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SUMMARY Y 

INTRODUCTION N 

Soill  erosion and sediment transport are processes of great importance for 

environmentall  management. They relate to the quality and quantity of global soil 

resources,, and they play an important role in the transfer of nutrients and 

contaminantss from terrestrial to aquatic systems. By bringing together field and 

modellingg work, this thesis aims to improve our understanding of soil erosion on 

arablee land and associated sediment supply to streams, and to assess the effects of soil 

conservationn measures and climate change. The thesis contains results of field studies 

aboutt soil erosion in small agricultural catchments and soil conservation measures in 

Southh Limburg (The Netherlands), as well as a modelling study about soil erosion and 

associatedd sediment supply to streams in the Rhine basin and the impacts of climate 

andd land use change on these processes. In the final chapter attention is paid to a) the 

identificationn of those parts of the sediment supply system that need special attention 

inn further research, and b) to difficulties that are specific to large scales, like the scale of 

thee large river basin or the global scale. 

T H EE F I E L D S T U D D S S ( S O U T H L I M B U R G ) 

Chapterr 2.1 studies runoff generation and soil erosion in small agricultural catchments. Over a 

twoo year period, rainfall, runoff and sediment output were measured in six small 

agriculturall  catchments (3-10 ha) in South Limburg (The Netherlands). These 

measurementss were needed for validation of an erosion model for South Limburg 

(LISEM).. Results of the measurements are presented and processes that determine 

surfacee runoff and sediment yield during winter and summer rainfall are identified. 

Beforee the start of the measurement programme, surface slaking and crust formation 

onn the erodible loess soils was thought to be the main cause of overland flow and soil 

erosionn in South Limburg. This was the starting point for soil conservation measures in 

thee area. The measurement results discussed in this study show that in some 

catchmentss much runoff occurred in winter and that soil moisture storage capacity may 

bee just as important for runoff generation as infiltration capacity. Therefore, when 

modellingg soil erosion and optimising erosion control measures for South Limburg, 

runofff  generation through Hortonian as well as through saturation overland flow must 

bee considered. 

I nn Chapter 2.2 effects of conservation cropping systems on plot erosion are discussed. During four 

years,, runoff and soil loss were measured from experimental plots with seven cropping 

systemss of fodder maize, both under natural and simulated rainfall. Besides runoff and 

soill  loss several other variables were measured including rainfall kinetic energy, degree 
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off  slaking, surface roughness, aggregate stability, soil moisture content, crop cover, 
shearr strength and topsoil porosity. These variables explained a large part of the 
variancee in measured runoff, soil loss and splash erosion under the various cropping 
systems.. The following conclusions were drawn from the measurements: 1) soil tillage 
afterr make harvest strongly reduces surface runoff and soil loss during the winter; 
sowingg of winter rye further reduces winter erosion, though the difference with a 
merelyy tilled soil is small; 2) during spring and the growing season, soil loss is reduced 
stronglyy if the soil surface is pardy covered by plant residues; the presence of plant 
residuee on the surface is essential in achieving erosion reduction in summer; 3) soil loss 
reductionss are much higher than runoff reductions; significant runoff reduction is only 
achievedd by the 'straw system' having flat lying, non-fixed plant residue on the soil 
surface;; the other systems, though effective in reducing soil loss, are not effective in 
reducingg runoff. These conclusions apply to the spatial level at which the 
measurementss were carried out. 

EffectsEffects oj tillage and cropping systems on surface roughness and depression storage are discussed in 

