washed away or did not germinate well in CFS, this loss was not large enough to be 
of significance.  

Total biomass (= stems and grains) (Fig. 9.9D) of single-drilled zones in the area of 
concentrated flow was smaller compared to double-drilled zones, and both zones had a 
smaller total biomass than in the interrill area. As already argued in the discussion about 
the stem length data, inferior growth conditions in the zone of concentrated flow resulted 
in poorer plant development. 

The two most important crop yield parameters for farmers are total grain yield and 
hectolitre weight (HLW), because these determine their total revenues. HLW for the three 
zones is not significant different (Fig. 9.9F). The size of the grains is therefore not 
affected by doubling the seed amount. Total grain yield in single and double-drilled zones 
did not differ significantly Fig. 9.9E), but were both smaller compared to the interrill 
area. Since double-drilled zones had a larger total biomass, and a similar stem length and 
HLW compared to the single-drilled zones, this means that the additional plants did not 
produce extra seed heads or that the seed heads of the double-drilled zones are smaller. 
This is likely due to the existence of an optimal sowing density for cereals of about 450 
seeds m-² (Evans, 1993). When drilled at higher rates, the additional plants do not 
produce seed heads or the seed heads produce fewer grains. In addition, a higher density 
of the plants promotes competition between the individual plants leading to fewer tillers 
per plant. Therefore no significant differences could be traced in the grain production and 
the HLW within the zones of concentrated flow. 

 

 
 

Fig. 9.9. Comparison of box plots of crop yield variables from single-drilled (CFS) 
and double-drilled (CFD) field parcels in the zone of concentrated flow and from the 
interrill area (IA). Dash-dot and full horizontal lines indicate mean and median 
respectively. Full circles show 5th and 95th percentiles. Whiskers indicate one 
standard deviation. A. Stem length (L, m); B. Number of stems per running meter (N, 
m-1); C. Stem density (StD, m-2); D. Total biomass (Btot, kg m-2); E. Total grain yield 
(Y, kg m-2); F. Hectolitre weight (HLW, kg hl-1). 
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9.3.4 Costs and benefits for the farmers 

The previous results are valid under the assumption that no erosion channel was created 
in the zone of concentrated flow. If an erosion channel creates and removes the seedlings, 
total crop yields will decrease. In the fields were an erosion channel was created through 
the single and the double-drilled fields, it was observed that in the double-drilled zones 
plant stems were still growing in the channel where they had completely disappeared in 
the single-drilled zones. This is attributed to the fact that the cereal seedlings are still 
capable of growing in the shallow rills. Even when the water flows with such power so 
that the seedlings bend down and their root network is exposed, the roots continue to hold 
the soil together. Following a rainfall/runoff event, such seedlings are capable to continue 
growing normally. 

In Fig. 9.10 a comparison of four erosion situations on the net revenues per ha for each of 
the eight sampled fields is given (prices of 2003). Compared to the net revenues in single-
drilled field were no erosion channels are created (situation A), net revenues in double-
drilled fields (situation C) are negligibly lower (-0.3 %). In absolute values this means a 
loss of ca. € 3. Moreover, net losses by double drilling (situation C) compared to the 
normal drilled field without erosion channel (situation A) are even less than the losses 
experienced by the development of an erosion channel in the single-drilled field (situation 
B versus A, € -5). Even when the worst-case scenario is considered, namely double 
drilling of the concentrated flow zone with removal of all seedlings by development of a 
deep erosion channel (situation D), an average loss in revenues of only € 7.8 or 0.9% is 
seen compared to situation A. Hence, losses by double-drilling can not be put forward by 
farmers as an argument for not applying this technique.  

In addition to the analysis given above, farmers also benefit from double drilling in that 
they would have fields where concentrated flow erosion channels are less deep, which 
would cause fewer problems for the trafficability of the field parcel. 

9.3.5 Farmer's perception on the soil erosion problem and double drilling 

Suggesting double drilling to farmers in central Belgium resulted into two main reactions. 
On the one hand there were the farmers, often relatively young and leading healthy cash 
crop farms, that were easily convinced to test the technique. Unfortunately they were 
limited in number. Soil erosion on their fields was considered as an environmental 
problem they should try to reduce. They were well aware of the regulations on soil 
erosion subsidies and premiums. They even started to think about alternatives or other 
applications of the technique. Having seen the benefits in terms of erosion, they even 
started to double-drill some fields without having been asked to do so. They also 
mentioned to make use of the technique in the future in cereal fields where they often 
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experienced rill and gully erosion. In contrast, there were farmers, often older and owning 
smaller or mixed farms, that thought of erosion as an over yelled problem. They were not 
really concerned about soil erosion control practices, were reluctant to co-operate and did 
not take pains to drill as we asked them to do. Some of these fields could not be used for 
measurements, because of an incorrect drilling operation.  

These two groups of farmers in Belgium fit reasonably well the classification of Mathieu 
and Joannon (2003) into groups of 'managers' and 'stock farms'. For the group of 
'managers' double drilling was seen as an erosion control practice that was easily applied, 
except when ploughing and drilling took place in one tractor passage (one case). The 
extra costs in terms of sowing-seed were considered negligible. Visible results in the 
fields had more effect on their perception than reports and graphs on paper. The ideas of 
the 'stock farm' farmers on the soil erosion problem did not change by taking part in the 
double drilling experiments. 
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Fig. 9.10. Net revenues per ha for the 8 field parcels where crop yield data were 
collected. Net revenues were calculated assuming a fixed cost of € 62 ha-1 for drilling 
and by using actual data on drilling density and grain prizes per field (year 2003).  
A = drilling the field single – no erosion channel is created 
B = drilling the field single – an erosion channel of 0.5 m by 100 m is created 
C = double drilling the concentrated flow zone in the field (3 m wide by 100 m long) – 
no erosion channel is created 
D = double drilling the concentrated flow zone in the field (3 m wide by 100 m long) – 
an erosion channel of 0.5 m by 100 m is created 
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9.4 Conclusions 

Double drilling is a soil erosion control technique that is easily implemented and that uses 
the combined effect of the aboveground and the belowground biomass for reducing soil 
loss by doubling the amount of seedlings (only) in the zone of concentrated flow. Soil 
loss by concentrated flow can be reduced on average by 25 % and by up to 40 % under 
optimal conditions, without significant loss in revenues. As a consequence, convincing 
farmers to adopt this technique in cereal fields with rill and gully erosion problems 
becomes less tough. Therefore, it is likely that this erosion control measure has a larger 
chance for successful implementation. There is indeed no need for policy makers to 
subsidize this technique, since no net income loss was observed. Moreover, not only 
farmers benefit from this technique in terms of increased yield and better trafficability of 
their fields. The off-site sediment related problems (e.g. muddy floods, dredging 
problems) also benefit from the application of double drilling. Concentrated flow 
channels affect less than 0.5 % of the total arable area and increase the connectivity in the 
landscape. Assuming the application of double drilling on an area as small as 0.5% of the 
catchment, a net reduction in sediment yield and associated problems by at least one fifth 
can be expected. Therefore, the overall balance of total costs and benefits of double 
drilling is dipping to the benefits' side. Moreover, compared to other soil conservation 
measures on the catchment scale double drilling is quite effective.  

Using this double drilling technique has, however, some limitations. Only crops with a 
fine root network are suitable, and the size of the contributing drainage area should be 
less than ca. 0.75 ha. For fields with larger catchment areas or steep soil surface slopes (> 
15%) other soil conservation techniques are needed to reduce soil losses. On top of that, 
the effectiveness in limiting soil erosion will depend on the time of the first intense rains 
and the position of the field in the landscape (see also discussion in chapter 7). Catchment 
properties upstream, in terms of runoff limiting properties, are essential in order to 
evaluate which soil control technique is to be used on that particular field. Double drilling 
may be a valid technique upstream in the catchment area, but for slowing down the 
increased runoff more downstream in the catchment grassed waterways may be needed. 
Double drilling should therefore be regarded as one possibility amongst other to reduce 
soil erosion in farmers' fields. Implementing soil erosion practices should depend on the 
severity of the problem and its location in the landscape. A holistic catchment-oriented 
approach is thus advisable. 

This study was a first attempt to evaluate the technique of double drilling. It has been 
tested successfully in silt loam soils in a humid temperate region. Expanding these tests 
into regions with contrasting climatic and soil properties are essential for a funded answer 
on its effectiveness and efficiency.  
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CHAPTER TEN

CONCLUSIONS AND PROSPECTS

10.1 Summarizing results 

Soil erosion by concentrated flow is a menace to the long-lasting use of silt loam soils in 
Western Europe. Its detrimental environmental and economical effects have increased the 
public awareness of the problem, and recently soil erosion was pinned on the political 
agenda. The demand for soil conservation measures that are suitable for application in 
Europe is high, but the supply is limited, especially for (ephemeral) gully erosion. The 
use of vegetation for soil conservation is widespread. Yet, its success is too often only 
attributed to the effects of the aboveground biomass. Little is known about the effects of 
the belowground biomass, although both plant shoots and plant roots form inseparable 
constituents of the total plant organism. As root systems affect some physical properties 
of the soil adjacent to the root – such as aggregate stability, infiltration capacity, dry soil 
bulk density, organic matter content and chemical composition of the soil – roots can 
influence the soil's erodibility and therefore the rate of soil erosion. This study tried to 
address this aspect of knowledge (i) by studying the effects of the roots of small cereals 
on soil erosion rates by concentrated flow and (ii) by testing a new soil conservation 
technique based on an increased cereal root density in the topsoil, called double drilling 
zones of raised erosion risk. 
In order to realize these objectives, a dual strategy was followed by combining laboratory 
experiments and field measurements in the Belgian loess belt. In the laboratory, soil 
detachment experiments were conducted in a hydraulic flume on soil samples with 
different root densities and with different flow directions relative to the drill directions. In 
order to measure the pure root effect, the aboveground vegetation was clipped. Hydraulic 
threshold conditions in terms of critical shear stresses and channel erodibility were 
assessed. Complementary, soil cohesion of root-permeated soil samples was determined 
with a torvane on root-permeated soil samples grown under normal field conditions and 

    



Chapter 10 

in containers in the laboratory. The second method of data acquisition consisted of field 
measurements. In the field, cross-sectional areas of concentrated flow channels that 
developed after intense rains and passing through field sections with different root 
densities, were measured. Differences in root densities were represented by choosing 
neighbouring fields that were drilled at different dates, by intentional double drilling of 
field plots in the zone of concentrated flow or by the drilling procedure in headlands of 
the fields. In order to determine the efficiency of double drilling, crop yields of fields 
were monitored during four subsequent years. 

