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Abstract 

Several mathematical models have been developed in recent years to simulate 

hydrologic and sediment transport processed through vegetated buffer strips. Some of 

these models are empirically-based equations with limited applicability to conditions 

other than those under which they have been developed and the input data collected and 

used. There is a considerable amount of uncertainty in the application of existing 

process-based models as they consist of empirical sub-models in their structure. The 

inconsistency between the assumed section of erosion and deposition in and around the 

grass strip beds in the existing models is also a major limitation. Three independent 

predictive models are developed and presented in this thesis to fill in the gaps and to 

improve our predictive capabilities for hydrology and sediment transport across grass 

strips. 

The first model developed in this study is a process-based one capable of simulating 

surface water profile in the upstream section and within grass strips. The data from the 

experiments carried out earlier in Griffith University’s GUTSR facilities were used to 

develop a relationship between the hydraulic roughness and flow characteristics and to 

develop the model itself.  The gradually varied flow equation was used to apply the new 

relationship and to calculate the flow characteristics in the upstream section and within 

the grass strip bed. 

Simulated water surface profiles with this model compare well with observations, and 

this study re-confirms a non-linear relationship between the Manning’s coefficient and 

the Froude number in densely vegetated areas. Based on the findings of this research, 

net deposition of sediment is unlikely to occur in narrow stiff hedge strips. The reason is 
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the very high friction slope and the stream power inside the hedge strip compared with 

the upstream section. 

As process-based models are sophisticated and require a large amount of input data, a 

statistical model was developed to predict the efficiency of grass strips in removing 

sediment. The model was developed primarily to be used to support decision making 

when not enough detailed input data are available. The development of this model is 

new in the field of earth/soil sciences and with its multi-purpose capability, it can be 

expanded to be used in modelling water pollution transport across grass strips. Grass 

type and density, inflow sediment particle size distribution, slope steepness, length of 

strip, and the antecedent soil moisture, all easily measurable quantities, are the five 

major factors on which this statistical model is built. 

Non-parametric machine learning techniques were used to develop this model. The 

machine or supervised learning models have received considerable attention and were 

utilised successfully in various fields of science but not as yet in soil and water quality 

sciences. The strength of this modelling technique is its high accuracy, being physically 

meaningful, and being improvable over time by adding new data to the datasets upon 

which model is built. 

The model was assessed by comparing its outputs with independent datasets. Estimated 

bias, coefficient of model efficiency, and the root mean square error of the model were 

1.01, 0.54, and 14% respectively. From the model outputs for a range of likely scenarios 

it was concluded that very long strips are needed in extreme conditions such as steep 

slopes, wet soil and sparse grass strips in order to trap sediments effectively. 

Finally, a complex process-based model was developed that predicts flow 

characteristics and sediment concentration and discharge, in the upstream section, 
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within the grass strip, and in the outflow discharge. The model, discussed in Chapter 5 

of the thesis, is an upgrade of GUSED-VBS and is named GUSED-VBS 2. It is capable 

of estimating the rate and amount of different sediment particle size classes in the 

outflow. Modified Green-Ampt equations were used in this model to simulate 

infiltration. Gradually varied flow and kinematic wave approximation method were 

utilised to model the flow characteristics upstream and within grass strips respectively. 

The GUEST model approach which was developed previously for erosion and 

deposition prediction over bare soil was modified in order to use its basic principles in 

GUSED-VBS 2. 

The bias, coefficient of model efficiency, and the root mean square error of the 

modelled efficiency of grass strips in reducing sediment concentration compared with 

the observed data were 0.99, 0.58, and 12.7 respectively. The sensitivity analysis 

showed that the flow rate and the length of the grass buffer strip are the most sensitive 

parameters in predicting the runoff reduction. Increasing the slope steepness and the 

flow rate dramatically decrease the efficiency of grass strips in reducing sediment 

concentration and mass in the outflow.  
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CHAPTER ONE 

1 Introduction 

Land and water degradations are major environmental problems in Australia and most 

other countries of the world. The excessive transport of sediment and nutrients from 

lands to aquatic systems can severely impair the ecosystems. The ability to predict the 

amount of pollutants entering surface water bodies is essential for decision making in 

relation to the health of aquatic ecosystems. Mathematical models are tools developed 

to predict or optimise the behaviour of polluting systems in explicit and cost effective 

ways. 

Grass buffer strips are among the management practices found beneficial in reducing 

sediment transport and water pollution by lowering the amount of sediment and 

nutrients across the landscape and into surface water resources. They are narrow strips 

of grass, or other densely growing plants, established across sloping landscapes, in 

estuaries and riparian zones or around the lakes and other freshwater resources to 

protect them from incoming sediment laden surface runoff from surrounding areas.  

The three major factors of increased hydraulic roughness, density of grass strip and 

increased rate of infiltration into the soil over which grass is grown enhance trapping of 

sediment particles upstream and within the grass strips (Deletic and Fletcher, 2006, Le 

Bissonnais et al., 2004, Schmitt et al., 1999). High hydraulic roughness of vegetated 

strips effectively decreases the overland flow velocity thus allowing the sediment laden 

flow more time to deposit some of its sediment load in and around the buffer strip thus 

lowering the amount of sediment and associated pollutants in the outflow. 
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Vegetative filter strips and vegetative buffer strips are distinguished based on their 

different design criteria and physical and chemical functions according to the US 

Department of Agriculture National Handbook of Conservation Practices (NHCP). 

Basically, vegetative barrier strips are very narrow strips of stiff and dense vegetation, 

grown mainly to deal with sediment issues, whereas filter strips tend to be much longer 

and have the additional function of removing chemicals from the runoff water, hence 

more contact time and subsurface processes involved in filtering and buffering the 

runoff water.  

Studies have shown that vegetative strips can substantially increase the infiltration rate 

of the soil inside the strip. Shrestha et al. (2005) observed that infiltration and vertical 

hydraulic conductivity of soil increase dramatically with vegetation. High infiltration 

rate reduces the runoff rate discharge and consequently the mass of sediment and 

pollutants in the effluent. As infiltration reduces the flow velocity, it lowers the 

kinematic energy of the flow within the strip which leads to sediment deposition. 

A number of models have been developed to predict the effects of grass strips on flow 

hydrology and sediment transport (Deletic, 2001, Hussein et al., 2007b, Munoz-Carpena 

et al., 1999, Nearing et al., 1989, Newham et al., 2005, Andriyas et al., 2003). Although 

some of the existing models have the ability to predict the effectiveness of grass strips 

in removing sediment under certain conditions, there is still limitation in their 

applicability and considerable uncertainty exists in their predictions under other 

conditions. Thus there is the need for models with wider applicability and more accurate 

predictions to be developed or current models to be improved. 

Griffith University has a very strong and long record of investigation in both 

experimental and modelling aspects of hydrology and sediment transport in general and 
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through vegetation buffer strips in particular (Ghadiri et al., 2011, Ghadiri and Rose, 

1993a, Ghadiri and Rose, 1993b, Ghadiri et al., 2001, Hussein et al., 2007a, Hussein et 

al., 2006, Hussein et al., 2007b, Rose et al., 2002, Rose et al., 1983, Rose et al., 2007, 

Rose et al., 2003, Yu, 2003, Yu et al., 2000, Yu and Rosewell, 2001, Hairsine and Rose, 

1992a, Hairsine and Rose, 1992b). Rose et al. (1983) developed a process-based model 

to simulate the flow hydrology, rainfall detachment and overland flow induced soil 

entrainment. The theory was expanded later to produce the widely used GUEST 

(Griffith University Erosion System Template) model by introducing new terms of re-

detachment and re-entrainment into the model (Hairsine and Rose, 1992a, Hairsine and 

Rose, 1992b). Re-detachment and re-entrainment are defined as rainfall detachment, 

and runoff entrainment of soil particles already detached/entrained and deposited at 

least once during the event. 

Yu (2003) from the same research group at Griffith University analytically showed that 

the structures of GUEST and WEPP (Nearing et al., 1989), which is a process-based 

erosion prediction model developed by USDA, are identical. GUEST is based on 

simultaneous occurrence of deposition and erosion processes while WEPP implements 

the concept of transport capacity which assumes that deposition only occurs when the 

transport capacity is exceeded. 

Having this very accredited history in modelling soil erosion and sediment/sorbed 

nutrient transport, Griffith University researchers expanded their area of research to 

grass strips. Rose et al. (2002) presented a method for simulating overland flow to and 

through a highly resistive strips using momentum theory. The re-entrainment theory 

was also tested and modified for grass strips in another research (Rose et al., 2003). 

Finally, the Griffith University Soil Erosion & Deposition model for Vegetated Buffer 
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Strips (GUSED-VBS) was developed to simulate surface water profile and sediment 

deposition in the upstream section of grass strips (Hussein et al., 2007b). 

Several experimental studies were carried out to reinforce and test the previously 

conceptual works on grass strips. These experiments were mostly carried out in the 

Griffith University Tilting-flume Simulated Rainfall facility (GUTSR). Ghadiri et al. 

(2001) investigated the runoff hydrology and sediment transport in dense and narrow 

grass strips, while Hussein et al. (2007a) tested the retention of sediment of different 

particle size distributions in stiff narrow grass hedge strips. 

Most of the existing process-based models for predicting the fate of sediment in grass 

strips are not sufficiently accurate in, or have the ability to, explicitly describe the 

sediment transport and deposition processes in time and space. The sediment transport 

sub-models of some of these models are empirical and cannot be applied for conditions 

other than those governing the experiments under which they have been developed. 

Some models have only considered processes inside of the grass strip as the zone where 

deposition occurs (Deletic, 2000), while GUSED-VBS, model accurately simulates the 

processes in the upstream section of the grass strip but not inside the strip.   

This PhD thesis aims to fill in the gaps in the existing knowledge of the physical 

processes occurring in grass strips as well as expanding the modelling approaches to a 

new level to predict the fate of water and sediment in and around grass strips 

considering new concepts and utilising new techniques. Considering the effects of 

infiltration on sediment concentration in outflow, simulating water profile in non-

uniform unsteady conditions, and dynamically linking the hydrology and sediment 

transport sub-models in the upstream section and within the grass strip are among the 

new concepts considered in the new modelling approach reported in this thesis.  



5 

 

This thesis consists of 6 chapters, three of which have been prepared as stand alone 

journal papers, some published and some in the process of being published, plus this 

introduction (Chapter 1), a chapter on literature review (Chapter 2) and conclusion 

(Chapter 6).  A brief description of each chapter is given below: 

The literature on various aspects of grass buffer strips and their application for erosion 

control and for reducing or preventing sediment being transported across landscape or 

arriving into rivers, lakes and other freshwater resources is reviewed in Chapter 2. 

Some experimental results have shown that sediment deposition within hedges is very 

low or sometimes negative (indicating erosion rather than deposition). The reasons for 

this behaviour had not been explored in literature. It is necessary to simulate water 

profile in the upstream section and within the grass strips accurately in order to explain 

such differences in flow and deposition behaviours in and around the buffer strips. 

Chapter 3 is presenting a conceptual method based on a new relationship derived from 

experimental work to simulate water profile and is used to explain differences in erosion 

and deposition processes in the upstream section and within the grass strip. 

Process-based models can explain the effects and interactions of various factors 

involved in grass strip efficiency, but they tend to be sophisticated requiring a large 

amount of input data. The number of essential parameters to run statistical models is 

somehow narrower and easier to obtain. A statistical model to predict the efficiency of 

grass strips in trapping sediment is developed and presented in Chapter 4. Non-

parametric machine learning method is utilised to build this model.  

There is no fully process-based model to predict the hydrology and sediment transport 

inside and around grass strips which considers both deposition and erosion processes for 
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different particle sizes separately, prior to this study. Such a model has been developed 

and is presented in Chapter 5.  

Three independent mathematical models were developed in this research and described 

in Chapters 3, 4 and 5. A general discussion of the three new models developed in this 

study and reported in Chapters 3, 4 and 5 and the links between the three models are 

given in chapter 6.  
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CHAPTER TWO 

2 Literature Review 

2.1 Introduction 

Controlling the amount of nonpoint source pollutants reaching water bodies is a major 

concern. The transport of sediment, nutrients, pesticides, microbial contaminates and 

other pollutants from non-point sources to aquatic systems threatens the life of mankind 

and other organisms.  

One of the most used management practices to reduce sediments and other pollutants 

arriving into aquatic systems from surrounding lands are vegetative buffer strips, also 

called grass strips, hedge rows or buffer strips. These are narrow bands of grass or other 

densely growing plants in estuaries, riparian zones or around the lakes and other 

freshwater resources to protect them from incoming sediment laden surface runoff from 

surrounding areas. The processes that lead to this outcome are filtration, deposition, 

infiltration, sorption and decomposition all enhanced by the presence of the vegetation 

strips (Dillaha et al., 1989).  

Studies show that vegetative buffer strips can increase the infiltration rate of the soil. 

Shrestha et al. (2005) observed that the vertical hydraulic conductivity of soil increases 

with vegetation, and Schmitt et al. (1999) found that doubling the width of a grass 

buffer strip doubles the infiltration rate of soil over which strip is grown. The rate of 

infiltration is highly dependent upon vegetation type. The cumulative infiltration under 

switchgrass is higher than that in normal pasture grass and its sediment reduction 
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capacity of runoff considerably higher (Bharati et al., 2002, Blanco-Canqui et al., 

2004b). 

Increased hydraulic roughness in the vegetative zone, which decreases the flow velocity 

and increases the flow duration and particle settling time inside the strip, is the main 

factor that makes grass buffer strips effective in removing sediment and associate 

pollutants from the water passing through. Stiff erect grasses can apply high hydraulic 

resistance to the flow, while such resistance in smooth and flexible grasses is low.  

While grass strip is not fully submerged its efficiency in removing sediment from 

surface flow is high. The efficiency of vegetative buffer strips in removing sediments is 

reported to be between 40% to 95% in most conditions, but they are much less effective 

in removing particulate or sediment-associated nutrients (McKergow et al., 2004). 

Dillaha et al. (1989) found that the effectiveness of vegetative buffer strips reduces with 

time, by being inundated with sediment, while Hussein et al. (2007a) observed that the 

outflow sediment concentration is moderately constant during the runoff. 

There have been several field and flume studies for evaluating the effects of vegetation 

buffer strips on reducing sediment loss to aquatic systems. Flume studies have been 

conducted mostly to provide understandings of effect of different factors on vegetative 

buffer strips’ performance under controlled environments. Field experiments have been 

carried out to assess the effectiveness of vegetative buffer strips in natural conditions.  

A number of models have been developed to predict the efficiency of vegetation on 

sediments and nutrients deposition in and around the buffer strips (Deletic, 2001, 

Flanagan and Nearing, 2000, Hussein et al., 2007b, Munoz-Carpena et al., 1999, 

Newham et al., 2005). This chapter reviews all field, controlled condition and modelling 

studies carried out around the world on vegetative buffer strips to obtain a better 
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understanding of their performance in different scenarios and discuss the major factors 

affecting this performance. Also the structures of the existing models are explained and 

their limitations are discussed. 

2.2 Review of literature on experimental studies of grass buffer strips 

This detailed review of literature has been carried out with the aim of publishing it as a 

comprehensive compendium of all the major studies carried out on vegetation buffer 

strips all around the world. For this reason, as well as reviewing all major modelling 

studies, an extensive review of experimental studies of buffer strips has also been 

carried out and reported in this chapter, despite the fact that this thesis is all about 

modelling and experimental results of past studies have only been used for testing 

models. In this section of the review (section 2.2) which deals with major experimental 

studies each reviewed paper’s research methodology and its major outcomes are briefly 

presented first, followed by a sub-section where the results of these papers are 

comparatively assessed and interpreted (Section 2.2.3). The review of literature on grass 

strips modelling, which is more relevant to this thesis, is given in section 2.3. 

 Several studies have been carried out in order to quantify the performance of 

vegetative buffer strips on the fate of sediment. Some of these studies were at catchment 

scale, some field scale, and some have been carried out under the controlled conditions 

of experimental flumes and simulated runoff/rainfall. The most important factors in 

vegetative buffers strips performance, as suggested in the literature, are: 

 Strip length; 

 Scale; 

 Soil properties; 

 Vegetation type and density; 
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 Flow rate; 

 Slope; 

 Flow type. 

If the resultant of these factors leads to lowering the flow velocity and increasing the 

infiltration in the strip bed, the performance of grass buffer strips in decreasing the 

pollution of receiving waters is expected to rise. 

The performance of grass strips is reported in all experimental studies by using the 

concept of efficiency, defined as: 

        
         

   
                                                                                              (1) 

where Eff is vegetative buffer efficiency in trapping sediments or nutrients, MSI is the 

total mass of sediment entering the grass strip, and MSO is the total mass of sediment 

exiting the grass strip.  

2.2.1 Controlled condition experiments 

Controlled condition experiments on grass buffer strips started in the 1980s as an off-

shoot of soil erosion studies at research institutes with rainfall simulation capabilities. 

The first documented detailed research of this kind was carried out by Barfield et al. 

(1979) at the University of Kentucky.  

Experiments were carried out by Meyer et al. (1995) in a constructed 10 m long flume 

with transparent walls to study the effects of stiff grass hedges on sediment transport.  

Length of the grass strips varied between 15 to 76 cm, flume slope 5% and flow was 

super-critical with Froude number of approximately 3.6 and flow rate of 2.6 m
3
 min

-1
 m

-

1
. Sediment laden water at fixed concentrations was introduced into the flume and 
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samples were taken from the outflow. Vetiver and switchgrass were used as stiff hedges 

as well as gracillimus and fescue as slim flexible species. Four different sediment 

particle distributions were used to quantify the effectiveness of vegetative strips on 

different particle sizes. 

The results showed that coarser fractions deposited just after the hydraulic jump and 

extended towards the hedge as the events progressed. The sediment loss remained 

almost constant during the event period until the deposition zone reached the hedge 

where the loss was approximately doubled afterward. Sediment particle size distribution 

greatly affected the trapping efficiency of the grass strips, while the effect of flow rate 

was also substantial. Sediment trapping was considerably more in the events that the 

inflow sediment laden water contained higher proportion of coarse fractions. Trapping 

efficiency decreased by increasing the flow rate and the rate of change was higher for 

the coarser particles. Concentration had little effect on sediment trapping in these 

experiments. Vetiver, switchgrass- fescue combination, and narrow switchgrass were 

the most effective types in trapping sediments respectively. Fescue and gracillimus were 

overtopped by the flow and were not much effective. The results showed that 76 cm 

strip of switchgrass hedge was more effective in sediment retention than 14 cm long 

strip of the same type, but a 14 cm long switchgrass strip followed by 62 cm of fescue 

strip had the same efficiency of a 76 cm switchgrass strip. 

Laboratory experiments were carried out by Tadesse and Morgan (1996), to evaluate the 

effectiveness of sheep fescue (Festucu ooina) and meadow grass (Pea pratensis) on 

erosion control. Experiments were conducted on a sandy soil in a soil tray of 1 m wide, 

1 m long and 100 mm depth, and five different slopes were tested. The grass strip was 

80 cm long and measurements took place at the bottom end of the strips as well as a 
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bare soil tray as control. Discharge was produced by runoff only or rainfall and runoff 

combination. 50 mL s
-1

 of runoff only and 25 mL s
-1

 runoff combined with 25 mL s
-1

 

simulated rainfall were applied as the two different water application methods. Base of 

the tray was a wire mesh covered by a sheet of cloth to provide soil free drainage. 