detaill  in section 2.3. The roughness of the soil surface and the associated depression 
storagee capacity are important factors affecting overland flow and sou erosion. Using a 
soil-contactingg pinmeter, microrelief measurements were carried out on experimental 
plotss with various conservation cropping systems of maize and sugar beets. The data 
weree processed to characterise the surface roughness and to calculate the depression 
storagee capacity, the fraction of the surface covered with water and the average 
pondingg depth at maximum storage capacity. The results indicate that the tillage 
calendarr and the type of tillage indeed strongly affect surface roughness and related 
depressionn storage. No-till systems and conservation cropping systems which are based 
onn direct drilling in the spring show a low depression storage capacity compared to 
systemss with a harrowed seedbed. Primary tillage operations like ploughing lead to an 
initiallyy high storage capacity. However, after slaking such surfaces can become 
extremelyy well drained, while retaining a strong relief. In general, the differences in 
depressionn storage between the systems are mainly due to differences in the ponding 
depths.. Surface storage decreased non-linearly with increasing slope, die shape of the 
curvee depending on roughness characteristics. After high-energy rainfall simulations, 
surfacee depressions were far more shallow and emptied rapidly when increasing the 
surfacee slope. Slaking reduced the depth, but not necessarily the number of 
depressions.. Surface depression storage was found to depend on the degree of 
orientationn and on the direction of the slope compared to the tillage direction. Over 
80%% of 54 tilled surface plots proved to have oriented roughness. For tillage perfectly 
followingg the hillslope contours, calculated depression storage was much higher than 
forr tillage in up- and downslope direction. In reality, the oriented roughness will never 
exacdyy match the contours, causing water to drain side-ways through the tillage 
furrowss to points where the water concentrates. This may lead to a burst of water 
causingg serious erosion. The occurrence of overland flow may be more frequent in 
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casee of up- and downslope tillage, but in die same time more diffuse, and thus less 
violentt and erosive. 

Chapterr 2.4 deals with aspects of grass vegetation in relation to soil erosion control. Through 

literaturee research, four options of using grass vegetation were recognised, each having 
itss own requirements concerning maintenance, vegetation characteristics and field lay-
out.. The main filter mechanisms, application in the field and effects on runoff and soil 
losss are discussed. Field experiments on filter strips were carried out to determine 
whetherr literature data of water and sediment retention by vegetation can be applied to 
slopingg loess soils in South Limburg (The Nedierlands). The field experiments 
simulatedd a situation in which surface runoff carrying loess sediment from an upslope 
fieldd enters a grass strip. The retention of water and sediment by grass strips was 
determinedd by measuring runoff discharge and its sediment concentration at the inflow 
andd outflow points from bordered plots. Two locations with different grass age and 
agriculturall  management were studied. Results show that grass strips are effective in 
filteringg sediment from surface runoff as long as concentrated flow is absent. Outflow 
sedimentt concentrations could be described as a function of inflow concentrations and 
stripp width. Reductions of sediment discharge varied between 50-60%, 60-90% and 90-
99%% for strips of 1 m, 4-5 m and 10 m width respectively. Old grass, extensively used 
ass pasture, is more effective in reducing erosion than the younger grass which was 
oftenn accessed by tractors for mowing. Differences in water retention between both 
grasss locations appear to be caused mainly by differences in grass density. 

THEE MODELLING STUDY (RHINE BASIN) 

Soill  erosion and the supply of sediment from hillslope sources to the drainage network 
off  the river Rhine is examined in Chapter 3. The study has resulted in a dynamic, GIS-
basedbased soil erosion and sediment supply model for the Rhine basin, which was subsequendy used 

too assess the impact of climate and land use change on the sediment supply system. 
Thee model is called RECODES: the Rhine model for evaluating effects of 
Environmentall  Change On Delivery of Eroded soil to Streams. It quantifies the 
contributionn of soil erosion on hillslopes to the sediment input into stream channels in 
thee Rhine basin, and produces maps of die sediment source areas. Model output is 
sedimentt production and delivery on a long-term montiily average basis, using long-
termm mondily average meteorological input data. RECODES makes use of some 
routiness of an existing hydrological model for the Rhine basin (Rhineflow). 

Thee model development consisted of several steps. A basic spatial GIS-database was 
created,, containing vital information with respect to soil erosion and sediment supply 
(relief/morphology,, soil features, land use and the drainage network). Sediment 
deliveryy processes were identified and a conceptual model for sediment supply to the 
drainagee network was formulated. A simple mathematical model (GAMES) was 
selectedd and extended such that it agreed with the conceptual model for sediment 
supply,, the data availability, and the requirement of being suitable for climate/land use 
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scenarioo calculations. Model input parameters were derived from the basic data set 
mentionedd earlier, or based on literature data. Some morphologic input parameters 
weree validated through comparison with values derived from detailed topographic 
maps,, scale 1:25.000. Special attention is paid to problems connected to the size of the 
studyy area and the spatial resolution of the available data set. 