10.1.1 Impact of plant roots on concentrated flow erosion rates 

While it has been demonstrated in numerous studies that the aboveground characteristics 
of the vegetation are of particular importance with respect to soil erosion control, this 
study argued the importance of separating the influence of vegetation on soil erosion 
rates into two parts: the impact of leaves and stems (aboveground biomass) and the 
influence of roots (belowground biomass). In a first step, this was demonstrated by 
comparing cross-sectional areas of concentrated flow channels (= rills and ephemeral 
gullies) that developed after intense rains in field parcels with different cereal and grass 
plant densities in the Belgian loess belt. For any given value of flow intensity indicator (= 
drainage area times soil surface slope at the head of the channel), cross-sectional areas of 
concentrated flow channels in fallow fields were largest, followed by fields with cereals 
plants. Concentrated flow channels in meadows were smallest. The comparison of these 
measurements highlighted the fact that both an increase in shoot density as well as an 
increase in root density resulted in an exponential decrease of the cross-sectional areas 
(see Fig. 3.8 on p. 39 and 3.10 on p. 40). The striking parallelism between the influence 
of roots and shoots on concentrated flow erosion is partly due to the inherent correlation 
between shoot and root densities. In constant environmental conditions, there is a linear 
relationship between the logarithms of shoot and root masses during vegetative growth, 
often expressed as the root-to-shoot ratio. These measurements therefore made clear that 
an effect of roots on soil erosion rates could be reasonably assumed. But the obtained 
results are influenced by a combination of different environmental factors (plant sowing 
dates, soil surface characteristics, rainfall data, the presence of the shoots), which causes 
a large scatter in the obtained results and masks a clear insight into the influence of 
different root densities on soil erosion. Laboratory experiments under controlled 
conditions would therefore be an improvement for assessment of the pure root effect on 
soil erosion rates (see further).  
Nevertheless, the findings of these field measurements are in correspondence with 
general trends found in literature (Fig. 4.2 on p. 50). The decrease of water erosion rates 
with increasing vegetation cover is indeed exponential. Moreover, gathering and 
comparing the available literature data on the impact of plant roots on soil erosion rates 
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revealed that the decrease in water erosion rates with increasing root mass is also 
exponential, according to the equation SEP = e-b RP where SEP is a soil erosion parameter 
(e.g. interrill or rill erosion rates relative to erosion rates of bare topsoils without roots), 
RP is a root parameter (e.g. root density or root length density) and b is a constant that 
indicates the effectiveness of the plant roots in reducing soil erosion rates (Fig. 4.15 on p. 
77 and 4.16 on p. 78). Whatever rooting parameter is used, for splash erosion b equals 
zero. For interrill erosion the average b-value is 0.1195 when root density (kg m-3) is used 
as root parameter, and 0.0022 when root length density (km m-3) is used. For rill erosion 
these average b-values are 0.5930 and 0.0460, respectively. The similarity of this 
equation for root effects with the equation for vegetation cover effects is striking, but due 
to incomparable units it is rather difficult to determine from the literature review which 
plant element has the highest impact on reducing soil losses. Based on the analysis of 
available data it can be suggested that for splash and interrill erosion vegetation cover is 
the most important vegetation parameter, whereas for rill and ephemeral gully erosion 
plant roots can be at least as important as vegetation cover (Fig. 4.17 on p. 81). 
This is an important new insight, since up till now the role of roots in the soil was only 
recognized noteworthy in slope stability analysis and not for soil erosion by concentrated 
flow. From the start of slope stability research it was clear that vegetation roots were of 
substantial importance for soil reinforcement. Soil is strong in compression, but weak in 
tension. Plant roots are weak in compression, but strong in tension. When combined, the 
soil-root matrix produces a type of reinforced earth that is much stronger then the soil or 
the roots separately. Thus, root systems contribute to soil strength by providing artificial 
cohesion. This additional root cohesion is generally determined by measuring the tensile 
strength of the roots and the root area ratio. Only, this is a time-consuming and harsh 
task. Therefore, the use of a hand shear vane (or torvane) for measuring cohesion of root-
permeated soils was evaluated on soils with wheat roots (Triticum L.) grown in a random 
pattern in the laboratory, as well as in the field where wheat is row-drilled. Data on soil 
cohesion are required in soil erosion models (e.g. EUROSEM) and a fast and easy 
collection of input data facilitates the model testing and calibrating procedures. Yet, 
experiments with the torvane on laboratory-grown root-permeated topsoils as well as in 
wheat fields at the end of the growing season did not allow for determination of the 
additional root cohesion (Fig. 5.5 on p. 88, Fig. 5.7 on p. 91 and Fig. 5.8 on p. 93). Only a 
correlation of soil cohesion with soil moisture content was found (negative correlation), 
rather than with root density. This may be due to the low root density values used in this 
study (maximal 1.5 kg m-3) and to the fact that the roots of the cereal plants broke or were 
pushed deeper into the soil below the range of the torvane when inserting it. According to 
the good results obtained in other studies the use of a torvane may be valid for measuring 
soil-root cohesion of soils with very high root densities (at least 10 kg m-3) or for crops 
having stronger roots than cereals. For measuring the effects of low root densities on soil 
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cohesion, the use of a hydraulic jet device may be more appropriate. Given that the 
torvane measurements did not allow for establishing a relationship between root density 
and soil cohesion, alternative procedures for assessing the impact of root densities on the 
resistance of soils to erosion were explored, namely by the combination of own root 
density measurements in wheat fields with the modified empirical regression equation of 
Liu et al. (in press) and laboratory tests. 
Drilling in rows creates a non-uniform root density pattern, and with time after sowing 
root densities in arable fields increase. Root densities are therefore spatially and 
temporally changing in row-drilled arable fields. These changing patterns were analyzed 
by monitoring root densities of a winter wheat field during one crop growth year. Root 
density profiles up to 10 cm deep were made in layers of 2.5 cm at 1, 3, 6 and 10 months 
after sowing (Fig. 6.11 on p. 113). At 10 months after sowing additional root density 
measurements up to 60 cm deep were made. Overall, the mean root density (in the 10 cm 
thick topsoil) between two rows is half as large as under the drill rows during most time 
of the growing season. Seminal roots (i.e. roots arising from the seed) start growing at the 
seed depth between 2.5 and 5 cm. Therefore, during the first three months after sowing, 
local root densities at these depths are higher (0.15 to 0.25 kg m-3) than near the soil 
surface (0.07 kg m-3). Once the seedling coleoptile (germination stem) reaches the 
surface, adventitious roots start to develop at the soil surface, mainly extending laterally. 
The growth rate of seminal roots decreases. Mean root densities at 1 and 3 months after 
sowing are not significantly different. Afterwards, roots spread rapidly in radial direction, 
and invade the region between two drill rows. At the time of anthesis (opening of the 
flowers, ca. 6-7 months after sowing) mean root growth is maximal (up to ca. 1.4 kg m-3). 
Hereafter, old roots are not being replaced anymore by new ones. Therefore, root 
densities at 10 months after sowing are smaller (0.67 kg m-3) than at 6 months after 
sowing (ca. 1.4 kg m-3). At time of harvest the global root profile shows an exponential 
decline in root density with depth (up to 60 cm). The root mass is highest in the top 10 
cm of the soil surface and decreases rapidly to almost 0 kg m-3 under the 20-25 cm 
(plough depth). 
These spatial and temporal changes in root densities affect the erodibility of the (sub)soil, 
and are of importance for explaining the succes of contour tillage. In order to analyze 
these effects, laboratory experiments and field measurements in the Belgian loess belt 
were combined with the modified regression equation of Liu et al. (in press) for 
calculating soil detachment as a function of plant root density. This modified equation 
relates root density to relative soil detachment according to a Hill-curve type decreasing 
formula (see equation [6.1] p. 115). Two common field situations were investigated: 
concentrated runoff flowing in-between and 'parallel' to the drilling direction and 
concentrated runoff flowing 'perpendicular' to the drilling direction. 
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The results of the laboratory experiments did not allow the establishment of a clear 
relationship between soil detachment and root density. It was observed for one 
experiment that soil detachment under concentrated flow is higher for the 'parallel flow' 
situation compared to the 'perpendicular flow' situation (Fig. 6.8 on p. 109). During the 
other experimental tests (Fig. 6.9 on p. 110 and Fig. 6.10 on p. 111) no significant 
differences between both flow directions were observed because topsoil compaction (as a 
result of aging effects) masked the effects of the roots on soil detachment. Of course, root 
densities may also have been too low for significant reduction in soil detachment. Some 
authors indeed indicate that a root density of at least 5 to 20 kg m-3 would be needed to 
reduce soil losses by 50%. Yet, other authors demonstrate that this reduction can be 
obtained wit a root density as low as 0.35 kg m-3. These large differences may be a result 
of the difference in soil loss between samples collected in the field and samples with 
laboratory-grown plant roots. As a result, the modified regression equation of Liu et al. 
(in press) may present the maximal to-be-expected effect of roots on soil detachment. 
Combining this equation with root densities from field parcels showed that, in an ideal 
world, soil detachment in cereal fields is not uniform, but strongly conditioned by the 
distance to the sowing lines and the time since sowing due to the spatial patterns of root 
density values (Fig. 6.13 and Fig. 6.14 on p. 116). Compared to a soil without roots, a 
maximal reduction in soil detachment of 87% could be obtained in root-permeated soils 
when root growth is maximal (6-7 months after sowing: 1.4 kg m-3). At that time the 
detachment for the 'parallel' flow situation is on average 11% higher compared to the 
'perpendicular' flow situation. This reduction seems very high and inconsistent with the 
field data of chapter 3. So it may be an artefact of the laboratory set-up, and therefore 
field validation remains essential. 