Rill development occurred on slopes greater than 5% on bare soil treatments. In runoff 

only situations a fraction of large particles was deposited along the sides of rills on bare 

soil treatments. Sediment concentration was higher in runoff and rainfall combinations 

than runoff only except on steep slope of greater than 13% in fescue strips. Sediment 

concentration was always higher in bare soil treatments than grass treatments. Fescue 

strip dissipated most of the upstream rill flows coming into the deposited wedge above 

the barrier or dispersed them to small shallow channels. Slope, vegetation type, and 

runoff generating method were the most effective factors respectively, while they also 

had interactions with each other. Fescue strips were considerably more effective than 

meadow grass in reducing the outflow sediment concentration. 

A set of experiments carried out by Ghadiri et al. (2001) in the 1 5.8 m tilting flume of 

Griffith University’s GUTSR facility to study the effects of grass strips on flow 

hydrology and sediment transport. Nail beds with three densities were used in 

experiments to simulate stiff grass as well as using real grass strips. The variables in this 

study were strip type, density, and length, as well as flow rate, slope steepness, and 

surface conditions. Three different densities of nail beds and grass strips were used on 

six different slopes from 0 to 8.8% and two flow rates of 2.27 10
-3

 and 0.73 10
-3

 m
3
 m

-

1
 s

-1
.  

The results showed that hydraulic jump took place at some distances upstream the 

buffer strips. The length of the backwater was observed to be a function of slope, flow 
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rate and strip density. As the slope increased the length of the backwater decreased and 

it entered the resistive strips at around 6% slope. Exponential and linear relationships 

between the backwater length and slope, and the backwater length and strip density 

were derived respectively. 

Sediment deposition took place upstream of the strips, starting at the point that flow 

depth rose (hydraulic jump). Large particles were deposited in the backwater but the 

very fine fractions that entered the strip exited from it with no deposition taking place 

inside the strips. These experiments showed that when the soil bed is not consolidated, 

there will be considerable erosion happening in the strips rather than deposition. The 

strips acted more like “Barrier strips” rather than filter strips as the deposition occurred 

in the backwater region and the rate of deposition was independent of the length of the 

strips. The results clearly showed that although the sediment trapping efficiency was 

higher in steeper slopes, the mass of outflow sediment was higher in them compared to 

low slopes. This can be due to preferential erosion of finer sediments in low slopes that 

do not settle by resistive strips, as the rate of coarse particles in the erosion process is 

high, and a great proportion of them deposit towards the resistive strip. 

Deletic (2005) also carried out flume experiments to investigate the effects of different 

slopes, vegetation densities, flow rates, sediment inflows, and sediment densities on the 

performance of vegetative buffer strips in reducing sediment entering water bodies. 

Infiltration was not allowed and artificial grass was installed to simulate grass strips. 

Three grass densities of 0.71, 1.11, and 1.33 stems cm
-2

 were tested. The experiment 

was conducted in two sets, one for testing the erosion of pre-deposited sediment (re-

entrainment) process and one for monitoring sediment deposition. Fixed concentrations 

of sediment were introduced to the flume to measure deposition along it, and then clear 



16 

 

water was entered to monitor the erosion process. Particle size distributions of the 

deposited sediments were assessed by taking samples along the flume. Four different 

flow rates were applied. 

The results showed that the concentration of sediment decreases exponentially by 

travelling downslope, and finer particles travel much longer distance than the coarse 

ones before deposition. The trapping efficiency was very low for particles finer than 5.8 

μm. Changes in concentration happened very slowly along the flume, thus the 

deposition process took place slowly. The erosion experiments showed that erosion 

within the strips was negligible comparing to the settling process. As most water 

pollutants are attached to fine sediments, the experiments results showed that although 

grass strips are very effective in reducing outflow sediment, they are not very efficient 

in preventing pollutants getting into the receiving waters. 

Hussein et al. (2006) carried out a series of experiments in the GUTSR facility of the 

Griffith University. Dense vetiver grass (Vetiveria zizaniodes L., sterile cultivar Monto) 

was grown in planting boxes and transferred to the flume for experiments. Three slopes 

of 1, 3, and 5% were used with a grass density of 4300 stems m
-2

. The experiment was 

carried out utilising three different sediment types in three flow rates, which all were 

subcritical. The effects of infiltration were not considered in these experiments. 

The results of these experiments showed that although the length of the grass strip was 

very narrow, the efficiency was very high in reducing the sediment outflow. The 30 cm 

vetiver buffer strip reduced the sediment concentration by 96.8, 94, and 88.7 percent for 

sandy soil (Podzol), a red clay (Ferralsol) or a black clay (Vertisol) sediments 

respectively. The outflow concentration of particulate carbon, nitrogen and phosphorous 



17 

 

also decreased by 40%. The results also showed that almost all the deposition took place 

in the backwater region upstream of the vegetative area. 

Particle size analysis of the sediment in the outflow showed that, the outflow sediment 

size is generally in 0.002-0.2 mm range with a fraction of particles finer than 0.002 mm 

in the tests were Vertisol was used as the inflow sediment type. Almost all coarser 

particles were settled in the upstream region. In the continuation of this study Hussein et 

al. (2007a) observed that for both Podzol and Ferralsol the size of the deposited 

sediment increases towards the vegetative zone which was oppose the trend of Vertisol, 

where no considerable difference in size distribution was observed towards the hedge 

(Hussein et al., 2007b). By increasing the slope, the average length of sediment 

deposition zone in backwater region decreased and deposition zone moved closer to the 

front of the strip. The efficiency of the grass strip in trapping sediment bound nutrients 

was low in high slopes. 

2.2.2 Field experiments  

Although the beneficial effect of leaving strips of un-cultivated grasslands in reducing 

erosion on sloping lands has been know and use by farmers on steep lands for centuries 

but scientific field studies of this important management technique has a shorter history. 

The first reported field experiments in which grass strips were used to prevent sediment 

and other pollutant getting into water bodies seems to have been carried out in late 

1980s but were followed by a large number of studies in the 1990s and the first decades 

of the 21
st
 century, mostly in the US but also in many other parts of the world including 

Australia. These papers are briefly reported below and compared in the next section. 

Dillaha et al. (1989) carried out field experiments in Blacksburg, Virginia to evaluate 

the effectiveness of grass buffer strips on fate of sediment and nutrients. Nine 
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experimental plots of 5.5 18.3 m were established with 0, 4.6 or 9.1 m long 

orchardgrass strips located at their lower ends. Plots were on an eroded silt loam soil 

and fertilisers were applied to all plots at fixed rates after tilling. Six plots were under 

sheet flow while concentrated flow was observed in three plots. Simulated rainfall was 

sprinkled over the plots with the intensity of 50 mm hr
-1

 for 1 hr followed by two 30 

min runs after 24 hr with 30 min time split.  

Results showed that 4.6 and 9.1 m orchardgrass strips under sheet flow reduced mean 

sediment loss by 70 and 84% respectively. Deposition occurred mostly in the backwater 

region or the few first meters with the grass buffer strips. The efficiency of grass buffer 

strips decreased through runs due to partial inundation of the strips and increasing the 

soil moisture. The efficiency was almost similar in sheet flow conditions and plots 

under concentrated flow. This was due to lower slope of the concentrated flow plots and 

their reduced sediment transport capacity. As the experimental results were compared to 

observations in 18 farms with grass buffer strips in Virginia State, it was concluded that 

the efficiency of grass strips is less in natural conditions mostly due to abundance of 

rills and concentrated flow forming. 

A study was conducted by Magette et al. (1989) on a sandy loam soils to evaluate the 

effects of 4.6 and 9.2 m fescue strips on sediment and nutrients transport. Fallow Plots 

of 5.5 22 m were in the upstream section of the grass strips as the pollutant source area. 

Liquid Nitrogen (UAN) and chicken litter (BL) were added to the source area at 

different times, while the Phosphorus content of the soil observed to be high. Rainfall 

simulator was utilised to generate runoff with the intensity of 48 mm hr
-1

. The rain 

simulator applied rain to the plots for 1 hr in the dry runs, which was followed by two 

30 min of rainfalls after 24 hr with 30 min split. 
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The sediment loss in BL plots was higher than UAN plots, due to mulching effect of the 

litter. This also caused the Phosphorus loss to be lower in BL plots, as most Phosphorus 

is associated with fine sediments. Phosphorus loss was reduced as the experiment 

continued during the testing period. This happened due to detachment of fine particles 

associated with Phosphorus in the first events following fertiliser application. The 

effectiveness of grass strips in removing sediment was 52 and 75% in 4.6 and 9.2 m 

lengths respectively.  

Daniels and Gilliam (1996) conducted experiments to quantify the effects of natural and 

planted vegetations on sediment and nutrients removal in North Carolina agricultural 

fields. The experiments were carried out in two locations, one with Cecil soil and the 

other with Georgeville soil. Runoff originated in cultivated field in calcil area was 

introduced into four different plots. Two plots were covered by fescue grass, one with 

narrow fescue strip following groundcover, and one with narrow fescue strip following 

mixed hardwood and pine trees. The average slope varied from 2 to 5% in different 

plots and samples were collected at 3 and 6 meters into the fescue strips as well as three 

longer intervals in the other two plots. Three plots in Georgeville area had hardwood 

trees and sparse understory.  

The results showed considerable influences of intensity and duration of storms as well 

as the initial soil water content on sediment and nutrients delivery to the grass strips. 

The efficiency of grass and riparian buffer strips on runoff reduction were 50 to 80% 

respectively. Sediment load was reduced by 80% for both grass and riparian plots 

during two years.  

Robinson et al. (1996) conducted experiments in northern Iowa to evaluate the 

effectiveness of vegetative strips on reducing sediment and runoff. Soil of the area was 
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silt loam (77% silt and 18% clay) and slope was 7 to 12%. The study site was 31 36.6 

m, and the upper 18.3 m was a recently tilled fallow field. The tillage was carried out 

parallel to the slope. The 18.3 m grass strip consisted mainly of Bromegrass and some 

alfalfa and orchardgrass. 13 rainfall events were recorded during the experiment and 

samples were collected at different lengths inside the strips. 

Results showed that most runoff reductions took place in the first 3 m of the grass strips 

and the efficiency was changing very little after 9 m. Infiltration was observed to be 

higher in 12 % than 7% slope plot as the vegetation was denser there. The higher slope 

caused the 12% plots to have approximately twice sediment delivery to the edge of the 

fields than 7% plots. 75% of this sediment delivery happened in the 5 most high 

intensity events. The first 3 m of the buffer reduced sediment loss by 70 and 80% on 7 

and 12% slopes respectively, while the rate of sediment reduction was 85% for both 

plots at 9 m. Although the rate of sediment reduction was higher in 12% plot, the total 

load was high in this plot as the sediment delivery to strips at 12% slope was very high. 

Loch et al. (1999) evaluated the effectiveness of six different vegetation types on 

sediment transport through field studies in South East Queensland. Three different 

densities of swamp grass were planted on coarse-textured soils with the average slope of 

6.3%, while the other three types were grown on areas with finer textured soils and 

29.1% slope. Sediment laden water with fixed concentrations was produced in tanks and 

pumped onto the plots. Two flow rates of 2 and 4 L s
-1

 were applied for 7 minutes to 

every treatment and samples were taken at 1, 3.5 and 7 minutes from start. The 

observations showed that infiltration rate was low and negligible comparing to the 

runoff for all treatments. 
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Deposition took place within the grass strips in all treatments except the plot with high 

density of swamp grass, where some deposition took place in the backwater zone. The 

low slope plots had considerably lower outflow sediment concentrations than the steep 

plots and erosion happened in some steep plots rather than deposition. No erosion was 

observed in steep plots with dense stiff vegetation, while the same flow rate caused soil 

detachment in plots with lower grass density. Trapping efficiency varied widely 

between treatments, varying from 85% in 2 meter heavy swamp strips on 6.9% slope to 

-113% in 3 m clearfelled light litter strips with 25.6% slope. Negative efficiency implies 

erosion occurring rather than deposition. 

A field experiment was conducted by Kabaluapa et al. (2008) at the North Alabama 

Horticulture Research Center, Cullman County. They studied the effects of alley 

cropping, which is growing an alternative crop between rows of crops, to study its 

effects on runoff, sediment loss and nutrient transport, from 2002 to 2004. Soil was 

sandy and slope was 6.5%. Comparison was made between parallel terraces and three 

types of hedges of mimosa (Albizia julibrissin), blackberry  and switchgrass. Rainfall 

intensity was measured for every event during the experiment in order to calculate the 

efficiency of the plots in reducing runoff, sediment, and nutrient transport.  

The treatments were highly effective in runoff reduction and terraces, switchgrass, and 

blackberry had the surface water reduction of 74, 62, and 45% respectively. The hedges 

of mimosa and switchgrass were effective in decreasing the sediment yield by 84 and 74 

% respectively. The performance of treatments in lowering runoff rate, and sediment 

concentration and mass, increased during the experiment, and rapid tillering of 

switchgrass made it more effective than mimosa and blackberry hedges. 
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Raffaelle et al. (1997) carried out some field experiments in Holly Springs, Mississippi 

in 1993, 1994, and 1995. The simulated rainfall of 66 mm h
-1 

was applied on 

experimental plots of 3.7 m long and 10.1 m width with approximately 10% slope. 

Bermudagrass strips of 0.6 m widths were grown at the lower edge of the plots. Soil 

was Lexington silt loam and the treatments were bare fallow, conventional-till, and no-

till plots with and without grass strips. Rainfall was applied for one hour at the 

beginning for the dry run, and after 4 hours the wet run carried out by applying 30 min 

of rainfall and after 30 min extra time of not applying water the very wet run conducted 

for another 30 minutes. 

The results showed that the conventional-till plots without grass strips had 42, 66, and 

72% more soil loss than the conventional-till plots with grass strips in 1993, 1994, and 

1995 respectively. The bare fallow plots without grass buffers had 65, 84, and 88% 

more sediment loss than the bare fallow plots with grass strips for the same three years. 

It was also observed that the bare fallow plots without grass strips had 31, 83, and 70% 

more soil loss than the conventional-till plots without grass buffers in 1993, 1994, and 

1995 respectively. The soil loss in bare fallow plots without grass buffers was 95, 97, 

and 99% more than that in the no-till plots without grass in 1993, 1994, and 1995 

respectively.  

Munoz-Carpena et al. (1999) developed a mathematical model (VFSMOD) for 

simulating the flow hydraulics and sediment retention by vegetative buffer strips. Field 

experiments have been carried out in North Carolina Piedmont region to evaluate the 

model. Six runoff plots were allocated with 4 m length and 37 m width in the field 

where slope was 5 to 7%. Two of the plots had no grassstrips at their exit end, which 

were considered as control plots. Two of the vegetative plots had grass strips of 4.3 m 



23 

 

long, while the other two were 8.5 m long. The ratios of filter area to the source area 

were 9:1 and 4.5:1 for these plots respectively, and the vegetation was a combination of 

fescue, bluegrass and bermuda grass. Two riparian buffers of trees and bushes with 1.3 

m lenth were allocated in the downslope area of the control plots and the runoff was 

distributed in them. They were very steep with the average slope of 19%. Soil of the 

region was clay with a silty-loam surface horizon. The experiment was carried out for 

two years while rainfall and subsequent runoff data were collected. 

The results showed that the main factors affecting sediment concentration in the outflow 

were vegetation density and the inflow sediment particle size distribution. Increasing 

the grass density improved the filtering performance of the vegetative strips for clay and 

silt particles strongly, whilst in sparse grass, the vegetative strip acted as an erosion 

zone rather than deposition. The effectiveness of vegetative strips was also significantly 

higher in soils with high hydraulic conductivity. Riparian buffers were efficient in 

reducing the outflow sediment concentration but as the storm intensity increased their 

efficiency was reduced significantly.  

Another field study was conducted from 1992 to 1994 in North Mississippi Branch of 

the Mississippi Agricultural and Forestry Experiment Station to evaluate the effects of 

conventional tilling as well as having grass hedges on runoff and soil loss (McGregor et 

al., 1999). Slope of the plots was 5% while they were 4 m long and 22.1 wide. The 

length of the vegetative buffer strips was 0.6 m and the measurements were made up to 

0.3 m upstream the hedges to discern deposition ahead the vegetative buffer strip from 

inside. The stiff grass (Miscanthus sinesis) planted as the vegetative buffer strip and the 

treatments of this study were no-till cotton with grass hedges, no-till cotton without 

grass hedges, conventional-till cotton with grass hedges, conventional-till cotton 
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without grass hedges, and no-till cotton without grass hedges but with a winter wheat 

cover. 

The experiment showed that the effect of tillage on runoff reduction is more than the 

presence of grass hedges, and the hedges reduced runoff in the conventional-till cotton 

plots with grass hedges, and no-till cotton plots with grass hedges by 5 and 7% 

respectively. The no-till plots with grass hedges reduced 58% more soil loss than the 

no-till plots without grass, as this rate was 75% for the conventional till with grass 

hedges comparing to conventional till without grass.  

Schmitt et al. (1999) studied effectiveness of different vegetative buffer strips in 

sediment and nutrient loss reduction and the processes involved, using rain simulators in 

field plots from 1995 to 1996. The study took place in University of Nebraska’s 

Agricultural Research and Development Center. Soil was fine textured silty clay loam 

and the plots were 3 7.5 and 3 15 m, which 7.5 and 15 represent the length of the 

vegetative buffer strips. The experiment included forty plots on slopes of 6 to 7% in the 

fields under rotation of sorghum and soybeans. The vegetative strip treatments were 25 

years old mixed grass, 2 years old mixed grasses, one half grass and one half trees and 

shrubs, and grain sorghum. The mixed grass plots were planted switchgrass (Panicum 

virgatum L. var. Blackwell) in spring and fall of 1995, and with tall fescue (Festuca 

arundinacea Schreb. var. K-31) in spring 1996. 

Rainfall simulation as well as surface run-on was applied to the plots to closly imitate 

the natural conditions. The total rainfall of 76 mm applied to the plots from 4 days prior 

the event to 18 hrs before it. During the event 25.4 mm of rain sprinkled in the first 20 

minutes of the experiment. The application of surface flow (run-on) started 10 minutes 

after the start of the rainfall and continued for 25 minutes. The outflow from plots 
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continued 5 minutes after the termination on run-on. A total of 1887 litres of simulated 

surface flow was applied from installed tanks with the known concentration of the 

constituent contaminants to each plot with vegetative buffer strips. 

The efficiency of all treatments on lowering the sediment concentration in the outflow 

was considerably high and was between 76 to 93%. There was no significant difference 

between 7.5 and 15 m plots in reducing the sediment concentration. The 7.5 and 15 m 

wide vegetative buffer strips reduced the outflow sediment mass by 87 and 95% 

respectively, the same as an average for all vegetation types. The vegetative buffer 

strips reduced the concentration of sediment bound nutrients considerably, with 

reduction rates of 47 to 79% for P, and 26 to 51% for N. The runoff reduction was high 

for all treatments as the infiltration reduced the outflow runoff by 36 to 82%. Doubling 

the width of the strips doubled the infiltration. The performance of different vegetations 

on reducing the concentration of sediment and associated nutrients as well as runoff was 

highest in the 25-yr-old grass and lowest in Contour sorghum plots. The efficiency of 

trees and shrubs on filtering of sediment and nutrients was negligible.  