RECODESS contains a sediment production (erosion) and a sediment delivery module. 
Thee sediment production module is based on the USLE and its German equivalent 
ABAG,, but was extended to allow for a monthly timestep and to account for effects of 
snoww melt erosion. The amount of mobilised sediment that actually reaches the stream 
networkk depends on the proximity of the sediment source to the stream, the 
occurrencee of overland flow and on the character of the terrain along the route 
towardss the channel (including surface roughness and slope angle). 

AA sensitivity analysis showed that the model output is most sensitive to the variables 
slopee angle, precipitation amount and erosivity, curve numbers, temperature and to the 
USLE-factors.. The slope angle is a variable, which is possibly prone to systematic 
errorss in the available database and is therefore considered as a major source of 
uncertainty.. Precipitation amounts, rainfall erosivity and temperatures are supposed to 
bee rather accurate model inputs. Although the model is fairly sensitive to these 
variables,, they are not considered to be an important source of uncertainty. The curve 
numberss (CN)t which depend on soil features, soil moisture and land use, are strongly 
affectingg the modelled sediment supply. The validity of the CW-method in RECODES 
dependss on the quality of the modelled soil moisture, for which Rhineflow routines are 
used.. Finally, the sensitivity analysis showed that the model output is only moderately 
sensitivee to the variations in the transport distance (/). However, the uncertainty in the 
estimationn of this input parameter is supposed to be rather high. Therefore, the 
uncertaintyy in the model output due to error in / may still be significant. 

Withh RECODES, erosion and sediment supply for present-day climate and land use conditions was 

estimated.. The sediment production for the entire basin was estimated to be 
233 Mt/year, while for the sediment supply 11.7 Mt/year was found (= 50% of the 
production).. The model identifies primary sediment source areas in the Swiss middle 
land,, the southern Rhine valley along its steep edges, the central and downstream part 
off  the Neckar and Main basin with agricultural land use and highly erodible soils, the 
areaa between Mainz and Landau, the downstream part of the Mosel basin and the loess 
areaa between the rivers Lippe and the Ruhr. 

Inn most of the German and French subbasins, the monthly variations in erosion and sediment 
supplysupply are related to the dynamics of the agricultural system, to variations in rainfall 
erosivityy and to the soil moisture state in the basin. Sediment supply resulting from 
erosionn by snowmelt runoff plays a role in the higher parts of the Neckar basin, the 
easternn part of the Main basin, the Vosges, the Black Forest and the Swiss middle 
mountains.. In the Alpine basins snowfall, snow cover and snowmelt are strongly 
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affectingg the temporal pattern of sediment supply to stream channels. These latter 
processess tend to increase the amplitude of both the highs and the lows of the erosion 
andd sediment supply curves during the year. 

Ann uncertainty analysis showed that the model output should not be evaluated at the 
scalee of the individual raster cell; output should be aggregated over larger areas. A main 
problemm in the uncertainty assessment is that littl e is known about the quality of the 
basicc maps. Nevertheless, it is clear that large part of the uncertainty in the model 
predictionss is due to errors in morphometric parameters as these were derived from 
loww spatial resolution data, which do not reflect the situation on the hillslope scale. The 
morphometricc parameters, however, are relatively insensitive to climate change. 
Therefore,, the estimated relative change in sediment supply due to climate change, as 
calculatedd by the model, is expected to have less uncertainty. 

AA  validation of computed erosion rates showed mat computed erosion rates correspond well 
withh aggregated field data on erosion rates. For some individual categories of arable 
landd use, erosion is overestimated, in particular for row crops. The net overestimation 
off  the erosion is about 36% at maximum. This error is based on the assumption that 
thee measured erosion rates obtained under different soil and land use conditions, as 
foundd in the literature, are representative for these conditions. 

AA comparison between sediment yield of major rivers in the Rhine basin and the modelled 
sedimentsediment supply in their upstream areas, showed large differences in both quantities and 
temporall  patterns. Alluvial processes, like storage of sediment in the channel bed and 
floodplain,, indeed play an important role in the basin and may be responsible for these 
differences.. However, at present, it is not possible to say which part of the differences 
cann be explained by these alluvial processes and which part is caused by modelling 
errors.. The comparison of sediment supply with sediment yield indicates that 
suspendedd sediment is stored in the alluvial system in the summer and removed during 
thee runoff season. 