10.1.2 Implications for soil conservation: double drilling 

Despite the fact that soil erosion by water causes considerable on-site and off-site 
problems, farmers in Europe are reluctant to adopt prevention and control measures when 
such measures require additional labour and material inputs. They call for soil erosion 
control practices that are easily incorporated in their normal farming practices. Moreover, 
the short-term on-site impacts of soil erosion on their crops yields are compensated by 
improved crop varieties and increased fertilization. Therefore there is little interest in the 
farming community for soil erosion control measures, but rather in the public community 
that carries the majority of the costs of the on-site impacts. The idea of using plant roots 
for soil erosion control emerged from an observation in a winter triticale field (X 
Triticosecale Wittmack ex. A. Camus) in the Belgian Loess Belt (Fig. 7.1 on p. 123). Part 
of the zone of concentrated flow erosion in this field was unintentionally double-drilled. 
Double drilling strongly altered the morphology of the erosion channels and reduced soil 
loss significantly. In the double-drilled zone concentrated flow was divided over more 
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channels of limited depth, compared to one deep and wide channel in the zone of single 
drill. Statistical analysis confirmed that the seedling density could explain these 
differences in channel dimensions. Doubling the root mass in the topsoil by double 
drilling resulted on average in a reduction of soil loss by 42% for the whole growing 
season. For the winter period, soil loss reduction, mainly attributed to the triticale roots, 
amounted even up to 53%, showing the remarkable impact of seedling roots on soil 
erosion by concentrated overland flow in the early stages of vegetation growth. 
Furthermore, total grain yield in the multiple drilled zones was not significantly smaller 
compared to the conventionally drilled parts of the field. Grain size of cereals was 
slightly smaller. The results of this case study were a first indication that double drilling 
in concentrated overland flow zones may be a viable soil erosion control technique.  
Of course, the reduction in soil loss as obtained in this case study was a result of the 
combined effect of plant shots and roots. In order to evaluate the pure root effect on soil 
detachment, root density measurements on small grain fields were combined with 
laboratory flume experiments on samples, taken in single and double-drilled field parcels, 
of which the aboveground biomass was clipped. Critical shear stress (τcr) and channel 
erodibility (Kr) were assessed, and relative soil detachment rates (Dr) as a function of 
plant root density were calculated using the modified equation of Liu et al. (in press) (see 
equation [8.4] on p. 159). Root densities had no effect on τcr (Fig. 8.9A on p. 158). Yet, a 
decreasing trend between RD and Kr was observed (Fig. 8.9B on p. 159). During the first 
30 days of the crop growth season Dr for single-drilled field parcels can be reduced by 5 
to 25% compared to a rootless field, whereas Dr in double-drilled field parcels can be 
reduced up to 50% in this period (Fig. 8.10 on p. 160). Overall, plant roots in double-
drilled field parcels reduce Dr on average by ca. 10% compared to single-drilled field 
parcels.  
During the growing season, not only root density increases but also the vegetation cover 
changes and enhances soil protection from erosion. Therefore, the use of cereal roots for 
soil conservation by doubling the drill rate will even be more beneficial taking into 
account the total plant system. For that reason, a last study was performed whereby cross-
sectional areas of erosion channels as well as crop yield parameters in single and double-
drilled zones were compared in on-farm experiments. Double drilling reduced soil loss 
through concentrated flow by 25 % on average and by up to 40 % under optimal 
conditions (Fig. 9.6 on p. 174). These figures represent the effect of the total plant (= 
roots + shoots). Ideally, the share of the roots and the shoots of plants should be assessed 
in laboratory experiments by comparing soil samples with and without clipping the plant 
shoots. 
Soil loss by concentrated flow accounts for ca. 50% of the total sediment export from 
small catchments. By reducing this soil loss by about 40%, double drilling reduces the 
total sediment export by 20%. Compared to other soil conservation techniques, double 
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drilling is highly relevant for the reduction of total sediment export. Moreover, 
concentrated flow channels affect less than 0.5 % of the total arable area and increase the 
connectivity in the landscape. Assuming the application of double drilling on an area as 
small as 0.5% of the arable land, a net reduction in sediment yield and associated 
problems by at least one fifth can be expected because the connectivity between sediment 
sources and sinks is broken.  
No net change in wheat grain yield was observed by double drilling parts of the field, and 
farmers who participated in the experiments were content with the results and the easy 
application of the technique. Generally, farmers' benefits balanced the costs. The 
technique of double drilling is however limited in terms of topographic situation: it is 
only effective for positions in the landscape with a contributing drainage area of less than 
ca. 0.75 ha and with soil surface slopes in the concentrated flow zones of less than ca. 
15% (Fig. 9.8 on p. 176). Moreover, only crops with a fine root network are suitable. On 
top of that, the effectiveness in limiting soil erosion will depend on the time of the first 
intense rains and the position of the field in the landscape (see also discussion in chapter 
7). Catchment properties upstream, in terms of runoff limiting properties, are essential in 
order to evaluate which soil control technique is to be used on that particular field. 
Double drilling may thus be a valid technique upstream in the catchment area, but for 
slowing down the increased runoff more downstream in the catchment grassed waterways 
may be needed. Double drilling should therefore be regarded as one possibility amongst 
other to reduce soil erosion in farmers' fields. Implementing soil erosion practices should 
depend on the severity of the problem and its location in the landscape. A holistic 
catchment-oriented approach is thus advisable. 

10.2 Confrontation and synthesis of results 

The summary of the results of the different chapters in the previous paragraph may have 
given a rather scattered view on the global question of this thesis, namely how cereal 
roots influence soil erosion rates. Although different approaches were used for achieving 
this goal, going from laboratory experiments to field measurements, often no clear 
answer could be given. Therefore, an attempt is made in this paragraph to confront the 
results from the different chapters in a more generalised manner.  

10.2.1 Data collection 

The starting point is chapter 9, where it was shown that the cross-sectional area of 
channels created in double-drilled field plots is a linear function of the cross-sectional 
area of channels created in single-drilled field plots (Fig. 9.6, p. 174). Under optimal 
conditions, the cross-section of channels eroded in double-drilled field plots (CSdouble) 
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is 40% smaller compared to the cross-sectional area of channels created in single-drilled 
field plots (CSsingle): 
CSdouble = 0.60 CSsingle (R²=0.88, n=9, Fig. 10.1A) [10.1] 
Because the measurements of the channel cross-sections in the single and double-drilled 
field plots were done within the same field parcel, it may be assumed that the influence of 
other factors (such as dry bulk density changes, different field parcel treatments, drainage 
area differences as encountered in chapter 3) is limited. Of course, this relationship 
indicates the action of the total plant for reducing soil loss by concentrated flow, i.e. the 
combined action of plant roots and shoots. 
At the same time, it was demonstrated in chapter 8 that there is also a very good linear 
relationship between the average cereal root density of double-drilled field parcels 
(RDdouble) and the average root density of single-drilled field parcels (RDsingle), 
according to (fig. 8.5 on p. 150): 
RDdouble = 1.25 RDsingle (R²=0.95, n=18, Fig. 10.1B) [10.2] 
Simultaneously, mean cereal stem density of double-drilled field parcels (StDdouble) 
increases linearly with mean stem density of single-drilled field parcels (StDsingle), 
according to (fig. 9.9 on p. 179): 
StDdouble = 1.13 StDsingle (R²=0.15, n=8, Fig. 10.1C) [10.3] 
 
The comparison of equations [10.2] and [10.3] indicates that by doubling the cereal seed 
density, the mean root density increases by 25%, whereas the stem density only increases 
with 13%. Therefore, the effect of the increased stem density on flow hydraulics will not 
be as large, compared to the effect of the increased root density on soil erosion rates. As a 
consequence, it can be assumed that the reduction in cross-sectional area of erosion 
channels in double-drilled field parcels is mainly affected by the plant rooting system and 
to a much lesser extent by the plant shoots. Unfortunately, no data on root densities were 
collected when measuring channel cross-section data used to establish equation [10.1].  

10.2.2 Model fitting 

There are reasons to believe that there exists a relationship between soil erosion rates and 
root density, but the type of this relationship is not known for sure. Most data from 
literature (Table 4.4 on p. 63) indicate an exponentially decreasing trend of soil 
erodibility (Y) with increasing root densities (X), but often the root density used to 
develop the model is very high and therefore not realistic for field conditions. The 
exponential models are of the form  
 Y = a ek X  
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where a and k are constants that determine respectively the intercept and the rate of 
increase (k>0) or decrease (k<0) of the curve (see Fig. 10.2A). Ranges for k from the 
literature can be found in Table 4.5 on p. 80. 
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Fig. 10.1. 
A Relationship between cross-sectional area (CS) of erosion channels created in single- and 

double-drilled field parcels (based on Fig. 9.6). Measurements were done between 71
days (ca. 2.5 months) and 168 days (ca. 5.5 months) after drilling of winter cereals.
Dotted line is 1:1 line. 

B Relationship between cereal root densities (RD) of single- and double-drilled field 
parcels (based on data from Fig. 8.5). Measurements were done between 0 and 300 days
(ca. 10 months) after drilling of winter cereals. Dotted line is 1:1 line. 