Gilley et al. (2000) conducted a field study in USDA-ARS National Soil Tilth 

Laboratory Deep Loess research in Iowa. The mean slope in the study area was 12% 

and soil was a fine silty soil. A rain simulator was utilised for this experiment and the 

experimental plots were 3.7 m long and 10.7 m wide. The plots had been farmed for 

corn continuously for 33 years and 0.72 m long switchgrass hedges were planted at the 

lower parts of fields six years prior the experiment. The treatments of the study were no-

till and till conditions, with or without switchgrass hedges and corn residues. 64 mm h
-1

 

rainfall was applied for one hour to wet the soil and after 24 hours the same intensity 



26 

 

and amount of rain sprinkled to the plots and runoff and sediment loss measurements 

were conducted for every treatment.  

Although the grass strip was narrow (0.72 m), it reduced the amount of runoff and soil 

loss considerably. In no-till conditions plots with corn residue and grass hedges, the 

runoff and soil losses were 52 and 53% less than plots with corn residue but without 

grass buffers. It was also observed that the runoff and soil loss in tilled plots with corn 

residue and grass hedges were 22 and 57% less than the similar plots without 

switchgrass hedges respectively. It was concluded that having narrow grass hedges 

joining with conservation practices can effectively reduce soil loss from field to water 

bodies. 

Comparison was made between dry and wet runs in different treatments. The results 

showed that the performances of the grass hedges under the two conditions were very 

different. Runoff was 23% more in the pre-wetted runs compared with the dry runs in 

plots without grass hedges, whilst the soil loss was 8% less. Runoff and soil loss were 

2.5 and 3.6 times more in the wet runs than dry runs for plots with grass hedges. This 

result shows the importance of soil water content before the event in the effectiveness of 

vegetative buffer strips.  

Rankins and Shaw (2001) conducted field experiments from 1996 to 1998 in 

Mississippi Agricultural and Forestry Station Black Belt Branch to study the 

performance of vegetative buffer strips on runoff, sediment and herbicide losses. Four 

different vegetation species of big bluestem, eastern gamagrass, switchgrass, and tall 

fescue were planted. The soil of the region was silty clay and the plots had 3% slope. 

Plots were 4 by 22 m in a cotton field. Natural and simulated rainfalls were applied and 

the runoff was monitored for 127 days. The length of the grass strips was 0.3 m. 
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The results showed that the efficiency of big bluestem, eastern gamagrass, switchgrass, 

and tall fescue in reducing runoff were 55, 76, 49, and 46% respectively. It was also 

observed that 80, 78, 71, and 66 % of the sediment loss reduced by 0.3 m long in 

bluestem, eastern gamagrass, switchgrass, and tall fescue strips respectively.  

A study was conducted by Hook (2003) on the effect of vegetation type, strip length, 

slope steepness, and stubble height on sediment reduction in a Montana foothills 

meadow. Twenty six plots of 6m long and 2 m wide were established while the slope 

varied between 2 to 20%. Plots were in different locations of a catchment and identified 

as wetland plots, transition plots, and upland plots. The vegetation types were sedge in 

wetland plots, Baltic rush in transition plots, and bunchgrass and fescue in the upland 

plots. Simulated runoff containing fixed sediment concentration was applied to the plots 

at 6, 2, and 1 m above their lower edges. Some of the grass strips were clipped before 

runoff simulations to study the probable effects of clipping and grazing on sediment 

reduction. The particle size distribution of the applied sediment was 3.7% coarse sand, 

28.2% fine sand, 27.5% very fine sand, 16.1% coarse silt, 10.9% medium silt, 2% fine 

silt, and 11.6% clay based on USDA particle size classes. The soil of the plots was 

sandy loam in the upland, sandy clay loam in transition, and silt loam in wetland zones. 

The results showed that the length of the vegetative strips significantly affected the rate 

of sediment retention, while the stubble heights did not. The wetland vegetation 

performed slightly better than the other two treatments in reducing the outflow sediment 

load and the sediment load reduction for all plots varied between 63 to 99%. The most 

determinant variable in vegetative strips performance was the length of the strip. 6 m 

strips reduced the sediment load from 94 to 99% despite the slope and vegetation type 

effects. This study results show that considerable sediment reduction occurs in dense 
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grass strips longer than 6 m. The type of the vegetation is observed to be more effective 

than the stubble heights.  

McKergow et al. (2004) carried out field experiments in a catchment in North 

Queensland to evaluate the effects of vetiver grass strips on sediment and nutrients 

transport. As the slope was high and rainfalls were intense, conditions seem to be 

appropriate to evaluate the performance of grass strips under extreme conditions. The 

runoff was originated from natural rainfalls and the soil of the area was Krasnozems 

derived from basalt that are a kind of red or brown, acidic, well structured clay soils 

(50-70% clay). The field above the grass strips had been planted banana in 1996. Four 

sites were studied in this research with 15 m long dense signal grass on 7% slope, 15-20 

m long remnant rainforest and on 7% slope, 60 m of signal grass on 3% slope, and 50 m 

of signal grass plus 4 m of vetiver grass on 13% slope.    

The effectiveness of different strip types were very variable. In general outflow from 

plots on high slope with sparse vegetation and high rainfall intensities had several times 

more sediment loss than planar plots under dense vegetation. Grass strips were able to 

trap more than 80% of the loads in low slopes. 

The study showed that in relatively high slopes, grass strips perform as areas of reduced 

erosion rather than acting as deposition zones. The study results suggest grass strips to 

be established in order to prevent rill formation, at the end of crop rows. 

Rey (2004) conducted a catchment scale study in the French Southern Alps to find the 

ratio of grass strips area to the upland eroding area, capable of traping all the generated 

sediment. The results from 40 plots with areas less than 500 m
2
 showed that allocating 

20 percent of areas to vegetative strips can effectively trap all sediments. These results 
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are case dependent and considering area rather than the length of the grass strips can 

make the conclusions incommensurable. 

Le Bissonnais et al. (2004) carried out field experiments in the Pays de Caux 

(Normandie, France). Soil of the area was prone to surface sealing and the topsoil had 

more than 60% silt, 10-15% clay, and low organic matter content of less than 1.5%. Ray 

grass strips were planted at the bottom of 54 m long wheat fields, with the lengths of 3 

and 6 m. The slope gradient of the plots varied from 3 to 5.8% and Runoff had been 

monitored through each rainfall event continuously. The experiments were carried out 

on 8 plots in 1996/1997 season and 11 plots in 1997/1998 season. 

In general, the efficiency of grass strips in reducing runoff was 77% in the two seasons, 

but this efficiency was highly variable, ranging from 7 to 100%, with the changes in 

rainfall characteristics, soil water content and surface conditions. Attempting to interpret 

their results, the authors concluded that although the difference in runoff reduction 

between the 3 m and 6 m grass strips is not very high (60% versus 86% in the first 

season and 73% versus 80% in the second season), as the coefficient of variation is 

much higher in the 3 m strips (27% vs. 46%), it would be safer to establish higher 

lengths of grass strips for long term performance.  

Blanco-Canqui et al. (2004b) carried out series of experiments to quantify the 

performance of switchgrass, fescue, and native grass strips on sediment and nutrients 

transport. The experiments were conducted in the University of Missouri’s Bradford 

Center located 17 km east of Columbia, MO. 

Four different treatments of this study were consisted of 1.5 16 m plots where the first 

8 meters in all plots was under continuous cultivated fallow (CCF) being the sediment 

source. The next 8 meters were under a) 8 m CCF, b) 8 m Fescue filter strips (FS), c) 
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0.7 m switchgrass strip and 7.3 m FS (B-Fescue-FS), and d) 7.3 m switchgrass and 7.3 

m native grass species (B-Native-FS). Native grasses consisted of a mixture of eastern 

gamagrass, Indian grass, big bluestem, gray-head coneflower, and purple coneflower. 

Slope was approximately 4.9% and soil of the area was a silt loam. Soil berms were 

constructed to separate plots from adjacent fields. Rain simulators were utilized for 

runoff and sediment generating with the intensity of 66 mm h
-1

, which continued for 1 

h. The experiment was conducted in dry runs (first rainfall application) and wet runs 

(subsequent rainfall application after 24 h). Samples were collected on 10 minutes 

intervals at 1 m ahead, and 0.7 m, 4 m, and 8 m into the grass strips. 

Results showed that runoff reductions by Fescue-FS and B-Fescue-FS were 11 and 15% 

more comparing to CCF plot. B-Fescue-FS plot performed better in reducing runoff 

because the switchgrass strips retarded the flow more and infiltration was also higher in 

switchgrass strips due to the deep-rooting system and dense surface debris. Native 

grasses reduced runoff with the same rate as fescue strips. 

0.7 m Swtichgrass strip significantly reduced sediment loss more comparing to the same 

length of the fescue grass. Sediment loss reductions were 78 and 91% for eight meter 

long Fescue-FS and B-Fescue-FS treatments respectively. The higher efficiency of 

switchgrass strips was due to the backwater that developed in their upstream section. 

This ponding section in fescue strips was negligible and most deposition occurred 

within the grass strip. 4 and 8 m fescue strips reduced sediment loss by 93 and 97% 

respectively. The results showed that the efficiency of 0.7 m switchgrass strip in 

reducing sediment loss is equal to 4 m fescue strips. This can be important in regions 

with high field value. 



31 

 

In second series of studies, Blanco-Canqui et al. (2004a) conducted experiments to find 

the effectiveness of different strip types on sediment and nutrients removal under 

concentrated flows. 

The study area was the same as Blanco-Canqui et al. (2004b) and comparison was made 

between the performance of 8 m fescue filter strip (FS) and compiling 0.7 m of 

switchgrass strip above 7.3 m of fescue strips (B-FS). Plots were 1.5 16 m, where the 

first 8 meters of the plots were sources under continuous cultivated fallow (CCF). 

Concentrated flow was simulated by constructing a V-shaped channel of 200 mm width 

and 100 mm depth in the centre of the sediment source. Rainfall simulation was similar 

to Blanco-Canqui et al. (2004b) experiment. Samples were taken 1 m ahead and 0.7, 4 

and 8 m into the strip area. 

Inflow was introduced to the upper edge of the plots in different rates in order to 

compare the effectiveness of the two treatments under high flow rates. The rain 

simulators applied 62.5 mm h
-1

 precipitation concurrently with different flow rates of 

2.5, 5.0, 7.5, 10.0, and 12.5 L min
-1

. 12.5 L min
-1

 represents the expected runoff 

happening by 62.5 mm h
-1

 rain if the infiltration is negligible. The inflow started 10 

minutes after the rainfall and flow continued for 15 minutes and increased to the next 

higher rate one after that. The rainfall and inflow were terminated concurrently. 

Results showed that switchgrass strips effectively reduced the concentrated runoff. The 

first 0.7 m of FS reduced 13% of runoff and the rate for B-FS was 16%. B-FS treatment 

reduced 37% of runoff after 8 meters while the rate was 32% for FS. By adding inflow 

to the plots, B-FS reduced the sediment loss by 90%, while FS treatment decreased the 

amount of soil loss by 60%.  
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In their third study, Blanco-Canqui et al. (2006) evaluated the performance of FS strips 

as well as B-FS strips under inter-rill and rill flows. Results showed that the first 0.7 m 

of fescue grass in FS reduced 80% of sediment under inter-rill condition, while the 

reduction rate was 72% under rill flow condition. The performance of the strips 

decreased up to 60% by increasing the flow rate. The efficiency of FS under rill flow 

condition in the eighth meter was lower than that under inter-rill condition. In contrast, 

the B-FS treatment reduced the same rate of sediment loss in both conditions. This 

showed that having a narrow hedge strips like switchgrass above the filter strips like 

fescue can decrease the detrimental effects of rill flow conditions considerably. 

A study was conducted by Borin et al. (2005) to quantify the effects of 6 meter grass 

strips on fate of runoff, sediment, and nutrients in North-East Italy from 1998 to 2001. 

Plots were 35 m wide with 1.8% slope. Vegetative strips were compilation of rotating 

trees (Platanus hybrida Brot.) and shrubs (Viburnum opulus L.), with grass (Festuca 

arundinacea L.) in between. The upstream fields were planted Maize, winter wheat and 

soybean. Soil in the experimental site was loamy down to the depth of 80 cm,. Natural 

rainfall was generating runoff and erosion in the plots. 

The results showed that grass strips successfully reduced total runoff by 78%. The 

runoff was 7 mm after a 171 mm rainfall and 34 mm after 151 mm rainfall in different 

stages of the vegetation growth in grass strips, while the amounts were 22 and 80 mm 

for the same events in plots without buffer strips. It was concluded that fields with no 

grass strip are more influenced by the total runoff, while grass strips performance in 

reducing runoff is mostly governed by the rainfall intensity. 

The grass strips successfully reduced the sediment concentration in runoff, specially 

after second year of study. Measurements during the four years showed that sediment 



33 

 

concentration in runoff never exceeded 0.14 g L
-1

 in grass strip plots, while it varied 

from 0.28 to 0.99 g L
-1

 in plots without buffer strip. Reducing runoff and sediment 

concentration concurrently reduced the volume of outflow sediment from 6.9 to 0.4 tons 

per hectare over the experiment period.  

Helmers et al. (2005) carried out experiments to evaluate the efficiency of grass buffer 

strips in fields in which the flow paths are not controlled by artificial borders. The other 

purpose of their study was to quantify the effects of convergence or divergence of the 

flow through vegetative strips and its effect on their performance. Experiments were 

conducted in 13 250 m vegetative strips at the Clear Creek Buffer, Polk County, 

Nebraska. Vegetation was combination of big bluestem (Andropogon gerardii), 

switchgrass (Panicum virgatum), and Indiangrass (Sorghastrum nutans). Soil was silt 

loam and slope was 1%. Two plots with the dimensions of 13 m in the direction of flow 

and 15 m perpendicular to it were established. The vegetation density varied between 

700 to 1100 stems m
-2

 that is sparser than most other studies described in this chapter. 

Dye tracers used for high resolution mapping of flow pathways in the experimental 

plots. 

Although the sites were relatively planar, observations showed converging and 

diverging areas within vegetative strips. Convergence ratio is defined as 1- FAA/FAC, 

where FAA is the actual facet area, and FAC is the facet area assuming constant width 

equal to the upstream facet width. Convergence ratios varied between -1.55 to 0.34 and 

the distribution of the overland flow was not uniform. Although there was variation 

between subareas performance in reducing runoff load, and the runoff was increased in 

some plots, it was observed that convergence and divergence of flow has low impact on 

sediment trapping. The grass strips trapped 80% of the inflow sediments in total. 
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Schoonover et al. (2006) carried out experiments in a 0.26 ha sub-catchment in southern 

Illinois to evaluate the effects of giant cane (Arundinaria gigantea Chapm) and forest 

riparian strips on sediment retention. The average slope was 1% and the soil was silt 

loam. Four sampling sections were considered for each treatment at 0, 3.3, 6.6 and 10 m 

distance from the field edges. The experiments continued for one year and 19 rainfall 

events occurred during this period. 18 percent of the events were lower than 33 mm, 

while three events exceeded 45 mm. 

The 3.3 m cane buffers and 6.6 m forest buffers were completely effective in reducing 

outflow sediments on a yearly basis. The 3.3 m long giant cane strip reduced sediment 

loss by 94%, and the sediment loss reduction by 6.6 m long forest buffer was 86%. 10 

m length of giant cane and forest strips reduced sediment loss by 100 and 76% 

respectively. Although the soil particle size distribution consisted of 10% sand, 70% 

silt, and 20% clay, the deposited sediment contained 46% sand, 41% silt, and 10% clay. 

The bulk density of the deposited sediments was 1.19 g cm
-3

, while it was 1.08 g cm
-3

 in 

the originating soil. These results show that coarse particles settle beside the field 

upstream edges and finer fractions move further through the strips.  

As sediment concentration was not considerably different between the outflow and the 

inflow, infiltration was concluded to be the most effective process in sediment loss 

reduction rather than flow resistance. The high infiltration rates of 83 and 50 cm h−
1
 for 

cane and forest buffers respectively was related to four important factors of plant 

species, age of plants, density of plants, and wind. The wind blowing across the stems 

loosed the soil, and consequently facilitated the infiltration.  

Ghadiri et al. (2011) carried out experiments near Wivenhoe dam, in south east 

Queensland, Australia, to evaluate the effectiveness of grass buffer strips in reducing 
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sediment and nutrients transport into the dam lake, while upstream lands were under 

prescribed pasture burning. The study was conducted for two different pasture types that 

were seldom inundated pastures (SIP) on sandy clay loams soil, and frequently 

inundated pastures (FIP) on clay loams soil. SIP plots were covered by sparse old purple 

wire grass and weeping lovegrass, while denser black spear grass, chichory, and couch 

were the predominant grass coverage in FIP plots. Plots were 5, 7, and 10 m long which 

the first 5 m was covered by burnt pasture and 0, 2, or 5 m were the different lengths of 

grass buffer strips. All plots were on 5% slope. Rainfall simulators provided 100 mm hr
-

1
 of precipitation for 30 min with 30 minutes of pre-wetting of the grass strips. 

Development of many small ponds in the burnt sections due to the presence of scorched 

crop residues caused low soil detachment by rain as well as no rill erosion happening in 

the burnt areas. Grass buffer strips with 2 and 5 m lengths reduced the sediment loss by 

67 and 88% respectively. Burning process increased sediment loss more than 20 times 

on SIP plots and 8 times on FIP plots. Increasing the buffer length reduced sediment 

and sorbed nutrient loss, especially for SIP plots that had sparse soil cover but had little 

effect on soluble nutrients.  

2.2.3 A comparative assessment of major factors in the effectiveness of grass strip  

In this section the results of all the experimental studies reviewed and reported above 

are compiled, compared and interpreted in terms of the effectiveness of major soil, flow 

and grass strip factors. The results of these experiments, carried out in various parts of 

the world and under field or controlled conditions suggest that vegetative buffer strips 

can effectively reduce runoff volume, sediment load and the amount of particulate 

nutrients and other chemical pollutants getting into surface water bodies. The efficiency 

of buffer strips in doing so is a function of two main processes of flow resistance and 
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infiltration of water into soil, both of which will rise when vegetative strips are in place. 

Physical description of the important factors in vegetative buffers efficiency and the 

experimental support for such effects are summarized below:  

2.2.3.1 Slope 

Slope influences the performance of vegetative strips by altering flow velocity, soil 

infiltration, and erosion/deposition processes. The backwater length in the upstream 

section of the inflow gets shorter with increasing slopes steepness reaching to no 

effective backwater  on slopes higher than 10% under most natural conditions. The flow 

velocity and sediment entrainment are high on steep lands and with no backwater 

present the flow enters the strip at same high speed resulting in low sediment deposition 

within the grass strips. The infiltration rate in the soil bed of the grass strip also remains 

low, as the passage of surface flow is fast and its residence time within the strip short.   

the above scenario suggests lower trapping efficiency for grass strips as the slope 

increases as supported by the experimental results of Hussein et al., (2007a) and Deletic, 

(2005), but many experimental studies have shown the opposite (Daniels and Gilliam 

1996, Loch et al. 1999,  Ghadiri et al. 2001). This is due to higher rate of erosion with 

coarser fractions happening in the source area than on low slopes due to preferential soil 

detachment thus increasing the trapping efficiency of the strips. 