EnvironmentalEnvironmental change is expected to affect erosion and sediment supply processes. On 
thee basis of the scenario study for the year 2050, in which the UKHI 2050 climate 
scenarioo (central estimate) and the CPC land use scenario were used, the following 
conclusionss were drawn for the basin area downstream of the Alps: 

 In a large part of the Rhine basin, the projected land use changes cause sediment 
supplyy to decrease while the projected climate changes have the opposite effect. 

 Locally, annual erosion rates are expected to increase, mainly because the erosivity 
off  rainfall and runoff increases. Regional erosion rates will hardly change or 
decreasee very slightly in many subbasins, because the area of land use types which 
aree susceptible to erosion is expected to decrease. This counteracts the effect of the 
increasingg erosivity. 
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 Processes related to snowfall, snow cover and snowmelt will become much less 
importantt in many French and German subbasins. This affects the temporal 
patternn of erosion and sediment supply. 

 The sediment delivery to the streams becomes harder due to lower soil moisture 
levels,, especially in the season of high erosivity. Therefore, in general, the sediment 
supplyy rates will decrease. 

Thee sediment supplied in the Alps is trapped in the many large lakes at the foot of the 
Alpss in Switzerland, and thus not available for transport to the Dutch waters. 
Therefore,, the modelling results for the Alps were left out of consideration in the final 
figuress that describe the effects of environmental change on erosion and sediment 
supply. . 

Forr the Rhine basin downstream of the Alps, a decrease of sediment supply is 
predictedd compared to 1990, at least for the lower (-16%) and central estimates (-11%) 
off  climate change. For the upper estimate of climate change an increase of 8% is 
calculated.. Therefore, according to this scenario study, the amount of sediment that is 
mobilisedd by soil erosion and supplied to stream channels by overland flow, and which 
iss potentially available for transport to the Dutch waters, is likely to decrease slighdy. 
Thiss conclusion holds for the central ('best') estimate of climate change as employed in 
thiss study (UKHI 2050) and the CPC land use scenario. The supply of sediment will 
increasee if land use does not change (i.e. remains similar to the land use in 1990) or if 
thee climate changes more than projected in the UKHI 2050 scenario. 

EVALUATIONN A N D RESEARCH N E E D S 

Thee final Chapter (4) contains an evaluation in which some issues related to erosion on 
hillslopess and the subsequent transport and delivery to streams channels are discussed. 
Thee studies presented in this thesis show that the occurrence and the severity of soil 
erosionn is very variable in time and space. Large scale patterns are determined by the 
globall  conditions of soil, climate, relief and elevation. Within these global patterns, soil 
erosionn varies strongly depending on finer-scale features like land use type, hillslope 
andd catchment morphology, subsurface soil conditions, and on very fine-scale features 
suchh as soil surface conditions, micro-relief, tillage direction and crop cover. 

Furthermore,, those parts of the sediment supply system that need special attention in 
furtherr research and difficulties that are specific to large scale assessments are 
identified.. Two general problems were recognised: 

a)) Though the knowledge about soil erosion processes is growing, as well as the 
insightt into reducing erosion and related problems, much less is known about 
thee fate of eroded sediment during transport towards streams. The availability 
off  quantitative field data concerning the sediment delivery system (i.e. 
productionn and losses during transport) is very poor compared to that of local 
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plott and field erosion rates on hillslopes. Further research should address the 
connectivityy between disjunctive source areas and stream channels, and the role 
off  gullies in die sediment delivery system. 

b)) There is a lack of knowledge as how to assess sou erosion and sediment 
transportt on a global scale. Most existing models are not suitable to estimate die 
seasonall  patterns in sediment delivery, and are unsuitable for the regional or 
globall  scale. In order to improve large-scale modelling of erosion and associated 
sedimentt supply to streams, it is necessary to better and more explicitly address 
diee different overland flow generation mechanisms and their seasonal controls. 
Ann overland flow model suitable for large scale studies is not yet available. The 
approachess used so far on the regional scale are sufficient for tentative studies, 
butt as long as their validity is unknown they are not satisfactorily for studies that 
aree supposed to direct environmental policy. 