C Relationship between cereal stem densities (StD) of single- and double-drilled field 
parcels (based on data from fig. 9.9C) just before harvest (ca. 10 months after drilling or
winter cereals). Dotted line is 1:1 line. 
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Only Li (1991) describes a dose-response or Hill curve type relationship (Hill, 1910; 
Dose-response, 2005) between a root parameter (X) and sediment reduction (Y). Also, in 
chapter 6 it was demonstrated that the data of Liu et al. (in press) were better predicted 
with a Hill curve model compared to the exponential model.  
The Hill curve is a model of the form: 
 Y = Eo Xk / (H + Xk)  [10.4] 
where k, Eo and H are three parameters describing the curve. The exponent k is called the 
Hill coefficient and determines the shape of the curve (see Fig. 10.2C). Eo represents the 
asymptote of Y for very small X-values (in case of a negative k-exponent). The 
parameter H is the value of X at which Y = ½ Eo, and H describes the steepness of the 
curve (see Fig. 10.2D). According to Li (1991) the value of H1/k is plant specific and 
provides a measure of the effectiveness of the root system of plant species to reduce soil 
erosion. Indeed, for Y = ½ Eo, H1/k = RD. Thus, for a root density equal to H1/k soil loss 
by concentrated flow is reduced by 50%. The parameter H1/k is not only determined by 
the root density of the plant species in the topsoil, but also by its distribution with depth 
in the soil profile.  
 
Equations [10.1] and [10.2] provide information on root density relationships and on soil 
loss relationships as measured in the field. Assuming an interaction between root density 
(X) and soil loss by concentrated flow (Y), both equations can be related. The only model 
that yields a constant for any doubling of the X-values (Eq. [10.2]) ánd a constant for any 
doubling of the related Y-values (eq. [10.1]), is the power model of the type:  
 Y = a Xk

where a and k are constants that determine the shape of the curve (see Fig. 10.2B).  
Equation [10.1] can be re-written as: 
 CSdouble / CSsingle = 0.60 
or, assuming a power relationship between RD and CS: 
 a RDdoublek / a RDsinglek = 0.60 
 RDdoublek / RDsinglek = 0.60 
Substituting RDdouble using equation [10.2], the equation can be formulated as: 
 (1.25 RDsingle)k / RDsinglek = 0.60 
Solving this equation for k yields: 
 k = ln (0.60) / ln (1.25) = - 2.29 
As a result, the power model becomes: 
 CS = a RD-2.29   
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Fig. 10.2. Comparison of different models that can be used to describe the relationship
between root density (X) and soil erosion by concentrated flow (Y). For each model the
effect of variations in their parameter values is demonstrated. 
A Exponential model with different parameter values for a and k. 
B Power model with different parameter values for a and k.  
C Hill curve model with different parameter value for k. Eo = 2 and H = 10. 
D Hill curve model with different parameter value for H. Eo = 2 and k = -2. 
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From the available data in chapter 8 and 9, the parameter value for 'a' can not be 
estimated. An indication that the power model may fit our data better than the 
exponential model, which is used by most authors, can be seen in Fig. 10.3. In this figure 
the data on root density and channel cross-sectional area of chapter 3 are used, after 
scaling the cross-sectional area of the channels for drainage area and soil surface slope 
according to (see equation [3.5] on p. 36): 
 CSscaled = CS / (1409 A0.28 S1.22) [10.5] 
As can be seen, a power model can be fit through the data reasonably well (Fig. 10.3A), 
indicating that a power relationship may be a good model. It fits the data better than the 
exponential model, especially for the small root density values. However, there is a 
problem. For very small root density values, the negative power relationship tends to 
infinity (see Fig. 10.2B). Therefore, a power model may not be the best model for 
explaining the observed scatter in the data.  
 
A model that is much related to the power model, but without the problem of infinity for 
low X-values is the dose-response curve or Hill curve (Hill, 1910; Dose-response, 2005) 
as given in eq. [10.4]. In this model, three parameters need to be fitted: Eo, k and H. 
Because our data set is rather limited, it is impossible to estimate the three parameters 
accurately. In order to reduce the number of parameters to-be-fitted, we assume that the 
exponent k is similar to the one we obtained for the power model, namely k = - 2.29. The 
remaining parameter values of H and Eo can then be estimated using the data of chapter 
3. According to Li (1991), the parameter H1/k is plant specific. Therefore, only the data 
for the winter cereals are selected from the data set of chapter 3. This is also the largest 
sub-population of the dataset.  
In Fig. 10.3B the best result of the curve fitting is given. Because of the large asymmetry 
in the data (many data points for low RD and very few for high RD) and because of the 
presence of two leverage points, it is not possible to determine these parameter values 
analytically. Therefore, they were fitted by trial-an-error. The fitted parameters are Eo = 
4, k = -2.29 and H = 35 (or H1/k = 0.0003 kg m-3). This is a solution where the Hill curve 
trend line better represents the scatter in the data than the exponential or power model 
(Fig. 10.3A and B) for the small root density values, but it underestimates scaled cross-
sectional areas for larger root density values.  
The number of data points for the grassed and fallow field parcels is too small for 
determination of specific H-values for these data. The plant specific parameter H1/k, 
indicating the efficiency of the plant rooting system for soil erosion reduction, can not be 
compared to the H1/k -values Li (1991) obtained for three different plant species because 
of incomparable units. Li used the total number of roots of Pinus tabulaeformis, 
Hippophae rhamnoides and grass in a horizontal plane surface of 100 cm² as root unit. 
According to his results (see also chapter 4), the efficiency of Pinus and grasses for 
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reducing soil erosion was higher than the efficiency of Hippophae rhamnoides. On top of 
that, the curve fitting may be highly influenced by the limited number of data points (10 
points for Pinus, 5 for Hippophae rhamnoides and 5 for grasses).  
The Hill curve that was fitted through the data of Liu et al. (in press) has a H-value of 
5.32 and a k-value of -0.85 (see Fig. 4.9B).Therefore, for the data of Liu et al. (in press) 
H1/k is 0.24 kg m-3. This is a much larger H1/k root density than the H1/k root density of 
0.0003 kg m-3 obtained in this study, although similar plant species and soils were used. 
Not only is the number of data points in the experiments of Liu et al. (in press) larger, the 
results were also obtained under laboratory conditions, simulating the pure root effect on 
soil erosion rates. This may indicate that the H1/k-value obtained in this study may include 
additional effects. Plant shoots may indeed have influenced the measured cross-sectional 
areas too. 
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Fig. 10.3.  
A Scatter plot of scaled cross-sectional areas (CSscaled, see eq. [10.5]) of erosion channels

created in field parcels with winter cereals and grasses or in fallow state and
corresponding root densities (RD) (based on data from fig. 3.7). Dotted and full lines are
the exponential and power model trend line through the data (complete data set of chapter
3). 

B Scatter plot of scaled cross-sectional areas (CSscaled) of erosion channels created in field 
parcels with winter cereals only (= subset of data from plot A) and corresponding root
densities (RD) with Hill curve fitted by trial-and-error (full line, equation provided) and 
analytically fitted Hill curve (dotted line). Open dots are leverage points and are excluded 
from the analytically fitted Hill curve. 
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Is the Hill curve model therefore to be preferred over the power or the exponential 
model? In Fig. 10.4 the three models are compared. The exponential model (Fig. 10.4A 
and B) may be suitable for high root density values, but it lacks any predictive power for 
low root densities. This is shown in the predicted-versus-observed plot in Fig. 10.4A. But 
the main problem of the exponential model is that it does not carry out the criterion of a 
constant ratio in CSscaled double/CSscaled single (Fig. 10.4B) for an increase in root 
density of 1.25, which should be 0.60 according to our data  (see eq. [10.1] and [10.2]).  
The power model (Fig. 10.4C and D) is an improvement over the exponential model. The 
criterion of the constant CSscaled ratio (double/single) for an increase by 1.25 of the root 
density (see eq. [10.1] and [10.2]) is valid, but for obtaining a constant of 0.60 the model 
fitting parameters need to be adapted to a = 0.05 and k = -2.29. The best-fit parameters 
are a = 0.84 and k = -0.14, yielding a constant CSscaled ratio (double/single) of 0.97. 
Adapting the model parameters also improves the predicted-versus-observed plot (Fig. 
10.4C). The major problem with the power model is the asymptotic increase to infinity 
for low root density values. 
 
Is the Hill curve then the best model? As the Hill curve is not fitted based on analytical 
but on trial-and-error solutions, no objective decision criteria are available. Therefore, the 
parameters obtained for H, k and Eo for the winter cereals are also used for the complete 
data set of chapter 3. Visually, the Hill curve fits the complete data set better than the 
exponential or power curve for low root densities, but not for high root densities (Fig. 
10.4E and F). The Hill curve thus underestimates cross-sectional areas for high root 
densities, in a similar way as the power model does when adapting the parameter values 
for the constant ratio criteria. Compared to the exponential and the adapted power model, 
the predicted-versus-observed plot (Fig. 10.4E) of the Hill curve is better. Moreover the 
Hill curve reaches the constant CSscaled (double/single) ratio criterion (Fig. 10.4F) 
relatively fast with the fitted parameters.  
Based on the H1/k-parameter values, plant species most suitable for soil conservation can 
be selected. Of course, for optimal comparison, this requires a standardisation in the root 
units. On top of that, once the distribution of roots with depth of a plant species is known, 
the Hill curve can be used to determine to which depth the rooting system is able to 
reduce soil loss rates by concentrated flow significantly (e.g. by 50%). 
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Fig. 10.4. Comparison of the exponential, power and Hill curve model for all channel 
cross-sectional area data described in chapter 3 (winter cereals, grasses and fallow). 
Scatter plots (A, C and E) show scaled cross-sectional areas of erosion channels 
(CSscaled) versus corresponding root density values (RD). For each model the predicted 
versus observed CSscaled is given. Dotted line represents the 1:1 line. In plots B, D and 
F the predicted decrease in the ratio of scaled channel cross-sectional area for double-
drilled/single-drilled field parcels versus root density is shown. The predicted CSscaled 
ratio is calculated using eq. [10.1] and [10.2] and the model. In order to account for the 
constant CS and RD ratio criteria, expressed by these equations, the ratio CSscaled 
double/single should tend to 0.60. This is indicated in plots B, D and F by a horizontal 
dotted line. For the power model, the dotted line (C) and open dots (D) represent the 
power model with adapted parameters a and k for obtaining these constant criteria (see 
explanation in text).  
 