2.2.3.2 Strip length 

The influence of grass strip length on its performance in reducing sediments load is 

highly dependent to the vegetation type. Most experiments showed that narrow strips of 

stiff and dense grass can efficiently trap sediments (Hussein et al., 2007a, Meyer et al., 

1995, Rankins and Shaw, 2001, Ghadiri et al., 2001) while soft and flexible ones don’t. 

Fig 2.1, constructed from the results of all reviewed papers, illustrates the sediment 
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trapping efficiency of strips with different length (expressed as the rate of sediment loss 

reductions). There is a logarithmic relationship (Fig 2.1) between strip length and its 

efficiency regardless of the diversity of experimental conditions and involvement of 

numerous other variable factors. Fig 2.2 shows the rate of change in sediment loss 

reduction in experiments which deposition occurred mostly within the vegetative strips. 

 

Fig 2.1 Efficiency of different lengths of vegetative buffer strips in reducing sediment loss 
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Fig 2.2 Gradient of change in sediment loss reduction in different lengths 
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smooth with more space between the culms and include fescue, bermudagrass, 

bluegrass, gracillimus and ray grass. Vegetation strips made of the first group can 

produce long backwater zone and trap large amount of sediment if they are not 

submerged. The second group of vegetation have more space between their culms that 

provides less backwater but more space for deposition inside the strip. Actual flow 

velocity is lower in fescue type species comparing to switchgrass types. Expanded 

rooting system increases the infiltration potential of the soil, thus reducing outflow and 

providing high sediment deposition capacity. Switchgrass type species with their 

extensive and deep root systems help the soil bed attain the highest rate of infiltration 

among the species. The older grass strips were significantly more effective in reducing 

runoff and sediment loss than younger strips of the same type, due to more expanded 

root systems and stiffer culms with bigger leaves. Fig 2.3 which is based on the data 

shown in the Appendix Table A.1 illustrates the average effectiveness of different 

vegetation types at different strip lengths. 

 

Fig 2.3 Effectiveness of different vegetation types at different buffer lengths on sediment loss 

reduction 
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Switchgrass types are more effective in dispersing rill flows and decreasing rill erosion 

hazards. The combination of narrow length of old switchgrass types followed by long 

strips of fescue types can be very effective in lowering the particulate nutrients loss as 

they require longer distance and less turbulent flow to settle (Blanco-Canqui et al., 

2004a). 

2.2.3.4 Scale 

Catchment scale studies show lower efficiency for vegetative buffer strips in reducing 

sediment loss and pollutants compared with field scale studies. The possible causes are; 

probable inundation of grass strips, rill abundance, heterogeneity of vegetations, and 

larger ratio of source areas to vegetative strips areas at catchment scale. Although fescue 

type grasses show good performances in experimental flume and field scales, 

switchgrass types are considerably more reliable at the larger catchments and on higher 

slopes.   

2.2.3.5 Rainfall and runoff 

The intensity of storms significantly affects the performance of vegetative buffer strips. 

Reviewed experiments show that as the intensity of rainfalls increases, the efficiency of 

grass strips in forcing sediment deposition decreases substantially. Duration of the 

events also affected the performance of grass strips as the infiltration rate decreases with 

increase in event duration, which results in higher flow rates, and decreasing efficiency 

of vegetative buffer strips. Reviewed experiments also show that trapping efficiency of 

strips is much higher when the initial water content of the soil is low, possibly due to 

the higher infiltration into dry soil. The danger of high rates of sediments and pollutants 

transport into water bodies increased in consecutive storm events where soil remain wet 
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after the first storm. The role of water content of soil was considerable in steeper slopes 

where backwater was not substantial and infiltration inside the strip bed was the main 

effective factor in reducing the outflow of sediments and pollutants. Fig 2.4 which is 

based on the data shown in the Appendix Table A.1 illustrates the rate of change 

between dry and wet runs in different slopes of the same strip lengths. As it shows, by 

increasing the slope, the difference between the efficiency of vegetative buffer strips in 

dry and wet runs increases exponentially. 

 

Fig 2.4 Difference between dry and wet runs' efficiencies in different slopes 
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2.2.4 Some concluding remarks on reviewed experimental studies 

Vegetative buffer strips can improve the outflow water quality by increasing the 

hydraulic roughness, reduce through flow velocity and increase infiltration into soil bed. 

The efficiency of grass buffer strips is very much dependent on the major factors of 

slope steepness, strip length, grass type, grass density, rainfall intensity and duration, 

antecedent soil moisture content or how wet the soil is at the start of the event, flow 

type (sheet or concentrated), and soil type. Literature suggests that vegetative buffer 

strips of all sizes and types are more or less effective in reducing sediment outflow 

under majority of soil and environmental conditions tested, but they appear to be less 

efficient in preventing sediment-bond nutrients getting into surface water bodies and 

generally have no effect on soluble nutrients transport. 

The effectiveness of grass buffer strips is strongly affected by grass type and density. 

Stiff and erect vegetation types in very dense strips could efficiently reduce the 

sediment loss, even if the other factors were not in their desirable ranges. Switchgrass 

and vetiver were the two most efficient types. Most deposition occurred in their 

backwater area (area of reduced flow velocity ahead of the buffer), and in most 

conditions sediment loss reduction was considerable even for narrow strips of vetiver or 

switchgrass. Fescue type vegetations, which have more flexible stems could not produce 

long backwaters in most studied conditions, therefore deposition occurred within the 

strip rather than ahead of it and strip length became a considerably more important 

factor in their performance. 

The load of sediments and pollutants in the outflow from vegetated buffer strips were 

higher on steeper slopes, mainly due to shorter backwater and lower infiltration. The 

efficiency of stiff and erect strips (i.e. switchgrass types) in reducing sediment in the 
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outflow was significantly higher than soft and flexible (fescue) type strips on steep 

slopes. Dense and erect vegetation types could effectively reduce sediments and 

associated nutrients even at narrow strip lengths. In more flexible species where most of 

deposition happened within the grass strips, length was a considerably more important 

factor and a much longer strip was required to become effective in removing sediment 

and sorbed nutrients from the water passing through. The gradient of deposition lowers 

by distance as most coarse particles settle early. 

This comprehensive review of experimental works on the efficiency of vegetative buffer 

strips, carried out under vastly different condition and the compilation of their reported 

results in Figs 2.1-2.4 can provide good understanding of physical processes and factors 

involved and a solid basis and direction for further research in this field. One area of 

research need is the development of more process-based mathematical models to enable 

practitioners and modellers to more precisely simulate the processes happening in and 

around the vegetation buffer strips which is what this thesis is all about. 

2.3 Review of Literature on Grass Strip Modelling  

Mathematical models are needed to estimate the temporal and spatial variations of 

sediments and associated pollutants fate for the following two main reasons; 1) physical 

models have limited transferability as they can only represent specific conditions under 

which they have been developed and 2) high cost of long-time tracking of sediment and 

nutrients movement and their transformations. The other benefit of mathematical 

models over physical ones is their simplicity (Papanicolaou et al., 2008). However, 

launching and utilizing physical models and facilities in combination with mathematical 

models can be useful in understanding the exact physical processes involved (de Vries, 

1973). With the recent progresses made in hydraulics and fluid mechanics numerical 



44 

 

methods, mathematical modelling of sediment transport is more frequently used by 

researchers. The major limitation of using mathematical models, however, is the lack 

and complexity of parameterisation data on physical and chemical characteristics of soil 

and crop.  

There are different categorisations for mathematical models, but Sharpley (2007) has 

categorised them into the following three groups: 

 Process-based models: These models conceptually imitate the water, sediment and 

nutrient processes in watershed or field by applying numerical methods to the governing 

differential and algebraic equations that mathematically correspond the processes such 

as rainfall runoff, infiltration, drainage, sediment detachment and deposition, timing, 

management practices and many other actions and reactions. The process-based models 

that use mass conservation equation are called physically based models.  

 Statistical or empirical models: These models are empirical and based on facts, 

measurement and observations. They apply regression or other similar methods relating 

sediment and water quality measurements to different characteristics of the watershed or 

other considered area. This extrapolation of empirical data can produce erroneous 

results as are totally dependent to scale at which measurements have been carried out. 

They are most accurate when based on first principles. In many empirical models the 

applied coefficients are not very accurate and there seems to be a lack of certainty in 

using them. It has to be mentioned that empirical models have better predictions in their 

own development conditions and are not recommended to be used in watersheds with 

varied characteristics. 

 Export coefficient models: These models are based on land-use classification often 

through linkage to a GIS software and coupled with export coefficients or event mean 
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concentration of sediment. The advantage of these event mean concentrations is that 

they can be coupled with available hydraulic simulation models and create load. These 

models are also named as spreadsheet models and are not easy to apply. They often 

apply uncomplicated, empirical equations rather than complicated differential ones, like 

using runoff coefficient for generating it from rainfall.  

There are other ways of categorisation of mathematical models including the use 

process definition, scale or solution techniques (Singh, 1995). It is sometimes hard to 

encompass a model completely in one of the above categories. For example a model 

such as SWAT is a process-based one but it also uses some empirical methods in its 

algorithm. Table 2.1 shows the categories of the models which have been surveyed in 

this research and the scales that they are proper to be implemented at. 

In the following sections, the most cited and important sediment transport models are 

described briefly to specify their strengths and limitations. Most existing models are 

troubled with over-parameterisation, unrealistic input requirements, inappropriateness 

of assumptions, inaccurate parameter values to local situations and the lack of sufficient 

documentations of model testing (Merritt et al., 2003). Most of these models consist of 

two sub-models of Hydrology and Sediment transport.  

Some of the models described briefly in this section are developed just to predict the 

efficiency of grass strips in reducing sediment delivery, while others are generated to 

predict or simulate the fate of water and sediment in general. The reason the second 

group are also described in this section is the potential of these models to be used as 

grass strip models considering necessary modifications.  
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2.3.1 AnnAGNPS 

Agricultural Nonpoint Source Pollution (AnnAGNPS) model (Bingner and Theurer, 

2001) is a GIS-based continuous-simulation, daily time-step, pollutant loading model 

designed to simulate long-term chemical and sediment movement from agricultural 

watersheds. It is an empirical model and simulates the amount of sheet and rill soil 

erosion loss for every runoff event using the Revised Universal Soil Loss Equation 

(RUSLE) model (Renard et al., 1994). AnnAGNPS divides a watershed to user-

specified homogenous, drainage-area-determined cells and tracks the physical and 

chemical constituents from each cell into the stream network and finally to the 

watershed outlet.  

2.3.2 ANSWERS-2000 

The Areal Nonpoint Source Watershed Environmental Response Simulation 

(ANSWERS) (Beasley et al., 1980, Beasley et al., 1982, Dillaha and Beasley, 1983) is a 

process-based watershed-scale model to assess the effects of management practices on 

runoff and sediment loss. Storm et al. (1988) and Bennett (1997) added Phosphorus and 

Nitrogen transport components to the base model respectively. ANSWERS-2000 is a 

continuous developed version of the original model, which includes P and N 

transformations, transport and losses (Bouraoui and Dillaha, 1996). The positive point 

in utilising ANSWERS is that it takes the transmission losses of runoff into 

consideration and is capable of linking with raster-based Geographical Information 

Systems. 

2.3.2.1 Hydrology 

ANSWERS-2000 considers the watershed as an area composed of uniformly sized 

grids, which are homogeneous in major hydrological factors such as soil characteristics, 



47 

 

slope, and vegetation. Spatial variability of parameters can be shown by varying their 

values between elements. 

ANSWERS considers a large number of hydrological processes like interception, 

surface retention, infiltration, surface runoff, evapotranspiration, and water transmission 

to the root zone in its calculations. The model’s water balance equation is: 

                                                                                       (2) 

Where SW is the soil water content (cm) for the day (d), P is precipitation (cm), R is the 

surface runoff (cm), DR is the drainage below the root zone (cm), TD is the tile drainage 

(cm), and AET is the evapotranspiration (cm). Runoff and tile drainage are considered 

as two-dimensional processes.  

ANSWERS utilises a coupled time step: a daily time step for the days without 

precipitation, and a 60-sec time step during precipitation events. Runoff is considered to 

origin from infiltration excess and Green-Ampt equation is used for infiltration 

predictions. The percolation process is due to the volume of water over the field 

capacity of the soil. Evapotranspiration is estimated using Ritchie’s (1972) equation. 

2.3.2.2 Sediment transport 

ANSWERS uses the USLE equation for its erosion prediction. The developers of model 

have mentioned that it is possible to replace this component of the model with a 

physically based sediment sub-model and in the updated version of it, developed by 

Byne (2000), the unit stream power and critical shear theory of WEPP are used. 

ANSWERS is capable of estimating detachment and transport of different particle size 

classes, but only considers deposition of particles of diameter more than 10 μm due to 

the very low fall velocity of smaller particles (Dillaha and Beasley, 1983). 
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2.3.2.3 Abilities and limitations 

As spatial distribution of the parameters is considered in ANSWERS, the model is 

capable of finding the benefits of different local management practices such as the 

implementation of vegetated buffer strips and riparian buffers (Bouraoui and Dillaha, 

2007). This makes the model effective both in watershed and field scale. The inclusion 

of the particle size classes into the processes makes it effective to estimate the nutrients 

pollution, but as in the sediment submodel, ANSWERS does not take small particlers 

into consideration and the outcomes are doubtful. Fisher et al. (1997) applied a spatial 

sensitivity analysis and figured out that many of the outputs were not sensetive to 

differences in the spatial distribution of input parameters. ANSWERS considers erosion 

as a time constant function and as many other models, does not consider changes in 

slope over time with sediment deposition. 

Table 2.1 Categorisation of existing sediment transport models 

Model Process-based Empirical Export coefficient Scale 

GUEST *   Plot 

TRAVA  *  Plot 

WEPP *   Hillslope/Catchment 

USLE  *  Hillslope 

ANSWERS-2000 *   Small catchment 

VFSMOD *   Plot 

RPM * *  Plot 

REMM  *  Plot 

GUSED-VBS *   Plot 

GWLF   * Catchment 

LISEM * *  Small catchment 

HSPF *   Catchment 

SWAT * *  Catchment 

AnnAGNPS *   Small catchment 
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2.3.3 HSPF 

The Hydrologic Simulation Program-Fortran (HSPF) is a process-based dynamic 

watershed-scale model developed from the original Stanford model (Bicknell et al., 

2001). HSPF and SWAT (Arnold et al., 1996) are the two dynamic models, 

corroborated by U.S. Environmental Protection Agency’s (EPA) Better Assessment 

Science Integrating Point and Nonpoint Sources (BASINS) package (U.S. 

Environmental Protection Agency 2004a) for modeling watersheds dominated by 

nonpoins sources pollution. HSPF divides catchments to hydrologically homogenous 

land segments, and water quality is measured for each of these segments. 

2.3.3.1 Hydrology 

Hydrological processes considered by HSPF are rainfall, rainfall interception, 

evaporation, overland flow, infiltration, interflow, soil moisture storage and 

groundwater (Radcliffe and Lin, 2007). 

2.3.3.2 Sediment transport 

Surface erosion is accounted for by the processes of detachment and transport, although 

deposition and wind blown removal can also be simulated. Water quality components 

are treated as washed off with sediments and entering receiving streams (Radcliffe and 

Lin, 2007). As the model is developed for large watersheds, the sedimentation equations 

are not described here. 

2.3.3.3 Abilities and limitations 

HSPF is one of the few conceptual models of watershed hydrology and water quality 

that explicitly integrates the simulation of land and soil contaminant runoff processes 

with in-stream hydraulic and sediment–chemical interactions. The most remarkable 
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project that HSPF been used in to model P dynamics and transport is Chesapeake Bay 

Model. The model divides a watershed into sub-basins and models water, sediment , 

and P movement in each division. A limitation of HSPF is that it is notably dependent 

on calibration against field data for parameterisation (Walton and Hunter, 1996).  

2.3.4 GUEST 

GUEST is a process-based steady-state model developed by Hairsine and Rose (1992) 

to predict temporal variations in erosion/deposition processes in single events and bare 

soils with constant slopes. The model is capable of measuring the rainfall erosion 

(detachment/re-detachment), runoff erosion (entrainment/re-entrainment), and 

deposition simultaneously. The components of GUEST model are briefly discussed 

below. 

2.3.4.1 Hydrology 

The essential input data in the hydrology part of model are rainfall rate (P in m s
-1

), 

runoff per unit area (Q in m
3
 m

-2
 s

-1
) for a known area (A in m

2
), the downslope length 

(L in m), and the uniform degree of slope (S). 

GUEST is capable of estimating the surface runoff with and without rills. In the absence 

of rills the surface runoff is considered uniform across the slope and is the product of Q 

and the downslope distance. The depth of flow then can be measured using Manning's 

equation. 

If there were N number of rills present in the area, GUEST assumes that flux of water 

per unit width of plot is uniformly divided to them in equal amounts. Users can choose 

two options of trapezoidal or rectangular cross-section for rills. Moore and Burch 
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(1986) expressions for discharge in rills is ultilised by the model to measure the flow 

depth in rills. 

2.3.4.2 Sediment transport 

Two main erosion processes of rainfall detachment and overland flow entrainment due 

to the shear stress exerted on soil have been taken into consideration in GUEST. The 

model allows the erosion to be processed in sheet and rill flow. 

One-dimensional mass balance equilibrium is the governing equation for sediment 

transport and is: 

      

  
  

      

  
                                                                                        (3)            

Where D is water depth (m), ci is the sediment concentration in particle-size class i (kg 

m
-3

), t is the time (s), q is the flow rate per unit flow width (m
2
 s

-1
), x is the downstream 

distance (m), ei and edi are rainfall detachment and redetachment rates (kg m
-2

 s
-1

), ri and 

rri are the runoff entrainment and re-entrainment (kg m
-2

 s
-1

) and di is the rate of 

deposition (kg m
-2

 s
-1

). The terms in the right hand of the equilibrium were modelled as: 

        
   

 
                                                                                                             (4) 

        
    

   
                                                                                                             (5) 

        
       

  
                                                                                                      (6)  

     
          

       

   

   
                                                                                                     (7)                                                  

                                                                                                                               (8)   
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where H is the fraction of the soil covered by deposited sediment, a is the parameter of 

detachability, p is an exponent, P is the rainfall intensity (m s
-1

), I is the number of 

particle size classes, ad is the rainfall redetachability parameter for the deposited layer, 

Mdi is the amount of sediment in size class i in the deposited layer and Mdt is the total 

amount of deposition. Ω and Ωo are stream power and threshold stream power per unit 

area (W m
-2

) respectively, and are the product of shear stress and flow velocity. The 

threshold stream power is the value that no entrainment would happen below that. F is a 

constant (approximately 0.1) and relates to the fraction of excess stream power (Ω - Ωo) 

effective in entrainment and re-entrainment. J is the factor of soil erodibilty and is 

called the specific energy of entrainment (J kg
-1

) and is equal to the amount of energy 

needed to entrain a unit mass of original soil. σ is the sediment wet density (kg m
-3

) and 

ρ is the water density (kg m
-3

), g is the acceleration due to gravity (m s
-2

), αi is the ratio 

of concentration of sediment near the soil bed to the mean sediment concentration 

(Croley, 1982), and vi is the fall velocity of the particle size class i in water (m s
-1

). 