10.2.3 Conclusions of the confrontation and synthesis of the results 

The individual chapters of this study did not allow determining the relationship between 
soil erosion rates by concentrated flow and cereal root density. In this section an attempt 
was made to reach this goal by combining the results of the different chapters. Although 
this combination of the different data includes uncertainties, the data suggest that a Hill 
type curve is the model that fits the field data best. From the few studies available, only 
Li (1991) has found this model to describe his data well. Another indication that this 
model may be valid for describing the relationship between soil erosion by concentrated 
flow and root density, is the fact that the exponential model of Liu et al. (in press) could 
be improved by fitting a Hill curve model through their data (see chapter 6). Moreover, 
the parameters that describe the model have a physical meaning in terms of effectiveness 
of plant species for reduction in concentrated flow erosion rates. Therefore, a dose-
response or Hill curve relationship seems to be the most appropriate to describe the 
relationship between soil erosion by concentrated flow and root density. 
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10.3 General conclusions 

Finally, in short, were the put objectives achieved? 
1. The assessment of hydraulic thresholds for gully initiation in loess-derived topsoils 

with different root densities was difficult. There were field observations indicating 
that roots reduced soil losses by concentrated flow in an exponential or Hill-curve 
type way, which could be confirmed by literature data. Unfortunately, measuring 
soil-root-cohesion with the torvane appeared not possible. On top of that, linking soil 
erodibility to root density in laboratory experiments also experienced some problems 
because soil properties (compaction and sealing) often masked the pure root effect. 
Only a decreasing, yet not significant trend was found between root density and soil 
erodibility. Furthermore, there was no relationship between root density and critical 
shear stress. Because other authors quantified a useful relationship between root 
density and soil detachment, spatial and temporal changes in root densities in cereal 
fields could be simulated. This resulted in changing detachment patterns. Fields with 
a full-developed cereal root system can experience, under optimal conditions, an 
erodibility that is 87% smaller than soils without roots. Double-drilled fields have on 
average an erodibility that is 10% lower than normal-drilled fields. 

2. Double drilling of small grains in zones of erosion risk is an effective erosion control 
technique for fields with small catchment areas (<0.75 ha) and gentle slopes (<15%). 
Under these conditions double drilling can reduce sediment export and its 
detrimental off-site impacts on average by 20%, whereby double drilling performs 
quite will in terms of effectiveness amongst other soil conservation techniques at the 
catchment scale. On top of that, double drilling is also efficient: farmers do not 
experience any disadvantage of double drilling on the crop yield. 

10.4 Prospects 

10.4.1 Suggestions for future soil-root research 

Studies that analyse the effects of plant roots on concentrated flow erosion are limited. 
Comparing their results is however even more difficult because of incomparable root 
units. Much progress can therefore be made by adopting standard root parameters, such 
as e.g. root density or root length density, or by at least provide relationships for 
conversion. In order to increase the number of root studies, root parameters that can be 
easily assessed are to be preferred. Moreover, a standard depth for root density 
measurements would also be valuable. As concentrated flow is a process acting in the 
topsoil, standard depths of at least 10 cm are advisable. 
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This study was a first attempt to assess the impact of plant roots on soil erosion rates in 
arable fields. By opening the door to the relatively unexplored effect of plant roots on soil 
erosion rates, some answers were given, but it created at the same time as many new 
research questions. Why can the torvane not be used for measuring the soil-root 
cohesion? Is this crop related? Would the use of a hydraulic jet device be better? Why is 
the effect of presence of roots in the topsoil often masked by soil surface properties and 
can the influence of both aspects be assessed separately during the laboratory 
experiments using reference samples? Is this the reason why the trend between root 
density and soil erodibility is not clear? What is the share of plant roots to soil erosion 
compared to the influence of the total vegetation? Is this crop-specific and/or is it related 
to climatic or textural regions? For which other crops would double drilling be effective 
and to what extent? Are the limits of this innovative soil conservation technique bound to 
climatic and textural regions? Will farmers really adopt this technique without 
incentives? Is the Hill model the best model to predict soil detachment reduction by plant 
roots? Can this model be used for improving the existing or new erosion models? Using a 
cliché, more research is needed.  
This study has been carried out in a region with a humid temperate climate and loess-
derived soils, and in small grain fields with cereals plants having both a root and shoot 
system. Yet in a Mediterranean context the aboveground biomass may temporally 
disappear as a result of excessive grazing, water stress or surface fires. Consequently the 
share of the plant roots to the total reduction in soil loss may be much higher in these 
(semi-) arid areas (Fig. 10.5). It is therefore encouraging to see that the effects of roots of 
Mediterranean plant species on soil resistance are the focus of a follow-up research 
project with the acronym RECONDES (= Conditions for Restoration and Mitigation of 
Desertified Areas using Vegetation).  

10.4.2 Transfer of scientific knowledge to practical guidelines 

The transfer of scientific knowledge on soil erosion and conservation to practical 
guidelines is another topic of major importance, which often failed in the past. Happily 
also in Belgium a wind of change is blowing. Since January 2001 an erosion control 
research and demonstration program started. Funded by the Flemish government, the aim 
is to produce a guidelines book of erosion control measures for farmers. It translates the 
scientific knowledge into comprehensible and ready-to-use procedures for interrill, rill 
and gully erosion. The use of double drilling is one of the techniques described in the 
book. In addition to the book, demonstration projects are set up where the different 
techniques are being implemented on the farmers' fields. Demonstration on farms appears 
to be crucial, since the enthusiasm of participating farmers convinces others to adopt 
these often-unknown techniques as well. Yet, demonstration and implementation of soil 
conservation techniques is not the end of the soil erosion story. Monitoring the 
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effectiveness of different soil conservation techniques in a European context will be one 
of the major challenges of the future. Not only on a European but also on a world scale 
and in the framework of global change, the durable use of our soils remains crucial. 
 

 

 

Fig. 10.5. The upper rim of the gully head of this large bank gully in southern
Spain has a higher resistance to erosion by the presence of many roots,
although the aboveground vegetation is very scarce. Below, detail of the roots
(30 to 50 cm long) hanging from the rim (Guadalentín region, Spain, Sept.
1997). 
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Concluding picture. Soil erosion by water – there is still a lot of work to do … 
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1.1 Samenvatting van de resultaten 
Bodemerosie door geconcentreerde afvoer bedreigt het duurzaam gebruik van 
leembodems in West-Europa. Door de schadelijke effecten voor milieu en economie 
wordt dit ook door de gewone mens in de straat als probleem aanzien. De vraag naar 
bodembehoudstechnieken die geschikt zijn om in Europa toe te passen is dan ook erg 
hoog. Het aanbod is echter erg gering, en dit in het bijzonder voor tijdelijke ravijnerosie. 
Het gebruik van vegetatie boor bodembehoud is algemeen verspreid. Maar het succes 
ervan wordt al te vaak enkel toegeschreven aan de bovengrondse biomassa. Er is echter 
weinig geweten over de effecten van de ondergrondse biomassa, ondanks het feit dat 
zowel scheuten als wortels onafscheidbare onderdelen uitmaken van het totale 
plantorganisme. Omdat wortels bepaalde fysische aspecten van de bodem in de nabijheid 
van de wortel aantasten – zoals aggregaatstabiliteit, infiltratiecapaciteit, droog 
volumegewicht, gehalte organisch materiaal en chemische samenstelling van de bodem – 
kunnen wortels mogelijk ook de erosiegevoeligheid van een bodem, en dus de snelheid 
van bodemerosie, beïnvloeden. Deze studie trachtte dit kennisaspect te belichten (i) door 
de effecten van de wortels van graangewassen op erosiesnelheden door geconcentreerde 
afvoer te bestuderen en (ii) door een nieuwe bodembehoudstechniek te testen die 
gebaseerd is op het verhogen van de worteldichtheid, en die dubbel-inzaaien in zones met 
verhoogd erosierisico wordt genoemd. 

Om deze doelstellingen te realiseren werd een tweevoudige strategie gevolgd door 
laboratoriumexperimenten te combineren met veldmetingen in de Belgische leemstreek. 
In het laboratorium werden bodemlosmaakexperimenten uitgevoerd in een hydraulisch 
proefkanaal op stalen met verschillende worteldichtheden en met verschillende 
stroomrichtingen t.o.v. de zaailijnen. Om het loutere worteleffect te meten werd de 
bovengrondse biomassa afgeknipt. Er werden hydraulische drempelwaarden in termen 
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van kritische sleepdruk en kanaalerosiegevoeligheid bepaald. Complementair hieraan 
werden cohesiemetingen uitgevoerd met een torvane op zowel containers met 
bodemstalen van graan dat in het laboratorium was gezaaid, als bodemstalen met 
graanwortels die onder normale omstandigheden op de akkers waren gegroeid. De tweede 
methode van dataverwerving bestond uit terreinmetingen. Op akkers werden dwarssecties 
van uitgeschuurde erosiekanalen gemeten die waren ontstaan na hevige regenbuien en die 
doorheen akkers met verschillende worteldichtheden gingen. Verschillen in 
worteldichtheden werden bekomen door nabijgelegen akkers te kiezen die op een andere 
datum waren ingezaaid, door toevallig een zone dubbel in te zaaien in de zone van 
geconcentreerde afvoer of door de zaaiprocedure bij het inzaaien van de wendakker. Om 
de efficiëntie van dubbel inzaaien te bepalen, werden de graanoogsten gedurende vier 
opeenvolgende jaren opgevolgd. 