2.3.4.3 Abilities and limitations 

GUEST is not a simple model and needs large number of inputs. Runoff measurement is 

difficult and sometime impossible; Determination of the geometry of rills is also 

difficult and in needs of post-event inspection of the plot area before utilising the model. 

GUEST cannot predict the erosion/deposition processes in the plots with changing 

surface covers, assumes slope to be constant and neglects the infiltration Despite these 

limitations the model tests illustrated acceptable predictions of sediment erosion and 

deposition comparing to WEPP model which is based on Foster-Meyer detachment and 

transport processes (Nearing et al., 1989), and Meyer-Wischmeier processes (Meyer et 

al., 1969).  
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Griffith University has produced another erosion model named GUSED-VBS that has 

the ability of predicting the sediment transport in the presence of vegetated buffer zones, 

which is described in the following sections and improved in Chapter 5 for this thesis.  

2.3.5 GUSED-VBS 

Griffith University Soil Erosion & Deposition (GUSED)-Vegetation Buffer Strips 

model developed by Hussein et al. (2007b) to predict soil erosion and deposition in the 

upslope section of grass buffer strips. The approach in estimating erosion and deposition 

is based on GUEST model (Misra and Rose, 1996) developed at Griffith university 

some years earlier. The strength of GUSED-VBS is that it can dynamically adjust the 

length and depth of backwater, topography, and velocity over time due to continuous 

deposition and erosion in event periods. GUSED-VBS outputs are water depth and bed 

profile at varied distances from the grass strip in different time steps, and the sediment 

concentration for every size class in the flow. The model neglects the effects of 

infiltration. 

The Hydrology and sedimentation parts of GUSED-VBS are totally linked, and as the 

deposition continues the model modifies the bed level and measures the water level at 

every point with a new bed slope at each time step. The governing equation to predict 

the variations in water depth over distance is Eq 9. GUSED-VBS uses the following 

differential equations to estimate the sediment concentration at the beginning of 

vegetated buffer strips: 

 
   

  
           

  

   
                                                                                      (9) 

     
        

      
                                                                                                      (10) 
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                                                                                                    (11) 

where q is the unit discharge (m
3
 m

-1
 s

-1
), ci is the sediment concentration in size class i 

(kg m
-3

), x is the downslope distance (m), vi is the fall velocity for size class i (m s
-1

), 

rmax is the maximum rate of entrainment (kg m
-2

 s
-1

) (Yu, 2003), F is the fraction of 

stream power available for entraining sediments, σ is the wet density of sediments (kg 

m
-3

), Ω and Ωo are stream power and threshold stream power per unit area (W m
-2

), ρ is 

the water density (kg m
-3

), z0 is the initial bed profile (m),   is the porosity, and c is the 

total sediment concentration (kg m
-3

). 

Bed slope is being modified in each time step as: 

   
   

  
                                                                                                                     (12) 

The Runge–Kutta method is used to solve the coupled differential equations. 

2.3.5.1 Abilities and limitations 

GUSED-VBS is able to interactively simulate the bed topography in every time step, 

model the new water profile and compute the sediment concentration in each time step. 

This linkage between hydrology and sedimentation parts of GUSED-VBS makes the 

model unique in predicting the effectiveness of vegetative buffer strips on sediment 

retention. Hussein et al. (2007b) compared the model predictions with flume 

experiments outcome and found that it has acceptable accuracy. The main limitations of 

GUSED-VBS are that it omits infiltration and also neglects the processes within the 

grass buffer strip. The model developed in this study and reported in Chapter 5 expands 

GUSED-VBS to cover the processes happening inside the grass strip, thus removing 

one of its major limitations. 
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2.3.6 GWLF 

The Generalized Watershed Loading Functions (GWLF) is an export coefficient model 

(Haith and Shoemaker, 1987, Haith et al., 1992. ) developed at Cornell University to 

predict nutrient loss from watersheds in daily time steps. It considers the watershed as 

discrete hydrologic response units (HRUs), which produce runoff and erosion and a 

single groundwater reservoir that produces base flow. ArcView GWLF (AVGWLF) 

(Evans et al., 2002.), and Variable Source Loading Function (VSLF) Model 

(Schneiderman et al., 2002, Schneiderman et al., 2007) are the two new versions of 

GWLF. 

GWLF and its newer versions are completely watershed scale and cannot be used at plot 

scale. The hydrology part of model is based on Natural Resources Conservation Service 

(NRCS) curve number (CN) method (Natural Resources Conservation Service 1972) 

that cannot be used in field scale. GWLF assumes that the concentration of sediment-

bond nutrients is constant in runoff for whole watershed and the minimum time steps in 

model measurements is daily steps that makes it deficient for estimation of sediment 

and nutrient retention in vegetative buffer strips. 

2.3.7 LISEM 

The LImburg Soil Erosion Model (LISEM) (De Roo et al., 1996) is a physically based 

model that is entirely integrated with a raster Geographical Information System. Like all 

GIS based models, LISEM needs a large amount of of input data. EUROSEM (Morgan 

et al., 1998) is the model that LISEM is based on and utilises many empirical equations 

in its calculations. Rainfall interception, surface storage in micro-depressions, 

infiltration, perpendicular water movement through soil, surface flow, channel flow, 

detachment by rainfall and throughfall, entrainment by overland flow, transport 
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capacity, and the impact of wheeling and tiny paved roads are the processes 

incorporated in the model. 

2.3.7.1 Hydrology 

overland flow in LISEM is rainfall – (pores storage + interception + infiltration). Soil 

water transport and infiltration are measured using a combination of Richards, Darcy 

and continuity equations. Rainfall interception is estimated using equations developed 

by Von Hoyningen-Huene (1981) and Merriam (1960) given below: 

                                                                                     (13) 

                                                                                              (14) 

where SMAX is the maximum storage capacity (mm), LAI is the leaf area index, CINT is 

the cumulative interception (mm), PCUM is the cumulative rainfall (mm) and p is the 

correction factor (1 - 0.046 LAI). 

Onstad (1984) equation is used to find the micro-depressions water storage as: 

                                                                         (15) 

where RETRAIN is the rainfall excess needed to fill depressions (cm), RR is the random 

roughness (cm) and S is the slope (%). 

A four-point finite difference method of the kinematic wave as well as the Manning's 

equation are used to find overland flow and channel routing. 

2.3.7.2 Sediment transport 

Splash detachment in LISEM is simulated as: 

      
    

        
                               

     

  
                    (16) 
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where DETR is the throughfall and leaf drainage detachment (g s
-1

), AGGRSTAB is the 

soil aggregate stability (median number of drops), KE is the rainfall kinetic energy (J m
-

2
), DEPTH is the depth of the surface flow (mm), P is the rainfall (mm), I is the 

interception (mm), dx is the size of an element (m), and t is the time step (s). 

Govers (1990) approach is used in LISEM to predict the transport capacity as a fuction 

of stream power. The equation is: 

                                                                                                         (17) 

where TC is the volumetric transport capacity (cm
3
 cm

-3
), S is the slope, V is the average 

flow velocity (cm s
-1

), and C1 & D1 are empirically derived coefficients. 

The approach in simulating flow entrainment and deposition is derived from 

EUROSEM model (Morgan, 1994). Deposition happens when the measured sediment 

from detachment is more than the transport capacity as shown in the following equation: 

                                                                                                      (18) 

where DEP is the deposition rate (kg m
-3

), w is the flow width (m), vs is the settling 

velocity of the particles (m s
-1

), TC is the transport capacity (kg m
-3

), and C is the 

sediment concentration in the flow (kg m
-3

). 

If sediment concentration in the flow is less than the transporting capacity, entrainment 

happens and is calculated using the EUROSEM approach (Morgan, 1994) as: 

                                                                                                          (19) 

where DF is the entrainment rate (kg m
-3

), and y is an efficiency coefficient that is: 

  
 

            
                                                                                                      (20) 
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where COH is the cohesion of the saturated soil (kPa). 

2.3.7.3 Abilities and limitations 

although LISEM is a physically based model, some empirical equations such as the 

transport capacity formula are used in it. As the model runs in the GIS environment, it is 

highly dependent to large amount of variable spatial and temporal input data. The model 

sediment loss predictions are far from being accurate, and does not consider different 

particle size classes in its calculations. LISEM does not simulate erosion in rills and 

only considers it to happen in ponded area. 

2.3.8 REMM 

The Riparian Ecosystem Management Model (REMM) developed by Lowrance et al. 

(2000) to estimate the effects of riparian strips on nonpoint source pollutions in field 

scale. The model divides the riparian area to three zones (Fig 2.5): Zone 1) a narrow 

natural forest area beside the waterway for bank and environment protection, Zone 2) a 

woody vegetation area to keep sediment and nutrient apart from upstream runoff, and 

Zone 3) a vegetated filter strip for dispersing the flow and deposition of sediment and 

nutrients. Although this is the default order, the user can eliminate one or two zones or 

define his/her own managment order. The soil is also denoted to have three vertical 

layers. The two upper layers correspond with the A snd B soil horizons and the third 

one is described as the root zone or the depth that extend to the impermeable soil 

horizon. 
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Fig 2.5 Riparian buffer strips in REMM (Lowrance et al., 2000) 

2.3.8.1 Hydrology 

The processes of interception, evapotranspiration, infiltration, vertical drainage, surface 

runoff, subsurface lateral flow, upward flow from the water table, and deep seepage are 

considered in REMM model. These are accomplished on a daily basis and are based on 

mass balance and rate controlled methods. 

2.3.8.2 Sediment transport 

REMM divides the riparian zone to rill and interrill areas and utilizes the equations of 

USLE (Wischmeier and Smith, 1978) to estimate rill and interrill erosion in each zone. 

Foster et al. (1985) method is used to classify the total eroded mass to five particle size 

classes at the point of detachment as well.  

A modification of the Bagnold Stream Power equation utilized in Agricultural Nonpoint 

Source Pollutant Model (AGNPS) (Young et al., 1989) is used to measure the effective 

transpost capacity. Sediment modelling is based on the steady state continuity equations 

of Foster et al. (1981) and Lane (1982) used in AGNPS. 

2.3.8.3 Abilities and limitations 

REMM gives the ability of defining different management scenarios to its users. Users 

also have the chance to choose different vegetation types from models default choices, 
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and the model considers the vegetation growth in its measurements as well, which is a 

unique ability of REMM. Defining a daily time step makes the results not much 

accurate. As USLE is used for the erosion part, the model is completely empirical in 

that section. 

2.3.9 RPM 

The Riparian Particulate Model (RPM), is a catchment-scale model developed by 

CSIRO to measure the particulate trapping efficiency of riparian buffers through 

settling, infiltration and adhesion (adsorption) processes (Newham et al., 2005). The 

model divides the sediment load into two size classes of: a) coarse (>50 µm) particles 

that are trapped by settling, and b) fine (≤ 50 µm) particles that are trapped by 

infiltration and adhesion. RPM runs in a daily time intervals and considers the buffer 

characteristics such as vegetation type, slope and buffer length, and requires a large 

number of input data.  

RPM assumes that every riparian buffer has an actual trapping capacity that is the 

maximum amount of sediment it can trap before getting full. If the event is small, buffer 

will trap the majority of the sediment delivered to it, and in large events, there may be 

scathes to the vegetation by shear, scour, bending, breaking and burial. In this case, the 

trapping capacity will be decreased and most of the delivered sediment will pass 

through the vegetated strip. 

2.3.9.1 Hydrology 

RPM divides surface flow to three parts. Some surface flow goes through streams via 

small, ephemeral channels. The other part, passes through the riparian zone but will by-

pass the filtering elements by flowing in channels within the buffer. In the third part, 
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some flow will reach the streams by passing through dense vegetation via ephemeral 

channels that have very high trapping efficiency. 

RPM considers the backwater region as well as the vegetated region, to be the area that 

has the ability of trapping coarse particles. The length and height of these regions 

depend on the length and width of the riparian buffer strip, the effective height that 

particulates may accumulate, and the bed slope. 

2.3.9.2 Sediment transport 

RPM defines a parameter named “Effective vegetation height” that is the maximum 

depth of sediments that the riparian vegetation can trap before its efficiency is severely 

reduced. In mown or stubble grasses the effective height is roughly estimated by the 

mean stem length, but in long grasses it is considerably less than the stem height, due to 

bending by runoff and vertical height of grass after bending needs to be considered. 

The actual trapping capacity in an event is estimated as: 
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                                                      (22)  

where S
n
 is the amount of sediment that can be trapped during day n (t), ρs is the 

particulate density (t m
-3

), the farctor of 2000 is for units compatibility, L is the length 

of steams with riparian buffers on both banks (km),    is the average of cosθ and θ is the 

buffer slope, H
*
 is the effective trapping height on day n during the runoff event (m), P 

is the path length across the buffer (m), and ϕ is the average stem density (stems m
-2

). 

Therefore: 
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                                                                                                      (23) 

where D
n
 is the daily total coarse particles trapped on day n (t), and E

n
 is the daily total 

mass inflow of coarse particles (t). 

An important issue about riparian buffers is that vegetation decreases soil compaction 

and increses its infiltration and permeability by bioturbation and root growth and decay. 

RPM uses the follwing equation to account for the effect of  infiltration on the trapping 

of  fine sediment: 

       
 

                                                                                                                   (24) 

where I
n
 is the daily mass of fine particles trapped on day n by infiltration (t), i

n
 is the 

daily total infiltrated water on day n (m
3
), and   

 
 is the concentration of fine particles 

in surface runoff on day n (t m
-3

). The model assumes that infiltration is constant over 

time and is not related to the event size. 

The model measures the total mass of fine particles adsorbed to the total surface of 

vegetation as: 

         
                                                                                                              (25) 

where A
n
 is the daily total mass of fine particles adsorbed on day n (t), Ψ is the packing 

factor that relates to the void spaces between sediment particles and changes from 0 to 

1, ρs is the density of fine sediment (t m
-3

). If the user wants to find the adhesion to litter 

and surface soil particles, the area of their surfaces must be added to the W
n
. 
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2.3.9.3 Abilities and limitations 

Adding sediment infiltration and adhesion parts to a sediment transpost model is one of 

the RPM’s uniqe abilities. Newham et al. (2007) tested the model with two 

experimental studies and the outcome was acceptable.  

Some of the model’s equations are empirical that may cause misfunctioning. The model 

does not consider the settling process explicitly in either the backwater or inside 

vegetation strips. It also does not consider the detachment and entrainment processes. 

RPM only relates the effect of large event to lowering the trapping capacity, without 

considering the effects of high velocity. As the model does not divide the sediment into 

ditributed size classes, its results can not be implemented to assess sediments associate 

nutrients pollution. 

2.3.10 SWAT 

The Soil Water Assessment Tool (SWAT) (Neitsch et al., 2000) is developed by U.S. 

Department of Agriculture Agricultural Research Service (USDA-ARS). It is a 

catchment scale semi-process-based model that implements daily time steps in its 

measurements. However, watershed models such as SWAT have limited capabilities for 

simulating riparian buffer processes. 

2.3.11 TRAVA 

TRAVA is a one-dimensional, single event model, produced to predict the water and 

sediment transport over grassed strips (Deletic, 2001). The model is developed at the 

University of Aberdeen and simulates the two major processes of a) generation of 

runoff and b) sediment transport. The creators of model developed a new method for 

assessing sediment deposition through the grass strip. The model does not simulate 
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sediment deposition upstream the grass strip and re-entrainment of the deposited 

particles. Infiltration of particles into the soil is also neglected. TRAVA has the ability 

of modelling the particle size distribution in the outflow, which makes it potentially an 

applicable model for assessing pollution transport to water bodies if a sorbed nutrients 

transport submodel is added to it.  

TRAVA is based on the following assumptions: 

 Neglecting the infiltration of sediment particles 

 Neglecting the re-suspension of previously deposited sediment in grass 

 Grass is always non-submerged 

 If the model applies for a series of rainfalls, the initial soil wetness is regarded as 

constant 

2.3.11.1 Hydrology 

Three processes of a) infiltration b) surface retention and c) overland flow are taken into 

consideration for runoff prediction in TRAVA. The runoff is assumed to originate from 

infiltration excess, but no saturation excess runoff is considered in TRAVA. 

Kinematic wave model is used to predict the runoff as it had successful predictions in 

previous applications (Munozcarpena et al., 1993, Deletic et al., 1997). The mass 

continuity equation is used as:  

  

  
  

  

  
                                                                                                       (26) 

where h is  water depth (m), I is  rainfall intensity (m s
-1

) and wo is  infiltration rate (m s
-

1
). The model has the ability of utilising two momentum equations of Dracy-Weisbach 
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or Manning to compute the overland flow per unit width (q in m
2
 s

-1
). The infiltration 

rate is estimated using Green-Ampt method. It is based on the two following equations: 

Mass continuity equation: 

  

  
  

  

      
                                                                                                                (27)       

And Momentum equation (Darcy’s law): 

      
      

 
                                                                                                              (28) 

where H is the average depth of the wet front in soil (m), θs is water content in saturated 

soil, θi is the initial soil water content, Ks is the hydraulic conductivity of saturated soil 

(m s
-1

), and hc is the average capillary fringe height (m). 

2.3.11.2 Sediment transport 

TRAVA considers three major processes in its sediment sub-model, which are: a) 

particle deposition, b) sediment transport and c) surface level and slope changes.  

The model uses series of empirical equations based on experiments carried out by 

Deletic (1999) and Deletic (2000). The experiments were conducted in a laboratory 

flume covered with artificial grass and sediment entered the flume at a constant rate. 

Different slopes, flow rates and grass densities were tested in the experiments. The 

surface was impervious and infiltration was not allowed. A relationship was found 

between the particle fall number and the trapping efficiency. The particle fall number is 

defined as: 

     
   

  
                                                                                                                    (29) 
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where l is the grass strip length (m), Vs is the Stokes’ settling velocity of the particle ds 

(m s
-1

), h is the depth of water flow (m), and V is the average flow velocity between the 

grass blades (m s
-1

). Using the collected experimental output data, the trapping 

efficiency for the sediment fraction (particles of diameter ds) was found to be: 

     
    

    

    
          

                                                                                                   (30) 

The classical mass continuity equation is carried out to predict sediment transpost in 

TRAVA model. 

Changes in surface level due to deposition of sediment is measured as: 

       

  
  

 

    
 

 

    
                                                                                                (31) 

where Z is the bed level, p is the porosity of deposited sediment, ρs is the particle 

density (kg m
-3

),  s,s is the trapping efficiency for fraction s per unit length (m
-1

), qs,s is 

the sediment loading rate of fraction s per unit width (g s
-1

 m
-1

), and S is the slope. 

Temporal and spatial changes in slope is estimated as: 

       
       

  
                                                                                                       (32) 

2.3.11.3 Abilities and limitations 

The model is specificaly developed to predict the effect of grass strips on sediment 

transport and deposition. Like other empirical models TRAVA’s performance is limited 

to the experimental conditions under which it was developed and cannot be 

implemented for many ranges of input data. As shown by Hussein et al. (2007b) and 

others, major deposition may place up-stream of the buffer, which TRAVA does not 

take into account. Monitoring the particle size classes is of TRAVA’s strength points. 
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2.3.12 USLE 

USLE (Universal Soil Loss Equation) is an empirical model based on vast variety of 

data in United States, developed by United States Department of Agriculture (USDA) in 

1970’s (Wischmeier and Smith, 1978). Several modifications have since been made to 

the USLE (e.g. MUSLE; USLE-M, (Kinnell and Risse, 1998), and the more applicable 

version of it, RUSLE (Renard et al., 1994)). Although USLE is developed as a plot 

scale model, its simplicity and empirical nature have made it popular around the world 

and been used vastly to predict erosion and sediment transport at field, slope and 

catchments scales. USLE, like most empirical models, is not event-based and predicts 

the annual soil loss (although RUSLE has an event-based version) 

USLE and its revised versions do not predict sediment yield. It means that the model 

does not consider that a part of sediment may deposit in its way to the outflow and only 

estimates the edge of the field erosion rate. 

2.3.12.1 Hydrology 

As USLE is not event-based model, it does not account for the effects of a certain 

rainfall and runoff event on erosion processes and has no hydrology component. 

2.3.12.2 Sediment transport 

USLE denoted six multiplicative factors to predict annual soil loss as: 

                                                                                                                   (33) 

where A is the mean annual soil loss per unit area, R is the rainfall erosivity factor, K is 

the erodobilty factor, L is the slope length factor, S is the slope steepness factor, C is the 

crop management factor and P is the management practices factor. The P factor defines 
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the ratio of soil loss in a plot having certain land management practice to that of a plot 

without any specific practices. 

As the aim of this research is to find the effectiveness of vegetated buffer strips on the 

fate and transport of sediments, determination of P factor is the key point in USLE’s 

relevance to this research, thus discussed further. The P factor values represented in the 

model were empirically assessed utilising annual mean soil loss on specific standard 

plots.  

RUSLE unlike USLE considers deposition process in its computations. In RUSLE, the 

P factor for contouring, grass strips and strip-cropping is estimated as:  

  
      

  
                                                                                                                  (34) 

where gp is the potential sediment load in the incoming flow and B is the amount of 

deposition caused by the grass strips as percentage of the inflow sediment. The 

following scenarios can be implemented by RUSLE to estimate sediment transport and 

deposition: a) net erosion occurs throughout the run, b) net deposition occurs throughout 

the practice, c) both erosion and deposition occur simultaneously and d) runoff finishes 

throughout the practice. 

2.3.12.3 Abilities and limitations 

Like most empirical models, USLE does not require large amount of input data and is 

easy to work with. As erosion mostly occurs in big and rare events, and as USLE is not 

an event-based model, it does not seem to be able to accurately estimate the soil loss 

under most conditions. It does not measure size class distributions of eroded sediment 

and cannot be used for associated nutrients estimation. Since the model is generated 
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based on date collected for each of its factors in US, it seems to have limitations to 

apply in new conditions (e.g. Loch and Rosewell (1992)). 

2.3.13  VFSMOD 

The Vegetative Filter Strip Modeling System (VFSMOD) is a field scale model, 

produced to predict the effects of riparian buffer systems on hydrology and sediment 

transport (Munoz-Carpena et al., 1999). It consists of two submodels of: a) a numeric 

hydrology submodel to predict the overland flow and infiltration, and b) the University 

of Kentucky's algorithm to estimate the efficiency of vegetated filters on sediment 

retention. The sensivity analysis of the model indicates that the initial soil water content 

and vertical saturated hydraulic conductivity are the most sensitive parameters of the 

hydrology part, and sediment particle size, fall velocity in water, sediment density and 

grass denseness are the sensetive factors of the sediment submodel. 

2.3.13.1 Hydrology 

The model simulates the overland flow using the kinematic wave approximation and a 

modified version of Green-Ampt equation for unsteady precipitation (Munozcarpena et 

al., 1993). VFSMOD uses a Petrov–Galerkin (non-standard) quadratic finite element 

formulation to solve the kinematic wave equations. The modified Green-Ampt 

equations are: 

      
      

  
                                                                                                           (35)        

                         
 

     
                                                    (36) 

where fp is the instantaneous infiltration rate for ponded conditions (m s
-1

), Ks is the 

vertical saturated hydraulic conductivity (m s
-1

), M is the initial soil water deficit (m
3
 m

-
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3
), Sav is the average suction across the wetting front (m), Fp is the comulative 

infiltration after ponding (m), ), F is the cumulative infiltration of the event (m), t is the 

time (s), tp is the time to ponding (s), and t0 is the time shift to correct for not having 

ponded conditions at the start of the event. 

2.3.13.2 Sediment transport 

The University of Kentucky sediment model (GRASSF), developed from laboratory 

experiments using metal rods, is the most cited water and sediment transport model 

through vegetation (Gumiere et al., 2011). The algorithm does not consider the 

detachment and entrainment processes in the sediment transport through a vegetative 

filter strip. Deposition process also simulated without mentioning the particle sizes. Fig 

2.6 shows the assumed shape of sediment deposition in Kentucky's model.   

 

Fig 2.6 Deposition mechanism in Kentucky's model (Munoz-Carpena et al., 1999) 

 

The Kentucky model uses the inflow sediment load gsi (g cm
-1

 s
-1

) as input data. The 

higher roughness of vegetation lowers the sediment transpost capacity gsd (g cm
-1

 s
-1

) by 

lowering the flow velocity, and causes deposition of coarse particles (particle diameter 



71 

 

more than 0.0037 cm). A triangular shape at the upstream edge of the grass strip forms 

when Y(t), the thickness of the deposited sediment layer at the entry to the filter strip 

(cm), is less than the effective height of vegetation, H (cm). When Y(t)=H, the 

trapezoidal wedge appears, that has three different zones: The upslope side that has the 

zero slope, O(t) (cm), the upper face of the wedge which is parallel to the soil surface, 

A(t) (cm), and the downslope face, B(t). The length of theses zones change over time as 

the sediment deposits. 

A fraction of sediment is expect to be deposited in the zone O(t). After the appearance 

of the wedge, no more sediment is deposited in A(t), and the initial load gsi moves 

through the next zone, B(t). In this zone, deposition happens uniformly over its length. 

The model presumes that the sediment inflow load gsi is higher than the downstream 

sediment transport capacity gsd at point 2. VFSMOD estimates gsd for every time step 

and by comparing it with gsi, if gsd > gsi, all sediment will transport through the wedge, 

and if gs2 = gsd, and the sediment will retain in the lower part of the strip. If gsd < gsi, 

deposition happens in the wedge and the part of sediment that is not deposited will be 

filtered at the lower part of the strip and gs2 = gsi-gsd. The model uses a modified 

Manning's continuity and Einstein's total transport function equations. Flow rates at the 

entry points of 1 and 2, are needed. 

Although deposition occurs in zone C(t), but the soil slope in this zone does not change 

considerably. All bed load originated sediment will be retained before zone D(t), and 

only suspended sediment gets transported through or deposits in this part. The equations 

by Tollner et al. (1976) are used to predict the suspended load trapping algorithm. Flow 

rate at point 3 and the outflow rate are necessary for the measurements. 
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2.3.13.3 Abilities and limitations 

Adding the newly developed hydrology submodel to the University of Kentucky's 

model, made VFSMOD's outcomes more accurate than the previously developed model. 

Munoz-Carpena et al. (1999) tested the model for an experimental site in North Carolina 

and the comparison between the model predictions and observations was acceptable. 

Deletic (1999, 2000), on the other hand, states  that her laboratory measurement showed 

that utilizing artificial grass in the Kentucky's model makes it an inaccurate model 

especially in dealing with small particles and low concentrations. It also has limitations 

in dealing with sediment of highly distributed sizes and concentrations (Hussein et al., 

2007b).  

2.3.14 WEPP 

WEPP (Water Erosion Prediction Project) (Nearing et al., 1989) is a process-based, 

steady-state continous model. It estimates both detachment and deposition processes for 

different particle size classes. The major superiority of WEPP is its ability to work with 

complex slopes and to predict the spatial variations of deposition. Land use and soil 

characteristics can also vary spatially. The model allows the user to divide the hillslope 

to multiple overland flow elements (OFE) that are hemegenous regarding to soil and 

management practices. Zhang et al. (1996) found the performance of the WEPP model 

to be acceptable in estimating long term soil losses under cropped conditions. Erosional, 

hydrological, plant growth and residue, water use, hydraulic and soil processes are 

considered in WEPP (Laflen et al., 1991). 

2.3.14.1 Hydrology 

The hydrology component of the model utilises information about plant growth, 

climate, snow accumulation and melt, and infiltration to predict daily potential plant 
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evapotranspiration and evaporation from soil surface. User can define the model to 

estimate the peak runoff rate using kinematic wave model or regression equations. The 

runoff assumes to originate from excess infiltration that is estimated using Green-Ampt 

Mein-Larson (GAML) equation. 

2.3.14.2 Sediment transport 

Three processes of detachment, transport and deposition are taken into consideration 

within the rill-interrill concept of WEPP model using continuity equation as: 

  

  
                                                                                                                    (37) 

where G is sediment load (kg m
-1

 s
-1

), Df and Di are rill and interrill net detachment and 

deposition rates (kg m
-2

 s
-1

) respectively. For estimating Df factor in rills, if the transport 

capacity exceeds sediment load or shear stress exceeds the critical shear stress, then 

detachment will happen, but if the load is more than sediment capacity, deposition 

occurs. The interrill sediment delivery function in WEPP estimates using the following 

equation: 

                          
  

 
                                                                                 (38)                 

where Kiadj is an adjustable interrill erodibility (kg s m
-4

), Ie is the effective rainfall 

intensity (m s
-1

), σir is the interrill runoff rate (m s
-1

), SDRRR is the interrill sediment 

delivery ratio, Fnozzle is a sprinkler irrigation factor of impact energy, considered to be 

equal to 1.0 for natural rainfall, Rs is the rills interval (m), and W is the rill width (m). 

The variables of this equation may have different values for each overland flow on a 

hillslope profile. 
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2.3.14.3 Abilities and limitations 

Experiments show the model’s accurate predictions of sediment transport, although it 

under-predicts the proportion of fine sediment and over-predicts the medium size 

classes of particles in the outflow sediment (Flanagan and Nearing, 2000). This brings 

major uncertainties if the model is used to predict the transport of soil-associated into 

streams or other water bodies. WEPP also does not have the ability to estimate the 

deposition in the backwater regions when flow meets rough surfaces (i.e. buffer strips). 

The other limitation of WEPP is that the interill delivery function equation is not 

completely process-based and cannot predict the detachment, transport and deposition 

processes accurately. Another important issue with this model is its vast data 

requirements and the need for model calibrations that makes it not much user friendly. 

Using the rill-interrill concept of WEPP is not much applicable in vegetated buffer 

strips that do not have inceptive rill formations. 
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CHAPTER THREE 

3 The Links between Water Profile, Net Deposition and Erosion in 

the Design and Performance of Stiff Grass Hedges 

Abstract 

Strips of dense and stiff grass are commonly used to reduce sediment delivery to aquatic 

systems. Grass strips cause changes in resistance to the flow, which can lead to a 

reduction in transport capacity and an increase in sediment deposition. Experiments 

were carried out in controlled conditions and the profile of water surface was recorded 

upstream and within narrow and stiff hedges for different slope length and steepness, 

and for different flow rates. The results showed that water surface profiles in stiff 

hedges no longer follow the classic M2 profile and the friction slope can be quite high 

within the narrow hedges. A model is developed to simulate the water profile upstream 

and within grass strips. Simulated water surface profiles compare well with 

observations, and this study re-confirms the non-linear relationship between the 

Manning’s n and Froude number in densely vegetated areas. As water approaches the 

downstream end of stiff hedges, the reduction in water depth leads to flow acceleration, 

and an increase in friction slope and stream power, and as a consequence net deposition 

of sediment is unlikely to occur. 

Keywords: Water profile; Model; Sediment; Grass; Buffer strip; Water depth 
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3.1 Introduction 

The rate of sediment and nutrients transport to rivers is affected by interactions between 

water, soil and land management practices. Vegetated buffer strips are commonly used 

as an effective method for controlling sediment and nutrient losses to streams. In order 

to model sediment transport through vegetated buffer strips, simulation of the water 

profile upslope and within the vegetated area is essential. 

Vegetated buffer strips can be divided into two main types. First, there are dense, stiff 

and erect grass strips often called grass hedges, examples being vetiver or switchgrass 

species (Blanco-Canqui et al., 2004b, Dabney et al., 1995, Hussein et al., 2007a, 

Hussein et al., 2007b, Meyer et al., 1995). Second, there are more sparse and flexible 

vegetation types called filter strips, examples being fescue or meadow species (Daniels 

and Gilliam, 1996, Hook, 2003, Magette et al., 1989, Munoz-Carpena et al., 1999, 

Robinson et al., 1996). This paper discusses the performance of the first type, which 

commonly act as barrier strips rather than filter strips in trapping sediments.The term 

‘barrier strip’ implies that most of the sediment retention occurs unpstream the grass 

strip, in the backwater region. 

Increasing hydraulic roughness within the vegetated zone is the main characteristic that 

makes narrow grass hedges effective in removing sediment and associate pollutants, 

acting by decreasing the flow velocity.  

Estimating the drag force in different vegetation types enables designers to precisely 

predict the flow characteristics. The drag force for the surface flow in a vegetated area 

can be described as: 
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where CD is the drag coefficient of vegetation, ρ is the water density, A is the cross-

sectional area of vegetation, and V is the flow velocity through the vegetation.  

There have been many studies for estimating the drag coefficient within high resistive 

areas (Tanino and Nepf, 2008, Nepf, 1999, Righetti, 2008, Lee et al., 2004, Fischenich 

and Dudley, 2000, Stone and Shen, 2002). Estimation of the drag coefficient is based on 

whether or not the vegetation is submerged (Stone and Shen, 2002). Nepf (1999) 

developed a model supported by laboratory and field experiments, describing the drag, 

turbulence and diffusion of the flow through non-submerged vegetation. There is a 

significant positive correlation between the drag coefficient and grass density which 

refers to the number of stems per unit surface area  (Kothyari et al., 2009). Some studies 

showed that drag coefficient is strongly a function of the Reynolds number (Tanino and 

Nepf, 2008, Wu et al., 1999). However Ishikawa et al. (2000) used steel cylinders as 

plant stems in their study and found that the relationship between drag coefficient and 

the Reynolds number is not significant. Baptist et al. (2007) presented a new approach 

of using genetic programming for finding water depth-related resistance caused by 

vegetation.  

Some studies used equaivalent roughness coefficients in order to simulate the flow 

within high resistive strips (Noarayanan et al., 2012, FathiMaghadam and Kouwen, 

1997, Järvelä, 2004, Kouwen and Fathi-Moghadam, 2000). Ree and Palmer (1949) 

developed the empirical n-VR method representing Manning’s coefficient based on 

average flow velocity and hydraulic radius. Kouwen et al. (1981) disputed the validity 

of the n-VR method in many probable natural conditions. 

While many studies considered vegetation stems as rigid cylinders (Nepf, 1999, Tanino 

and Nepf, 2008, Murphy et al., 2007, Rose et al., 2002), Kouwen (1988) studied the 
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effects of deflection and felxibility in detemining vegetation roughness. 

FathiMaghadam and Kouwen (1997) and Kouwen and Fathi-Moghadam (2000) 

developed a relationship between roughness components (i.e., density and rigidity) and 

flow components (i.e., velocity and depth) for floodplains and trees under non-

submerged flow conditions. They proposed magnitudes for roughness coefficient for 

flexible vegetations as a function of flow depth. Diaz (2005) developed a new method 

of estimating Manning coefficient using the Froude number for small depths and steep 

conditions. He applied different flow rates to the grass bed, measured normal water 

depth, and calculated flow characteristics for every event. Finally, an equation in the 

form of n=a Fr 
–b 

was derived
 
where n is Manning’s coefficient, Fr is the Froude 

number and a and b are empirical constants. 

Momentum Theory (Eq. 2) is commonly used in order to find flow characteristics 

within vegetated strips. Fig 3.1 shows a uniform steady non-submerged flow within a 

vegetated area. Water flow through this segment of dense vegetation is controlled by the 

three forces of water weight, static pressure, and drag: 

                                                                                                             

 

Fig 3.1 Uniform steady non-submerged flow within a vegetated area 
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where W is the weight component, S0 is the bed slope, Fp is the static pressure force, Fd 

is the drag force, ρ is the water density, q is the surface water flow rate per unit width, 

and V is the flow velocity. 

As most erosion and deposition models in vegetated area use Manning’s equation which 

is based on the bed friction law, we intend to modify the equivalent Manning’s 

roughness coefficient within high density grassed zones. However, the following 

equations show the relationship between equivalent Manning’s n and drag coefficient, 

therefore whatever resulted from this paper can be extended for drag coefficient 

estimation. 

Considering Fig 3.1 the bed shear stress can be calculated from the following equation: 

   
  

   
                                                                                                                            (3) 

Where L is the distance between the two points, and b is the channel width. Considering 

Eq. 1: 

   
            

 

   
 

On the other hand considering the flow as uniform steady type (Fig 3.1) and using the 

bed friction law, Eq. 2 can be written as: 

        

                    

where g is the acceleration due to gravity, and D is the flow depth. Therefore: 
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Also by definition 

       
  

where V* is shear velocity. The Darcy-Weisbach friction factor is as: 

     
  
 
   

        
 

  
  

And from fluid mechanics textbooks: 

     
     

  
   

therefore: 

        
 

   
  

     

  
                                                                                                    (4) 

The above equation (Eq. 4) shows the relationship between the equivalent Manning’s n 

and the drag coefficient in a vegetated strip considering uniform steady flow.  

The previously mentioned studies were focussed on predicting only the normal depth 

within the grass strips for different flow rates. As barrier strips are usually narrow, 

normal depth of flow will not persist for long within the hedge, and it is important to 

correctly simulate the decay curve in order to predict their effects on sediment transport 

and settling. Consequently the goal of this paper is to scrutinize the roughness 

coefficient variations for fixed flow rates in the decay curve within the grass strips.  

Manning’s equation is commonly used to predict water depth and velocity in vegetated 

strips. To obtain accurate predictions, appropriate Manning’s coefficients have to be 
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applied. Although using Manning equation is a prevalent method of water profile 

simulation within the high resistive strip, it has the following limitations: 

 The main assumption of Manning’s equation is that resistance is caused by friction 

between the water flow and the surface over which it flows, but in the case of vegetated 

strips, resistance is dominated by the stems and leaves of the plant rather than soil bed. 

 Also according to Manning’s equation, the Manning coefficient is dependent on water 

depth, vegetation density, velocity and slope, therefore its value is not constant 

throughout the grass hedge. 

Most models have considered the roughness coefficient as a constant value (Deletic, 

2001, Munoz-Carpena et al., 1999, Nearing et al., 1989), and there is no model available 

that simulates the water profile which considers change in the roughness coefficient 

within the grass strips for fixed flow rates. 