1.1.1 Impact van plantenwortels op erosiesnelheid van erosie door 
geconcentreerde afvoer 

Vele studies hebben het belang van de bovengrondse biomassa van vegetatie op 
bodemerosie benadrukt. Deze studie benadrukt echter dat ook de ondergrondse biomassa 
een rol kan spelen bij het verminderen van bodemerosie, en dat de invloed van vegetatie 
op bodemerosie dus zou moeten gesplitst worden in enerzijds de effecten van de stengels 
en de blaren (bovengrondse biomassa) en anderzijds de impact van wortels 
(ondergrondse biomassa). Dit werd in een eerste stap aangetoond door dwarssecties van 
kanalen van geconcentreerde afvoer (= geulen en tijdelijke ravijnen) die werden gevormd 
na hevige regen in percelen met verschillende plantdichtheden van graan en gras in de 
Belgische leemstreek te vergelijken. Voor om het even welke gegeven waarde van 
stroomintensiteit (= bekkengrootte maal helling van het bodemoppervlak aan het 
ravijnhoofd) waren de dwarssecties van kanalen in braakliggende het grootst, gevolgd 
door deze in graanakkers. Kanalen in weiden waren het kleinst. De vergelijking van deze 
metingen benadrukt het feit dat zowel een toename in scheutdichtheid als in 
worteldichtheid leidt tot een exponentiële afname van de uitgeschuurde dwarssecties (zie 
Fig. 3.8 op p. 39 en 3.10 op p. 40). Het opmerkelijke parallellisme tussen de invloed van 
wortels en scheuten op bodemerosie door geconcentreerde afvoer is deels te wijten aan de 
inherente correlatie die er bestaat tussen de dichtheid van scheuten en wortels. In een 
constant milieu  geldt er een lineair verband tussen de logaritmen van de wortel- en de 
scheutmassa gedurende de fase van vegetatieve groei. Dit wordt vaak aangeduid met de 
term wortel-scheut-verhouding. Deze metingen maakten daarom duidelijk dat er 
redelijkerwijze een effect van wortels op bodemerosie kan worden verondersteld. Maar 
de bekomen resultaten werden beïnvloed door een combinatie van verschillende 
omgevingsfactoren (zaaidata, kenmerken van het bodemoppervlak, regendata, 
aanwezigheid van scheuten). Dit veroorzaakt een grote  spreiding in de bekomen 
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resultaten en verhindert een duidelijk inzicht in de invloed van verschillende 
worteldichtheden op bodemerosie. Laboratoriumexperimenten onder gecontroleerde 
omstandigheden zouden daarom een verbeteringen kunnen betekenen om het loutere 
worteleffect op bodemerosie te bepalen (zie verder). 

Niettemin stemmen de bevindingen van deze terreinmetingen overeen met algemene 
trends in de literatuur (Fig. 4.2 op p. 50). De afname van de erosiesnelheid  door 
afstromend water met toenemende vegetatieve bedekkingsgraad is inderdaad 
exponentieel. Bovendien toont een verzameling en vergelijking van de beschikbare data 
uit de literatuur over worteleffecten op bodemerosie door water aan dat de erosiesnelheid 
van een bodem ook exponentieel afneemt met toenemende worteldichtheid volgens de 
vergelijking SEP = e-b RP waarbij SEP een bodemerosieparameter is (bv. intergeul- of 
geulerosiesnelheid relatief tot de erosiesnelheid van bodems zonder wortels), RP een 
wortelparameter (bv. worteldichtheid of wortellengtedichtheid) en b een constante is die 
de effectiviteit van de plantenwortels voor het reduceren van bodemerosie weergeeft (Fig. 
4.15 op p.77 and Fig. 4.16 op p. 78). Welke wortelparameter er ook wordt gebuikt, voor 
spat is b gelijk aan 0. Voor intergeulerosie is de gemiddelde b-waarde 0.1195 wanneer 
worteldichtheid (kg m-3) wordt gebruikt als wortelparameter en 0.0022 wanneer 
wortellengtedichtheid (km m-3) wordt gebruikt. Voor geulerosie zijn deze b-waarden 
respectievelijk 0.5930 en 0.0460. Het parallellisme tussen de vergelijking voor 
worteleffecten met deze voor vegetatieve bedekking is opmerkelijk, maar door 
onvergelijkbare eenheden is het moeilijk om vanuit het literatuuroverzicht te bepalen 
welk plantenelement de grootste impact heeft op de vermindering van bodemerosie. 
Afgaand op de analyse van de beschikbare data kan er gesuggereerd worden dat 
vegetatieve bedekking voor spat en intergeulerosie het meest van belang is, terwijl voor 
geul- en ravijnerosie plantenwortels op zijn minst even belangrijk zijn (Fig. 4.17 op p. 
81). 

Dit vormt een belangrijk nieuw inzicht, want tot op heden werd de rol van plantenwortels 
enkel erkend bij de analyse van hellingsstabiliteit en niet voor bodemerosie door 
afstromend water. Van bij het begin van het hellingsstabiliteitsonderzoek was het 
duidelijk dat plantenwortels van essentieel belang waren voor de versterking van de 
bodem. Een bodem is sterk bij compressie maar zwak bij uitrekking. Wortels zijn zwak 
bij  compressie, maar sterk bij uitrekking. Gecombineerd vormt de bodem-wortel-matrix 
dus een soort versterkte bodem die veel sterker is dan de bodem of de wortels apart. 
Wortels dragen bijgevolg bij tot de sterkte van een bodem door artificiële cohesie te 
bieden. Deze toegevoegde cohesie wordt meestal bepaald door de treksterkte van wortels 
en de worteldoormeteroppervlakte te meten. Dit is echter een tijdrovende en complexe 
taak. Daarom werd het gebruik van een torvane getest om cohesie in bewortelde toplagen 
te meten op bodems met tarwewortels (Triticum L.). die enerzijds in een verspreid 
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patroon gegroeid waren in containers in het laboratorium, en anderzijds op akkers waar in 
deze in rijen werden gezaaid. Gegevens over bodemcohesie worden gebruikt als input in 
bodemerosiemodellen (bv. EUROSEM) en een snelle en makkelijke gegevensverwerving 
vergemakkelijkt het testen en kalibreren van modellen. De cohesiemetingen op de 
bodemstalen uit het labo als van op de akkers lieten echter niet toe om de bijkomende 
wortelcohesie te bepalen (Fig. 5.5 op p. 88, Fig. 5.7 op p. 91 en Fig. 5.8 op p. 93). Er 
werd enkel een (negatieve) correlatie gevonden met het vochtgehalte, eerder dan met 
worteldichtheid. Dit kan te wijten zijn aan de lage worteldichtheden die werden gebruikt 
in deze studie (maximaal 1.5 kg m-3) en aan het feit dat de tarwewortels afbraken of 
dieper in de bodem werden geduwd bij het duwen van de torvane in de bodemtoplaag. 
Omdat andere auteurs wel goede resultaten bekwamen bij vergelijkbare testen, is de 
torvane misschien enkel geschikt om wortelcohesie te meten bij hoge worteldichtheden 
(minstens 10 kg m-3) of bij gewassen met sterkere wortels. Om het effect van lage 
worteldichtheden op cohesie van een bodem te meten is het hydraulische-jet-apparaat 
misschien beter geschikt. Omdat de torvane-testen niet toelieten om een relatie op te 
stellen tussen worteldichtheid en bodemcohesie, werden alternatieve procedures verkend 
om de invloed van wortels op de weerstand van een bodem tegen erosie door 
geconcentreerde afvoer te bepalen, namelijk het gebruik van worteldichtheden zoals 
gemeten op Belgische akkers met een gewijzigde regressievergelijking van Liu et al. (in 
druk) en laboratoriumexperimenten. 

Door het zaaien in rijen wordt een niet-uniform worteldichtheidspatroon gevormd, en met 
het verstrijken van de tijd nemen de worteldichtheden toe. Worteldichtheden van akkers 
waar in rijen werd gezaaid variëren daarom ruimtelijk en temporeel. Deze patronen 
werden geanalyseerd door de worteldichtheid van een tarweakker gedurende een 
volledige groeicyclus te volgen. Er werden dichtheidsprofielen tot 10 cm diepte gemaakt 
per laag van 2.5cm op 1, 3, 6 en 10 maand na inzaai (Fig. 6.11 op p. 113). Op 10 
maanden na inzaai werden de metingen tot op een diepte van 60cm uitgevoerd. Over het 
algemeen is de worteldichtheid in de 10cm toplaag tussen twee zaairijen half zo groot als 
deze onder de zaairijen. Wortels die eerst ontstaan bij kieming van het zaad beginnen te 
groeien op een diepte van 2.5 tot 5 cm. Daarom zijn de worteldichtheden gedurende de 
eerste drie maanden na inzaai op deze diepte hoger (0.15 tot 0.25 kg m-3) dan net onder 
het bodemoppervlak (0.07 kg m-3). Van zodra de kiemstengel het bodemoppervlak 
bereikt, beginnen zich adventiefwortels te ontwikkelen, die voornamelijk lateraal 
uitbreiden. De groei van de kiemwortels neemt af. Gemiddelde worteldichtheden tussen 1 
en 3 maanden na inzaai zijn niet significant verschillend. Nadien spreiden de wortels zich 
snel in radiale richting en nemen deze de regio tussen de zaairijen in. Tegen de tijd dat de 
bloemen zich openen, zo’n 6-7 maanden na de inzaai, is de gemiddelde maximaal (tot ca. 
1.4 kg m-3). Nadien worden de oude wortels niet meer vervangen door nieuwe 
exemplaren en neemt de worteldichtheid af tot 10 maanden na de inzaai (0.67 kg m-3) in 
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vergelijking met 6 maanden na inzaai (ca. 1.4 kg m-3). Op het moment van de oogst 
vertoont het wortelprofiel een exponentiële afname in worteldichtheid (tot op een diepte 
van 60cm). De wortelmassa is het hoogste in de bovenste 10 cm van de bodem en neemt 
snel af tot bijna 0 kg m-3 onder de 20-25 cm (ploegdiepte). 