According to Hairsine and Rose (1992), soil erosion and sediment deposition are 

processes that occur concurrently through water movement over bare or covered soil. In 

the case of dense vegetative buffer hedges, most of the deposition occurs in the 

backwater region commonly formed upstream of the vegetative area (Hussein et al., 

2007b, Meyer et al., 1995). Significant sediment deposition within narrow dense 

vegetative strips has not been yet reported in the literature. Indeed, in some experiments, 

erosion took place rather than deposition within the vegetative area (Ghadiri et al., 2001, 

Follett and Nepf, 2012, Bennett et al., 2008, Bouma et al., 2007). 

3.1.1 Objectives 

Previous studies mentioned above show that Manning’s n varies with the Froude 

number. Their results show that by applying different flow rates and by measuring 
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normal depths, the calculated Manning’s n varies and is dependent on the water depth. 

This paper studies this dependence in a new context and for single events, by 

considering the changes in Manning’s coefficient in the flow decay curve.  

Previous studies conducted by this research group were based on situations where net 

deposition occurs solely within the backwater. This paper expands this investigation by 

seeking to explain net deposition or erosion inside narrow and dense buffer strips and 

the role of the water profile characteristics in such behaviour.  

A model has been developed in this article to simulate the water profile in and around 

grass hedges and utilises it to evaluate the possibility of soil erosion and sediment 

deposition within narrow grass hedges under different conditions. The gradually varied 

flow equation will be used both upstream and within the grass hedge to see whether or 

not it can simulate the water surface profile for both regions. 

Net sediment deposition within hedges has been reported in the literature to be very low 

or negative (indicating erosion) (Ghadiri et al., 2001, Hussein et al., 2007a, Dabney et 

al., 1995). A reason for this is sought based on the implications of the observed gradual 

fall in water depth with distance through the hedge rather than falling sharply towards 

the hedge exit. Explanation of this behaviour will be sought in terms of variability in 

Manning’s coefficient as a function of water depth profile within hedges for constant 

flow rates. It has also been considered that the actual velocity of water flow through 

grass culms is high and particles may not have enough time to settle. This paper will 

report investigation of these questions using both experimental and theoretical 

approaches. 
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3.2 Materials and Methods 

An investigation on the shape of the water profile upstream and within a series of dense 

vetiver grass (Vetiveria zizaniodes L., sterile cultivar Monto) buffers was carried out in 

the Griffith University Tilting-flume and Simulation Rainfall (GUTSR) facility, which 

is described by Misra and Rose (1995). The GUTSR consists of a 5.8 m long and 1 m 

wide impermeable flume, and experiments were carried out in a 3.5 by 0.3 m section of 

this flume. The dense vetiver strips of width 0.3 m which were used in these 

experiments were grown in planting boxes. Multiple grass strips were then combined 

into 0.08, 0.3 and 0.85 m lengths and their entire root system was dipped into a Plaster 

of Paris mixture to give stable anchorage to the plants (see Hussein et al. (2007a) for 

further details on the vetiver strips). The stem/culm density was approximately 4300 

stems m
-2

. The average stem width was 9 mm at 3 cm height. The different length grass 

hedges were deployed in the flume and impermeable plastic boards were installed in the 

flume to level the flume surface with the base of the plants both on entry and at exit 

from the hedge. The boards were covered by rough material, so that its Manning’s 

coefficient was close to the value for flow over bare soil (0.05). 

Experiments were carried out for different flow rates and slopes. Five slopes of 1, 3, 5, 

7, and 9 percent were applied together with three flow rates of 0.0004, 0.0008, and 

0.0011 m
3
 s

-1
 m

-1
. The water surface levels were measured after stabilization of the flow 

using thin vertically aligned rigid PVC strips impregnated with dye, and were placed 

upstream, within and downstream of the grass strips. The water dissolved the dye, 

leaving a sharp watermark. The PVC strips were then dried and photocopied and the 

water depths digitized from photocopies (as per Hussein et al. (2007a)). Water profiles 

have been characterised upstream of the buffer for all experiments (43 runs), and within 
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the buffer for some experiments (13 runs). Steady flows of clear water were applied 

from a constant level tank, located 1.8 m upstream of the vetiver strip. 

Vetiver Leaf Area Index (LAI) at heights (0 to 10 cm) above the flow surface was 

estimated from scale photographs taken across the buffer width. 

3.3 Experimental results and discussion 

3.3.1 Water profiles 

Water profiles can be characterized by length of the backwater (LBW), buffer strip length 

(LBS), length of decay curve (LDC) in m, and depth of the backwater (D) in mm. These 

factors vary with slope, flow rate, buffer resistance, grass density, orientation, stiffness, 

and the buffer length. 

A generalised description of the water profile is shown in Fig 3.2. The upstream flow 

depth prior to the backwater (BW) is denoted by D1, with depth adjacent to the upstream 

start of the grass strip being D2. D varies according to experimental conditions and D2 

may be similar to the maximum water depth, Dmax, if the resistance of the grass strip is 

sufficiently high. Rose et al. (2002) however noted that Dmax occurred inside the nail 

buffer at low nail densities/high slopes. Dmax as defined in Fig 3.2 may not in fact be a 

maximum if there is an increase in resistance along the buffer due to increased plant 

density, in which case the maximum water height will be denoted by Dmax ± f(d), where 

d is plant density (Fig 3.2). The water depth then decreases from Dmax ± f(d) towards the 

exit of the buffer in a decay curve, and water depth at the exit of the buffer D3 is 

typically greater than D1, but quickly reverts to the level D1. 
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Water profiles have been characterised upstream of the buffer for all experiments and 

within the buffer for some experiments. The measurements showed that LBW decreased 

with increasing slope and D2 increased with flow rate (Hussein et al., 2007b).  

 

Fig 3.2 General diagram of water profile in grass strips 

In the longest buffer (0.85 m), water depths remained fairly level within the buffer from 

the entry point (0 cm) until reaching a point of ‘decay’ usually around 0.60 m from 

commencement of the buffer. Thereafter water depth decreased through a series of 

undulations towards the end of the buffer. These observations are shown in Fig 3.3 for 

some of the 5 % slope experiments at two flow rates. Water depths on exiting the buffer 

were slightly higher than the unaffected upstream flow depth (D1) but reverted to this 

depth within about 0.20 m after exit from the buffer. 

  

Fig 3.3 Water profiles in 0.3 and 0.85 m hedges at 5% slope 
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 Dmax usually occurred within 0.05 m of the start of the buffer and ranged from ~25-40 

mm. Thereafter the depth of the water profile remained approximately constant until the 

start of the decay curve. Minor variations in depth along this section of the buffer were 

probably due to slight changes in plant density along the buffer. The length of the decay 

curve varied from ~0.1-0.3 m. At the exit from the buffer, the water depth (D3) was 

higher than the upstream depth (D1) (Fig 3.2).  

Water profile depths decreased with increasing slope when flow rate was constant. At 

any constant flow rate, the length of the decay curve increased with slope. For example, 

at 0.0008 m
3
 s

-1
 m

-1
 flow rate, the decay curve started at ~ 0.60 m at 9% slope compared 

to ~0.75 cm at 1% slope (Fig 3.4). In contrast, when a similar upstream flow depth (D1) 

was maintained at slopes from 1-7% by increasing flow rate, the decay curves were 

somewhat similar, irrespective of slope, starting at ~0.7m.   

 

Fig 3.4 Water depths inside 0.85 m strip for 1, 5, and 9% slopes at 0.0008 m
3
 s

-1
 m

-1
 flow rate 

3.3.2 Buffer resistance 

Fig 3.5 shows the leaf area index (LAI) observed in this experiment.  Buffer resistance 

varies with D due to changes in the stem/leaf arrangement. Generally resistance is low 
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near the base of the plant where stems/culms are present and increases as leaves emerge 

from the stem.  

 

Fig 3.5 Vetiver LAI versus plant height 

The effect of stem/leaf stiffness on flow also varies with D. Generally older and thicker 

stems/leaves have greater stiffness and offer relatively more resistance to flow. The 

effect of stiffness/leaf area on flow has been examined by a number of researchers 

including Jarvela (2002) and Lee et al. (2004).  

The effect of the buffer length on the backwater characteristics was compared using 

three buffer lengths of 0.08 m, 0.3 and 0.85 m. Plant density was similar for all buffer 

lengths. Backwater height and length increased curvilinearly with length of the buffer 

strips (Figs. 3.6 and 3.7). As slope increased, the difference between the length and 

depth of the backwater between different grass strip lengths decreased. 
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Fig 3.6 Variations in backwater heights (D2) with buffer lengths for different slopes at 0.0008 

m
3
 s

-1
 m

-1
 flow rate 

 

Fig 3.7 Variations in backwater lengths (LBW) with buffer lengths for different slopes at 0.0008 

m
3
 s

-1
 m

-1
 flow rate 

The water profile of a 0.85 m wide vetiver grass is simulated in Fig 3.8, assuming that 

Manning’s coefficient is constant and using the gradually varied flow equation as 

following: 

  

  
 

     

     
                                                                                                                 (5) 

where D is the water depth and x is the distance downstream. S0 and Sf are bed slope and 

friction slope respectively, and Fr is the Froude number. By definition: 
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                                                                                                                      (6)         

where V is the flow velocity (m/s), and g is the acceleration due to gravity. 

The 4th order Runge-Kutta numerical method was utilised to solve this ordinary 

differential equation (Eq. 5) and finding surface water depth in different distances from 

the lower end of the hedge. Fig 3.8 illustrates the measured water profile along the 

flume as well as the modelled simulation using an appropriate constant Manning’s 

coefficient of 0.05 for the bare soil and 0.85 for the planted area (Hussein et al., 2007b). 

The simulated decay curve within the buffer strips is as Chow’s M2 fluid profile (Chow, 

1959). According to this simulation, flow depth decreases with distance from the 

normal depth in the vegetated part and approaches the normal depth of the bare soil 

vertically. 

 

Fig 3.8 Measured and simulated water profiles upslope and within and downslope of 5% slope, 

0.85 m long vetiver strip, at 0.0008 m
3
 s

-1
 m

-1
 flow rate 

 

Assuming a constant Manning’s n led to some inconsistency between simulation and 

experiment in the gradient and length of the water level decay curve (Fig 3.8).  
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Assuming that flow is of the gradually varied type, and considering the measured 

surface water profiles in different runs, it was concluded that the friction slope (Sf) can 

be decreasing in the decay curve rather than increasing as in typical M2 profiles (Fig 

3.8). This comparison between the measured surface water profile within a grass hedge 

and typical M2 profile, confirms that Manning’s n is not constant and is dependent on 

flow depth.  

The experimental data were used to find the probable relationship between Manning's n 

and the Froude number (Fr) for different distances down the decay curve. For all runs it 

was observed that there is a correlation in the form of Eq. 7. 

                                                                                                                          (7) 

where n is the Manning’s roughness, and a and b are constants. Table 3.1 illustrates the 

procedure of finding the correlation between Froude number and Manning's n in one 

event. The friction slope (Sf) is calculated by considering the hydraulic energy loss in 

every distance interval. The hydraulic energy at each point is calculated by adding the 

hydraulic head and the velocity head using Bernoulli's principle: 

                  
 

  

 
                                                                                      (8) 

where h is the hydraulic head of the water surface at certain distance from the strips 

entry.  

As the density of vetiver grass in the flume was 4300 stems per square meter and the 

average stem/culm width was 9 mm at 30 mm height, and also by considering the LAI 

index, the actual velocity is estimated to be about 1.48 times greater than that which 

follows from dividing the flow rate on the flume section area. Fig 3.9 shows the 

relationship between the Froude number and the Manning's coefficient calculated at 
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certain distances in the same event as Table 3.1. This correlation shows that the 

Manning's n is dependent on flow depth during fixed flow rates and slopes. The 

downslope intersection between the vegetated area and bare soil is the control point and 

has significantly lower roughness than that experienced by flow in the vegetation. 

The following equations confirm the experimental observations, that the Manning 

coefficient is dependent on depth when there is the experimentally found inverse 

correlation with the Froude number. 

Manning’s equation is: 

  
 

 
 
 
   

 
                                                                                                                                                      

where n is the Manning’s coefficient. Therefore: 

   
    

    
 
      

    
 

So if, as suggested by Fig 3.9,       , then it follows that    
 

     

Table 3.1 Finding the Manning's coefficient using Manning's equation by calculating the 

hydraulic energy loss for a run with the flow rate of 0.0008 m
3
 s

-1
 m

-1
 and 9% slope 

Distance within the strip (m) Water depth (m) Froude number Hydraulic energy (m) Sf (mean) Manning's n 

0.55 0.027 0.09 0.054   

    0.23 0.77 

0.6 0.02 0.13 0.043   

    0.15 0.42 

0.65 0.017 0.19 0.035   

    0.11 0.29 

0.7 0.016 0.16 0.030   

    0.20 0.27 

0.75 0.01 0.38 0.020   

    0.12 0.11 

0.8 0.008 0.53 0.014   

    0.11 0.07 

0.85 0.006 0.82 0.008   
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Fig 3.9 Manning’s n changes due to change in Froude number for a run with the flow rate of 

0.0008 m
3
 s

-1
 m

-1
 and 9% slope 

 

To find the optimum values of the coefficient and the exponent of the Eq. 7, two 

positive values were considered as a and b (defined in Eq. 7) by fitting the data from 

one run (same as Fig 3.9). Then the Manning’s n for every event and in different water 

depths was calculated using Eq. 7. Afterwards, the water profiles were simulated for all 

runs using the gradually varied flow equation (Eq. 5). The 4th order Runge-Kutta 

numerical method was used to solve the ordinary differential equations involved. The 

lowest point downstream of the grass strip was the control point as it is the normal 

depth of every flow rate on bare soil.  

Although there was some variations between the coefficients a and b obtained in 

different runs, the resultant Manning’s coefficients obtained using Eq. 7 are very close 

for the same depths in all experiments. The Solver add-on in Microsoft Office Excel 

was used in order to minimise the sum of squared error between the measured and 

modelled water surface profiles for all events by finding optimum values for a and b. 

Matching the modelling to the measured data the program computed that best values for 

coefficients a and b are 0.064 and 1.06 respectively.  
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As the flow is subcritical, and the simulations start from downstream, the normal depth 

within the grass strip has to be defined in the model to simulate the length and depth of 

the decay curve. The observations showed that the highest value of Manning’s n in 

dense vetiver is 0.85. Thus the model stops relating the Manning’s n to the Froude 

number (Eq. 7) as it reaches 0.85. 

The backwater profile is simulated using the gradually varied flow equation (Eq. 5) with 

the vegetated area’s normal depth as the downstream control point; the simulation 

continues until the water depth equals the normal depth in the bare soil upslope of the 

hedge. Fig 3.8 shows complete water profile simulation upstream, and within the vetiver 

grass of length 0.85 m, indicating quite good agreement. 

3.3.3 Implications of varied conditions and buffer strip types on sediment 

trapping  

Several studies using short length hedges in controlled conditions have been conducted 

to find their efficiency on reducing sediment loss (Dabney et al., 1995, Ghadiri et al., 

2001, Hussein et al., 2007a, Hussein et al., 2007b, Meyer et al., 1995). In all these 

studies, sediment deposition occurred in the backwater zone, and no significant 

deposition occurred within the hedges themselves. In high slopes, when the bed soil was 

not strongly consolidated, erosion was found to take place within the hedges rather than 

net deposition (Ghadiri et al., 2001). Linking the new hydraulic approach proposed in 

this paper to sediment transport models, we can seek to describe the observations and 

predict the efficiency of grass hedges in removing sediment in a range of conditions, 

thus aiding management decisions on hedge design. 
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Manning and gradually varied flow equations (Eqs. 5 and 9) were utilised to model and 

simulate the water profile upstream and within the buffer strip (Fig 3.10). The model is 

based on the new finding of  n=0.064 Fr 
-1.06

, assuming that the Manning’s n is 0.05 in 

bare soil and that 0.85 is the maximum Manning’s n for stiff erect medium density 

vetiver grass (Hussein et al., 2007b). 

 

Fig 3.10 Water profile simulation for different slopes for flow through a very dense stiff grass 

hedge with q= 0.001 m
3
 s

-1
 m

-1
 

In Fig 3.10 the length of the vegetated buffer strip is assumed to be 0.30 m and q is 

0.001 m
3
 s

-1
 m

-1
. All slopes produce subcritical flow. As the figure illustrates, the length 

of backwater which is the main deposition location when using grass hedges (Blanco-

Canqui et al., 2004b, Ghadiri et al., 2001, Hussein et al., 2007a, McGregor et al., 1999, 

Meyer et al., 1995) varies between 1.1 m for 3% slope to 0.25 m for 9% slope. 

Simulations show that there is no effective backwater length when slope is more than 

10%. It has to be taken into consideration that the assumed condition is for very dense 

grass hedges with very high resistive coefficients. Also as in most natural conditions the 

strips are likely to be sparser, the length of backwater would be lower than those 

simulated in Fig 3.10. This conclusion is consistent with the results of Ghadiri et al. 

(2001) who observed that the backwater went through the buffer between 6.6 and 8.8% 

slopes during those experiments. The density of vegetation in the previously mentioned 

study was slightly lower than the simulation conditions in Fig 3.10. 
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The physical processes of infiltration, deposition and erosion within a vegetated strip 

are all significantly affected by the magnitude of the bed slope. According to Hairsine 

and Rose (1992) the rate of sediment deposition can be calculated by: 

                                                                                                                                              

where αi is the ratio of concentration of sediment near the bed to the mean sediment 

concentration (Croley, 1982), and vi is the fall velocity of the particle size class i (m s
-1

). 

As slope increases, the water depth within the buffer decreases (Fig 3.4), and 

consequently at higher slopes the velocity is higher within the vegetated buffers. Higher 

flow velocity increases the rate of entrainment (soil detachment by overland flow) or re-

entrainment (deposited sediment re-detachment by overland flow), so decreasing the 

efficiency of buffers in trapping sediments whatever the value of vi. Increasing the 

length of buffer strips can overcome aspects of the negative effects of high slopes. This 

occurs through increasing the extent of the deposition region (lower flow velocity) in 

the upstream part of the buffer strip. 

According to Hairsine and Rose (1992) the rate of entrainment  and re-entrainment are 

due to the rate of working of the mutual shear stress between the surface and the flow, 

and is called stream power. According to Knighton (1999), stream power is equal to: 

                                                                                                                                        

where ρ is the density of water, and q is the unit discharge. As shown in Fig 3.4 the 

length of the decay curve is higher in steeper slopes. This means that by increasing the 

slope, longer distances within the vegetated buffer strip are under high friction slope 

and consequently can be a place of erosion rather than deposition. This is consistent 
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with the observations of Ghadiri et al. (2001) that at high slopes erosion took place in 

buffer strips rather than deposition.  

Increasing the slope is likely to be associated with lower infiltration amount, as the 

surface discharge is likely to pass more rapidly and so the duration of water and soil 

contact is reduced, other factors being equal. 

Density of grass can be a very important factor affecting the efficiency of grass strips. 