Deze ruimtelijke en temporele veranderingen bepalen de erosiegevoeligheid van de 
bodem en zijn van belang om het succes van contourbewerking te verklaren. Om deze 
effecten te analyseren werden laboratoriumexperimenten gecombineerd met 
veldmetingen op akkers in de Belgische leemstreek en met een aangepaste 
regressievergelijking van Liu et al. (in druk). Deze vergelijking berekent bodemverlies 
als een functie van worteldichtheid volgens een Hill-curve type afnemende vergelijking 
(zie vergelijking [6.1]  p. 115). Twee akkersituatie werden vergeleken: geconcentreerde 
afvoer die tussen en dus parallel aan de zaairijen stroomt en geconcentreerde afvoer die 
loodrecht op de zaairijen stroomt. 

De resultaten van de laboratoriumexperimenten lieten niet toe om een duidelijk verband 
op te stellen tussen bodemverlies en worteldichtheid. Tijdens één experiment werd 
waargenomen dat bodemverlies onder geconcentreerde afvoer voor de parallelle situatie 
hoger is dan deze voor de loodrechte situatie (Fig. 6.8 op p. 109). Bij de andere 
experimenten kon geen significant verschil tussen beide situaties worden vastgesteld 
(Fig. 6.9 op p. 110 and Fig. 6.10 op p. 111) omdat de verdichting van de bodemtoplaag 
(door ouderdom) de effecten van de wortels op bodemverlies overstemde. Het kan echter 
ook zijn dat de gebruikte worteldichtheden te laag waren om een significant effect te 
kunnen meten. Sommige auteurs geven inderdaad aan dat worteldichtheden van minstens 
5 tot 20 kg m-3 nodig zouden zijn om bodemverlies met 50% te verminderen. Ander 
auteurs stellen daartegen dat zelfs worteldichtheden van slechts 0.35 kg m-3 al voldoende 
zouden zijn om een vergelijkbare vermindering te behalen.  Deze grote verschillen 
kunnen een gevolg zijn van de verschillen die worden gemeten bij het gebruik van stalen 
van op het terrein en van stalen die in het laboratorium werden gekweekt. As gevolg 
daarvan zou de aangepaste vergelijking van Liu et al. (in druk) een maximaal te 
verwachten effect van wortels op bodemerosie kunnen weergeven. De combinatie van 
deze vergelijking met de worteldichtheden van op de tarweakkers tonen aan dat, in onder 
ideale omstandigheden, bodemverlies in akkers niet uniform is, maar sterk bepaald door 
de afstand tot de zaailijnen en de tijdsduur sinds inzaai (Fig. 6.13 en Fig. 6.14 op p. 116). 
In vergelijking met een bodem zonder wortels zou een reductie van 87% kunnen worden 
bekomen in akkers wanneer de wortelgroei maximaal is (6-7 maanden na inzaai: : 1.4 kg 
m-3). Op dat moment is het bodemverlies voor de parallelle situatie 11% hoger dan deze 
van de loodrechte situatie. Deze vermindering lijkt zeer hoog tegenstrijdig met de 
veldgegevens van hoofdstuk 3. Het kan bijgevolg zijn dat dit een artefact is van de 
laboratorium set-up, en daarom blijft validatie op het terrein essentieel. 
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1.1.2 Implicaties voor bodembehoud: dubbel-inzaaien 

Ondanks het feit dat bodemerosie door water belangrijke lokale en stroomafwaartse 
problemen creëert, zijn landbouwers in Europa terughoudend om preventieve en 
controlerende maatregelen te treffen wanneer deze maatregelen bijkomend werk en 
materiaalinput vereisen. Ze vragen bodembehoudstechnieken die makkelijk kunnen 
worden ingepast in hun gewone landbouwpraktijk. Bovendien worden de korte-
termijnsgevolgen van bodemerosie op hun oogst vaak gecompenseerd door verbeterde 
gewassoorten en verhoogde bemesting. Daarom is er maar weinig interesse binnen de 
landbouwersgemeenschap voor bodembehoud, en dit terwijl de openbare gemeenschap 
vaak de kosten van de stroomafwaartse gevolgen ervan draagt. Het idee om 
plantenwortels te gebruiken voor bodembehoud ontstond na een terreinwaarneming in 
een triticale akker (X Triticosecale Wittmack ex. A. Camus) in de Belgische leemstreek 
(Fig. 7.1 op p. 123). Een deel van de zone van geconcentreerde afvoer in deze akker was 
onmoedwillig meer dan eens ingezaaid. Dit dubbel-inzaaien veranderde de morfologie 
van de erosiekanalen echter grondig en reduceerde het bodemverlies significant. In de 
dubbel ingezaaide zone werd de geconcentreerde afvoer verspreid over meerdere ondiepe 
kanalen. Ion de zone van gewone inzaai was één breed en diep kanaal te zien. Statistische 
analyse kon bevestigen dat de zaaidichtheid verantwoordelijk was voor deze verschillen 
in kanaalgrootte. De verdubbeling van de wortelmassa in de bodemtoplaag gaf een 
erosievermindering van 42% voor het hele groeiseizoen. Voor de winterperiode alleen, 
waarbij voornamelijk de wortels en in veel mindere mate de scheuten van belang waren, 
was dit zelfs 53%. Bovendien was de graanopbrengst in deze dubbel ingezaaide zones 
niet significant lager dan in de conventioneel ingezaaide delen van de akker. De 
graankorrels waren een beetje kleiner. De resultaten van deze gevalstudie waren de eerste 
indicatie dat dubbel-inzaaien in zones van geconcentreerde afvoer een geschikte 
bodembehoudstechniek kan zijn. 

Natuurlijk was de vermindering in erosie in deze gevalstudie het resultaat van een 
gecombineerd effect van scheuten en wortels. Om het loutere worteleffect op 
bodemverlies te bepalen, werden metingen van worteldichtheden van enkel en dubbel 
ingezaaide zones op akkers gecombineerd met laboratoriumexperimenten in een 
hydraulisch proefkanaal. De bovengrondse biomassa werd steeds afgeknipt. Kritische 
stroomsleepdrukken (τcr) and kanaalerosiegevoeligheden (Kr) warden bepaald en relatief 
bodemverlies (Dr) als gevolg van wortels werd berekend door gebruik te maken van de 
aangepaste vergelijking van Liu et al. (in druk) (zie vergelijking [8.4] op p. 159). 
Worteldichtheden hadden geen significant effect op τcr (Fig. 8.9A op p. 158). Enkele een 
negatieve trend werd vastgesteld tussen worteldichtheid en Kr (Fig. 8.9B opn p. 159). 
Tijdens de eerste 30 dagen van de groei kunnen Dr-waarden voor enkelvoudig ingezaaide 
percelen 5 tot 25% dalen t.o.v. percelen zonder wortels en kan Dr voor dubbel ingezaaide 
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percelen in deze periode dalen tot 50% (Fig. 8.10 op p. 160). In het algemeen 
verminderen plantenwortels in dubbel ingezaaide percelen bodemerosie met gemiddeld 
10% in vergelijking met enkel ingezaaide percelen. 

Tijdens het groeiseizoen verhoogt niet alleen de worteldichtheden maar ook de 
vegetatieve bedekkingsgraad. Daarom zal het gebruik van graanwortels voor 
bodembehoud door het verhogen van de zaaidichtheid zelfs meer rendabel zijn wanneer 
de totale plant in rekening zal worden gebracht. Om deze reden werden de dwarssecties 
van kanaaltjes vergeleken die werden gevormd in enkel en dubbel ingezaaide zones in 
akkers. Dubbel-inzaaien verminderde het bodemverlies door geconcentreerde afvoer 
gemiddeld met 25% en onder ideale omstandigheden met 40% (Fig. 9.6 op p. 174). Deze 
waarden vertegenwoordigen het effect van de volledige plant (= wortels en scheuten). 
Idealiter zou het aandeel van de wortels en de scheuten in laboratoriumexperimenten 
moeten worden bepaald op stalen waar de scheuten wel en niet worden afgeknipt.  

Bodemverlies door geconcentreerde afvoer bedraagt 50% van de totale sedimentexport 
uit kleine bekkens. Door via dubbel inzaaien 40% bodemverlies te reduceren, kan de 
totale sedimentexport dus met 20% gereduceerd worden. In vergelijking met andere 
bodembehoudstechnieken is dubbel-inzaaien erg relevant om de totale sedimentexport te 
verminderen. Bovendien tasten kanalen van geconcentreerde afvoer slechts 0.5% van het 
totale aan en verhogen ze de connectiviteit in het landschap. Indien dubbel-inzaaien 
wordt toegepast op 0.5% van het landbouwareaal, dan kan een netto reductie in 
sedimentexport en geassocieerde problemen stroomafwaarts met minstens 1/5e verwacht 
worden omdat de connectiviteit tussen de brongebieden en de afzetgebieden van het 
sediment wordt doorbroken. 

Er werd geen netto verlies in graanopbrengst genoteerd door bepaalde delen van de akker 
dubbel in te zaaien. De landbouwers die aan de experimenten deel namen waren erg 
tevreden met de resultaten en de gemakkelijke toepassing van de techniek. Over het 
algemeen compenseerden de voordelen de kosten ervan. De techniek van dubbel-inzaaien 
is echter beperkt in termen van topografische situatie: de techniek is enkel effectief in 
gebieden met een toestroomgebied van minder dan 0.75 ha en een bodemoppervlak in de 
zones van geconcentreerde afvoer van minder dan 15% (Fig. 9.8 op p. 176). En 
bovendien zijn enkel gewassen met een fijn vertakt wortelstel geschikt. Ten slotte hangt 
de effectiviteit van de techniek ook af van het tijdsstip van de eerste zware regens na de 
inzaai en van de positie van de akker in het landschap (zie ook discussie in hoofdstuk 7). 
De  kenmerken van het toestroomgebied meer stroomopwaarts, in termen van 
afvoerbeperkende eigenschappen, zijn essentieel om te evalueren of deze techniek 
geschikt is om op die bepaalde akker toe te passen. Dubbel-inzaaien kan dus een goede 
techniek zijn voor zones die vrij hoog in het toestroomgebied gelegen zijn. Voor meer 
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stroomafwaarts gelegen gebieden kunnen grasgangen meer aangewezen zijn om de 
verhoogde stromingsenergie af te remmen. Dubbel-inzaaien moet daarom worden 
beschouwd als één mogelijkheid temidden van andere om erosie op akkers van 
landbouwers te beperken. Welke bodembehoudstechnieken moeten toegepast worden, zal 
immers afhangen van de ernst van het probleem en de positie in het landschap. Een 
holistische aanpak op het niveau van stroomgebieden dringt zich op. 

1.1.3 Algemene trend tussen worteldichtheid en bodemerosie 

De individuele hoofdstukken lieten niet toe om het type van de relatie tussen 
bodemverlies door geconcentreerde afvoer en graanworteldichtheden te bepalen. Door de 
verschillende hoofdstukken te combineren (zie paragraaf 10.2 p. 189) kon worden 
bepaald dat een Hill-curve het beste model is om de data te beschrijven. Van de schaarse 
studies over wortels en bodemerosie geeft enkel Li (1991) een dergelijk verband op. Een 
andere indicatie dat dit een goed model zou kunnen zijn, is het feit dat het 
oorspronkelijke exponentiële regressiemodel van Liu et al. (in druk) kon verbeterd 
worden door er een Hill-curve model van te maken (zie hoofdstuk 6). Bovendien hebben 
de parameters die dit model beschrijven een fysische betekenis in termen van effectiviteit 
van planten voor het verminderen van bodemerosiesnelheden. Daarom lijkt het Hill-curve 
model het beste geschikt om de relatie tussen bodemerosie door geconcentreerde afvoer 
en worteldichtheid te beschrijven. 

1.2 Algemene conclusies 
Tot slot, werden de vooropgestelde doelstellingen bereikt? 

1. Het was bijzonder moeilijk om de hydraulische drempelcondities voor ravijninitiatie 
in leembodems met verschillende worteldichtheden te bepalen. Er waren 
veldwaarnemingen die aangaven dat wortels bodemverliezen door geconcentreerde 
afvoer kunnen gereduceerd worden volgens een exponentiële of Hill-curve afname. 
Dit kon bevestigd worden met literatuurdata. Jammer genoeg konden wortelcohesie 
niet worden bepaald met de torvane. Bovendien gaven de laboratoriumexperimenten 
ook problemen omdat de kenmerken van de bodem (verdichting en verslemping) 
vaak het loutere worteleffect verdoezelden. Er werd enkel een afnemende, maar niet 
significante trend gevonden tussen worteldichtheid en  bodemgevoeligheid. Er was 
geen verband met kritische stromingssleepdruk. Omdat andere auteurs een bruikbare 
relatie vonden tussen worteldichtheid en bodemverlies, kon toch een schatting 
worden gemaakt van te verwachten vermindering in bodemverlies als gevolg van 
wortels. Hieruit bleek dat akkers met graangewassen met een volledig ontwikkeld 
wortelsysteem onder optimale conditie een erosiegevoeligheid kunnen bekom die 
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87% lager is dan deze van bodems zonder wortels. Dubbel ingezaaide akkers 
ondervinden gemiddled 10% minder erosie dan enkel ingezaaide akkers.  

2. Het dubbel inzaaien van granen in zones met verhoogd erosierisico is een effectieve 
bodembehoudstechniek voor akkers met een relatief klein toestroomgebied (<0.75 
ha) en matige hellingen (<15%). Onder deze omstandigheden kan dubbel-inzaaien 
sedimentexport en de daarmee samenhangende negatieve stroomafwaartse gevolgen 
verminderen met minstens 20%. Hiermee doet dubbel inzaaien het goed in 
vergelijking met andere bodembehoudstechnieken op de schaal van stroomgebieden. 
Bovendien ondervinden de landbouwers geen nadelige gevolgen van dubbel inzaaien 
op hun opbrengsten.  

1.3 Toekomst 

1.3.1 Suggesties voor toekomstig wortel-erosie-onderzoek 

Studies die de effecten van planten op erosie door geconcentreerde afvoer analyseren zijn 
erg schaars. De vergelijking van hun resultaten wordt echter nog extra bemoeilijkt door 
onvergelijkbare worteleenheden. Er kan veel vooruitgang gemaakt worden via de 
standaardisatie van gebruikte worteleenheden, zoals bv. worteldichtheid of 
wortellengtedichtheid, of door minstens relaties mee te geven om deze te converteren. 
Om een snelle toename in het aantal wortelstudies te bekomen, is het bovendien 
aangewezen om voor wortelparameters te kiezen die makkelijk (snel) kunnen worden 
bepaald. Tot slot zou een standaard diepte voor de bepaling van de worteldichtheid tevens 
zeer waardevol zijn. Omdat erosie door geconcentreerde afvoer een proces is dat in de 
bodemtoplaag actief is, zijn standaard dieptes of minstens 10 cm aangewezen. 

Deze studie was een eerste poging om de invloed van plantenwortels op 
bodemerosiesnelheden in landbouwgebieden te bepalen. Door de deur naar de effecten 
van plantenwortels op bodemerosie op een kier te zetten, werden sommige antwoorden 
gegeven, maar het creëerde tegelijkertijd bijna evenveel nieuwe vragen. Waarom kan de 
torvane niet gebruikt worden om bodem-wortel cohesie te meten? Is dit afhankelijk van 
het gewas? Zou het gebruik van een hydraulische-jet-apparaat betere resultaten 
opleveren? Waarom is het effect van wortels in de bodemtoplaag zo vaak overstemd door 
de kenmerken van de bodem en kunnen beide aspecten onafhankelijk van elkaar worden 
bepaald in het laboratorium door gebruik te maken van referentiestalen? Is dit de reden 
waarom het verband tussen worteldichtheid en bodemerosiegevoeligheid niet duidelijk 
is? Wat is het aandeel van de plantenwortels voor het verminderen van bodemerosie in 
vergelijking met het aandeel van de scheuten? Is dit afhankelijk van het gewas en/of van 
klimatologische of texturele gebieden? Voor welke andere gewassen zou dubbel-inzaaien 
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effectief zijn en in hoeverre? Zijn de limieten van deze innovatieve 
bodembehoudstechniek gebonden aan klimatologische en texturele regio's? Zullen 
landbouwers deze techniek toepassen zonder financiële stimuli?  Is het Hill-curve model 
het beste model om de invloed van wortels op bodemverlies te voorspellen? Kan dit 
model gebruikt worden om bestaande of nieuwe erosiemodellen te verbeteren? Om het 
met een cliché te zeggen, meer onderzoek is aangewezen. 

Deze studie werd uitgevoerd in een regio met een vochtig klimaat en leembodems en in 
graanakkers met planten die zowel bovengronds als ondergronds biomassa hadden. In een 
mediterrane context kan de bovengrondse biomassa echter tijdelijk verdwijnen as gevolg 
van overdreven grazen, water stress of snelle oppervlakkige branden. Als gevolg hiervan 
kan het zijn dat het aandeel van de wortels van (semi-)ariede  planten veel groter is. Het 
is daarom bemoedigend te zien dat de effecten van wortels van mediterrane plant species 
op bodemerosiegevoeligheid het onderwerp vormen van een vervolgproject met als naam 
het acroniem RECONDES (= Conditions for Restoration and Mitigation of Desertified 
Areas using Vegetation). 

1.3.2 Transfer van wetenschappelijke kennis naar praktische richtlijnen 

De transfer van wetenschappelijke kennis over bodemerosie en –behoud naar praktische 
richtlijnen is een ander punt van groot belang, dat in het verleden maar al te vaak werd 
vergeten. Gelukkig waait er ook in België een wind van verandering. Sinds januari 2001 
is er een erosiebestrijdings- en demonstratieprogramma opgestart. Met fondsen van de 
Vlaamse Overheid wordt een richtlijnenboek voor erosiebestrijding opgemaakt voor 
landbouwers. Het vertaalt de wetenschappelijke kennis over bodembehoud voor 
intergeul-, geul- en ravijnerosie naar begrijpbare procedures die klaar zijn voor gebruik. 
Het gebruik van dubbel-inzaaien is één van de technieken die in het boek beschreven 
worden. Naast het boek worden er ook demonstratieprojecten opgestart waarbij de 
verschillende technieken worden toegepast op de akkers van de landbouwers.  
Demonstratieprojecten op boerderijen blijken cruciaal te zijn, omdat het enthousiasme 
van deelnemende landbouwers anderen overtuigt om deze vaak onbekende technieken toe 
te passen. Maar met demonstratie en implementatie van bodembehoudstechnieken eindigt 
het erosieverhaal niet. Monitoring van de effectiviteit van de verschillende technieken in 
een Europese context zal één van de grote uitdagingen van de toekomst zijn. Niet alleen 
op Europese schaal, maar tevens op wereldschaal en in het kader van 'global change' blijft 
het duurzaam gebruik van onze bodems cruciaal. 
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