As Fig 3.11 shows, when the resistive coefficient is higher, the length and depth of 

backwater are also higher, which gives sediment particles more chance to deposit in the 

backwater zone. The friction slope (and so stream power) within high density strips is 

high so leading to net erosion of sediment within dense hedges. Perhaps counter-

intuitively there can be some sediment deposition within sparser and less stiff grass 

species due to lower friction slopes and stream power. Experiments have been carried 

out in stiff and dense vetiver or switchgrass (Panicum virgatum) (Blanco-Canqui et al., 

2004b, Meyer et al., 1995, Hussein et al., 2007a, Hussein et al., 2007b). Comparing 

these results with those observed for sparser and less stiff species like fescue grass 

(Festuca) (Blanco-Canqui et al., 2004a, Magette et al., 1989, Munoz-Carpena et al., 

1999), shows that for similar flow rates net deposition did occur within the less stiff 

fescue grass but not within the stiffer grasses vetiver and switchgrass. 
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Fig 3.11 Simulating water profile for different grass densities with q=0.001 m
3
 s

-1
 m

-1
 and 

slope=5% 

Fig 3.12 shows the variations in the stream power upstream and within the 30 cm hedge 

grass strip for 5% slope and different flow rates. As Fig 3.12 illustrates, the stream 

power decreases in the backwater region and increases significantly in the decay curve 

region. This explains the reason that erosion rather than net deposition has been 

observed in some previous studies in the grass strips lower edges. 

Although the length and depth of backwater is greater at higher flow rates (Fig 3.13), 

suggesting more opportunity for deposition, the higher velocity of flow will operate in 

the opposite direction. This makes it difficult to exactly predict the effect of flow rate on 

the efficiency of grass barriers. 

 

Fig 3.12 Variations in the stream power within and upstream of grass strips with slope=5% and 

constant hedge characteristics at different flow rates 
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Fig 3.13 Length and depth of backwater for different flow rates with slope=5% 

3.4 Conclusions 

Accurate simulation of the shallow water profile upstream and within grass hedges is 

essential for predicting the effectiveness of vegetative buffer strips in sediment trapping. 

A set of experiments conducted in a tilting flume showed that Manning’s coefficient is 

dependent on flow depth and increases with water depth. Compiling the experimental 

results showed that there is the following relationship between Manning’s n and the 

Froude number in very shallow surface waters within dense and stiff hedges: 

                                                                                                      

A simple model was developed using the gradually varied flow equation, which 

recognised the variation in Manning’s n within the hedges. With this model it is 

possible to predict the expected capacity of grass hedges to reduce sediment transport in 

response to the variety of design features and experimental settings. It thus provides a 

useful tool in hedge design. The results of this model showed that there is very low 

chance for any backwater appearing in shallow subcritical flows for slopes higher than 

10%, a result which is consistent with experimental observations. The model was in 

agreement with the experimental observations indicating that the decay curve in water 

height in stiff and erect hedges is longer than the normal M2 profile of Chow (1959) and 
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friction slope can be very high within narrow hedges. This helps explain why sediment 

deposition cannot occur within narrow hedges, but rather net erosion occurs as observed 

in some previous experiments. As the density of grass decreases the efficiency of grass 

strips to trap sediment in the upstream backwater decreases, but in contrast there will 

likely be more chance for particles settlement within the strips due to lower friction 

slope and lower actual flow velocity. 

The method previously employed in the literature of finding Manning’s n in stiff and 

dense grass strips was to apply different flow rates and observe the normal depth in long 

grass strips, considering a fixed Manning’s n for different depths for every flow rate. 

The outcomes of this work showed that the full range of experimental data can be 

interpreted using a depth-variable Manning’s n derived using Manning’s equation and 

the observed water depths in the region of the decay curve. 
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CHAPTER FOUR 

4 Modelling Sediment Trapping by Non-Submerged Grass Buffer 

Strips using Nonparametric Supervised Learning Technique 

Abstract 

Grass strips are known as one of the most effective management practices in controlling 

sediment loss to rivers and other surface water bodies. Some physically-based models have been 

previously developed to predict the amount of sediment retention in grass strips. Although 

physically-based models can explain the effects and interactions of various factors, they tend to 

be sophisticated as they require a large amount of input data. A nonparametric supervised 

learning statistical model was developed to predict the efficiency of grass strips in trapping 

sediments. Grass type and density, inflow sediment particle size distribution, slope steepness, 

length of strip, and the antecedent soil moisture were the five major factors on which the 

statistical model was built. The model was assessed by comparing with an independent dataset. 

Estimated bias, coefficient of model efficiency, mean absolute percentage error, Pearson 

product-moment correlation coefficient of the model were 1.01, 0.54, 18.1and 76% 

respectively. Testing the model predictions, permuting the input data, showed that inflow 

sediment particle size distribution, length of the buffer strip, and the antecedent soil moisture 

are the most important factors affecting the performance of grass strips in trapping sediments. 

From the model outputs for a range of likely scenarios it was concluded that very long strips are 

needed in extreme conditions such as steep slopes, wet soil and sparse grass strips in order to 

trap sediments effectively.  

Keywords: Grass strip; Model; Regression tree; Sediment; Supervised learning 
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4.1 Introduction 

One of the commonly used BMPs (best management practices) to reduce the amount of 

sediment and other pollutants in aquatic systems is grass buffer strips. These are narrow 

strips of grass or other dense vegetation on sloping agricultural lands in estuaries, 

riparian zones or located around the lakes and freshwaters to protect these surface water 

bodies. The grass buffer strips bring about changes in hydrology and hydraulics of the 

water flow that makes these strips effective in reducing sediment delivery. Resistance to 

the flow and high infiltration are the two main hydrological effects occurring in the 

presence of grass buffer strips. 

High hydraulic roughness of the vegetated strips effectively decreases the runoff 

velocity (Borin et al., 2005, Deletic and Fletcher, 2006, Le Bissonnais et al., 2004). 

Increased hydraulic roughness by the vegetative zone is a main process which makes 

grass strips effective in removing sediment and associate pollutants, through decreasing 

the flow velocity and allowing more time to sediments to settle. The hydraulic 

roughness is higher in stiff and erect species than more flexible and less dense types. 

Dense strips also produce higher resistance to surface flow than sparse ones. 

Previous research shows that vegetative strips can significantly increase the infiltration 

rate of the soil. Shrestha et al. (2005) observed that the vertical hydraulic conductivity 

of soil increases dramatically with vegetation. Schmitt et al. (1999) found that doubling 

the width of a grass buffer strip doubles the infiltration rate. The infiltration rate is 

highly related to the vegetation type as the cumulative infiltration under switchgrass is 

significantly higher than under pasture and is more effective in reducing the amount of 

fine particles in the outflow (Bharati et al., 2002, Blanco-Canqui et al., 2004). 
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If a grass strip is not submerged, it can efficiently remove inflow sediment. Whilst the 

efficiency of vegetative buffer strips in removing sediment can be considerable, they are 

much less effective in removing  particulate or sediment-associated nutrients as they are 

mostly attached to fine particles (McKergow et al., 2004). Dillaha et al. (1989) found 

that the effectivness of vegetated buffer strips reduces with time, due to sediment 

deposition, while Hussein et al. (2007a) observerd that the outflow sediment 

concentration is reasonably constant during  runoff events. This difference is likely a 

result of whether the main area of deposition is upstream the grass strips or within them. 

There have been several field as well as controlled studies to assess the effect of 

vegetation on reducing nutrients and sediment transport over the landscape and 

sediment and pollutants delivery to aquatic systems. Controlled condition or flume 

studies have been conducted mostly to provide an understanding of the effectiveness of 

different factors in vegetated buffer strips performance in controlled environments 

(Hussein et al., 2007a, Hussein et al., 2007b, Ghadiri et al., 2001, Meyer et al., 1995). 

Field experiments have been carried out to assess the effectiveness of vegetated buffer 

strips under natural conditions but with less control over interfering factors (Daniels and 

Gilliam, 1996, Ghadiri et al., 2011, Magette et al., 1989, Parsons et al., 1994, Robinson 

et al., 1996).  

A few physically-based models have been developed to predict the efficiency of 

vegetated buffer strips in sediment removal (Hussein et al., 2007b, Munoz-Carpena et 

al., 1999, Newham et al., 2005, Deletic, 2001a). Some currently available models are 

not completely process-based and their sediment transport and deposition sub-models 

are not very well validated (Munoz-Carpena et al., 1999, Newham et al., 2007). Some of 

the existing models neglect one of the two major zones of “upstream” or “within the 
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grass strips” in their assumptions (Hussein et al., 2007b, Deletic, 2001a). The existing 

models are limited to some specific conditions or cannot accurately predict the 

efficiency of grass strips in removing sediments.  

This chapter presents a new modelling approach to predict the efficiency of grass buffer 

strips in removing sediment under different conditions. The statistical modelling 

approach presented in this chapter is easy to use, physically sensible and accurately 

predicts the efficiency of grass strips in removing sediment. 

This model is based on bagged ensemble statistical approach which is a supervised 

learning technique that has received considerable attention and has been used 

successfully for modelling purposes in various scientific fields. The results can be 

significantly accurate, physically meaningful, and models are improvable over time by 

adding new experimental data to datasets the model is built on.  

This chapter will scrutinize the most effective factors in grass strips performance by 

considering physical processes as well as experimental observations.  

The objectives of this paper are as follows: 

 Review previous laboratory and field studies, and compile a comprehensive dataset on 

sediment trap efficiency. 

 Develop and apply new statistical models to predict the trapping efficiency of grass 

buffer strips. 

 Test and validate the new model in terms of accuracy and whether the results make 

any physical sense. 

 Use the model to describe the structure and functionality of grass strips in removing 

sediment in different conditions. 
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4.2 Literature review of performance of grass buffer strips  

The performance of vegetated strips is reported in this paper by using the concept of 

efficiency, defined as: 

        
         

   
                                                                                               (1) 

where Eff is the vegetated strip efficiency in trapping sediment, MSi is the total mass of 

sediment entering the strip, and MSo is the total mass of sediment leaving the grass strip. 

In some studies (Ghadiri et al., 2001, Hussein et al., 2007a, Hussein et al., 2007b, 

Munoz-Carpena et al., 1999, Loch et al., 1999, Meyer et al., 1995) the effectiveness of 

grass strips in reducing the sediment concentration has been introduced as the index of 

efficiency of vegetative buffer strips. Most of these studies are carried out in controlled 

conditions on impermeable surfaces. As field experiments indicate that infiltration can 

be as important as vegetation resistance to surface flow and sediment trapping, 

comparing the inflow and outflow concentrations is not a reliable indicator of the buffer 

strips’ performance.  

Some mathematical models also consider concentration as the index of efficiency rather 

than mass. Experimental results, however, show that even in strips where the outflow 

sediment concentration is higher than that in the inflow, there is noticeable reduction in 

mass delivery of sediment and buffer strips can still be effective (Schoonover et al., 

2006). 

4.2.1 Area of deposition 

The place of sediment deposition is mostly related to slope, vegetation type and density, 

and inflow sediment particle size distribution. 
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In several studies considerable deposition has been occurred just in the backwater 

region upstream of the grass strips (Blanco-Canqui et al., 2004, Dillaha et al., 1989, 

Meyer et al., 1995, Hussein et al., 2006, McGregor et al., 1999). The backwater region 

is the area upstream of grass strips where flow depth is increased due to high resistance 

the vegetation culms and leaves produce to the flow. This makes the flow velocity 

decrease, so providing more chance for sediment particles to deposit if their settling 

velocity is high enough. In all studies for which most deposition occurred in the 

backwater region, the slope was less than 12% and vegetation was very dense and stiff, 

situations which will be referred to as “hedge strips”. A high ratio of coarse particles in 

the inflow resulted in more deposition in the backwater region as resistance was the 

dominant factor rather than infiltration. The experimental data reviewed showed that 

resistive force offered by the hedge strips reduces the concentration of the sediment 

while infiltration reduces only the mass. 

For high slopes where it is not possible to have an effective backwater length and depth 

in the upstream area, the area of deposition is shifted into the buffer (Hall et al., 1983, 

Patty et al., 1997, Robinson et al., 1996). The length and depth of backwater for the 

same flow rate and vegetation type and density changes substantially with slope. 

Therefore, it is almost impossible to have sediment trapping upstream of the grass 

buffer strips in slopes more than 12% (Ghadiri et al., 2001, Hussein et al., 2007b). 

Data from the literature show that as the stiffness and density of vegetation decreases 

the amount of sediment deposition within (rather than upslope) the buffer strips 

increases (Blanco-Canqui et al., 2004). This occurs because of reduced turbulence, 

shorter backwater, lower actual velocity and less friction slope and greater effectiveness 

of infiltration.  
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In less dense or stiff vegetation types, the backwater length is shorter and the depth 

lower in comparison to hedge strips. Therefore lower amounts of sediment are trapped 

in the upstream region, and deposition within the grass strip is dominant. 

Data from the literature show that the amount of sediment deposition in the backwater 

area is higher than that within the grass strip of the same length (Pan et al., 2010). Four 

major reasons can be enumerated for this: 1. The actual velocity is much higher within 

the strips comparing to the backwater as a large area of the flow cross section is barred 

by grass stems and leaves; 2. Most of the coarse particles have settled upstream, and the 

inflow through the strips is less concentrated; 3. Turbulence is high within the grass 

strips; 4. The friction slope is high and does not allow particles to settle. 

Vegetation resistance to the flow can significantly reduce the flow velocity and 

subsequently provide coarser particles an opportunity to settle upstream the grass strips. 

As the settling velocity of fine particles is low, the high infiltration within the grass 

strips becomes the major factor in trapping fine and suspended sediments.  

In low slopes, regardless of the different factors involved in different studies, the main 

area of deposition associated with hedge strips is found to be in the backwater region 

upstream the strip (Blanco-Canqui et al., 2004, Hussein et al., 2007a, Meyer et al., 

1995). Sediment trapping occurs more or less equally upstream and within dense, but 

less stiff grass species (Dillaha et al., 1989, Ghadiri et al., 2011, Loch et al., 1999). In 

sparse and limber grass strips, due to low resistance, no significant backwater forms 

upstream and deposition occurs within the buffer strips (Young et al., 1980, Arora et al., 

1996, McKergow et al., 2004) 

The shear stress within the grass buffer can be high. According to Hairsine and Rose 

(1992) the rate of entrainment and re-entrainment are related to the rate of energy 
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expenditure of the flow known as stream power. According to Knighton (1999), stream 

power is equal to: 

                                                                                                                                               

where ρ is the density of water, q is the unit discharge, Sf  is the friction slope, and g is 

acceleration due to gravity. As the effective flow width is reduced in grass strips, the 

actual unit discharge, hence the stream power, would be higher in dense grass strips. 

As in many case studies the length of hedge strips is short the length of the decay curve, 

which is the place that water surface profile tends to decrease to the level of the exit 

point of the buffer, can be close to the strips length. Therefore the friction slope in 

narrow strips is higher than the bed slope, which produces more pronounced stream 

power in this region (Ghadiri et al., 2001, Hussein et al., 2007a, Raffaelle et al., 1997, 

Rankins and Shaw, 2001). Erosion has been observed in narrow dense grass strips by 

Ghadiri et al. (2001) due to a high energy slope within the narrow strip. 

4.2.2 Flow rate 

The effect of flow rate on erosion and deposition processes is twofold. For any given 

grass strip, higher flow rates produce longer backwater lengths, which mean that there 

would be more room available for sediments to deposit in the upstream zone. However, 

according to the vertical velocity distribution of a sheet flow, velocity is a minimum in 

the bottom and maximum in the top of the water profile. This means that as flow rate 

increases the average velocity grows dramatically and there will be less chance for 

sediment particles to settle. 
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High flow rates provide less chance for water to infiltrate the soil and the rate of runoff 

reduction is less in higher flow rates than low flow rates in same areas. Therefore, there 

will be less sediment trapping due to infiltration within grass strips in high flow rates. 

The other fact is that within low flow rates, finer rather than coarser particles would be 

eroded in significantly higher rate due to preferential detachment.  

4.2.3 Infiltration and antecedent soil moisture 

Infiltration is one of the two major components in trapping sediment in vegetative 

buffer strips. The overall experimental results show that the runoff reduction is higher in 

older, stiffer, and denser grass strips comparing to sparse and limber ones (Blanco-

Canqui et al., 2004, Le Bissonnais et al., 2004, McKergow et al., 2004, Patty et al., 

1997, Rankins and Shaw, 2001, Schmitt et al., 1999, Young et al., 1980, VanDijk et al., 

1996). 

Comparing the results of experiments where the only changing variable was the 

antecedent soil moisture shows significant reduction of the efficiency in wet soils 

comparing to dry soils. Results from Young et al. (1980), Dillaha et al. (1989), and 

Magette et al. (1989) show that the efficiency of grass strips in removing sediment is 15 

to 40% higher in dry soils comparing to wet soils in the same areas.  

In the experiments of  Arora et al. (1996) the downstream edge of the source area plot 

was higher than the upstream edge of the vegetative buffer strips, therefore no 

backwater formed. As all sediment retention occurred within the grass strips, therefore 

infiltration was the key factor in removing sediment. Sediment removal was 

considerably higher while the antecedent soil moisture was low, and lower when the 

soil was wet.  
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4.2.4 Slope steepness 

Increasing the slope lowers the backwater length and experiments show that no effective 

backwater occurs when slope is more than 12% in most natural conditions. The negative 

influence of high slope on sediment removal can be amended partially by increasing the 

length of strip. The flow velocity is directly correlated with slope, and longer distance 

within steep strips is needed for sediments to deposit compared to the same conditions 

in planar areas. Also, as the water flows with higher velocity, the water and soil contact 

within the grass strips is of shorter duration, and therefore less water infiltrates soil 

comparing to steeper areas of same conditions. 

The results of VanDijk et al. (1996) confirm the above arguments that unless the slope 

is high and no backwater forms upstream, the deposition takes place within the buffer 

strips, and the efficiency is considerably higher in longer strips. Parsons et al. (1994) 

results also confirm that in low slopes the effect of buffer length on the efficiency is 

low, but as the slope increases, the efficiency is much higher in longer buffers.  

The concept of efficiency (Eq. 1) cannot perfectly describe the performance of grass 

strips, as in many experiments such as Daniels and Gilliam (1996), Loch et al. (1999), 

and Ghadiri et al. (2001) the trapping efficiency was higher in steeper lands, due to 

higher erosion happening in the upstream area containing more coarse fractions due to 

preferential detachment. In the experiments where slope was the only variable and 

sediment delivery into buffers was constant, the efficiency of vegetated buffers 

decreased as slope increased (Hussein et al., 2007a, Deletic, 2005). Overall, sediment 

delivery is significantly less in areas of low slope. 
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4.2.5 Plant type and density 

The density of vegetation affects the performance of grass strips in removing sediment. 

Hedge strips produce longer and deeper backwater upstream of the hedges. This is a 

place that most of the deposition occurs in these types of grass strips (Blanco-Canqui et 

al., 2004, Dabney et al., 1995, Ghadiri et al., 2001, Hussein et al., 2007a, Hussein et al., 

2007b, Meyer et al., 1995). Although the long and deep backwater profiles can trap a 

high ratio of incoming sediment, this only occur in low slopes. The results from Akram 

et al. (2014) shows although the backwater area upstream narrow hedge strips can trap a 

large fraction of incoming sediment in low slopes, the friction slope is high within 

narrow hedges and sediment deposition is less likely to occur within the hedges 

comparing to the upstream section. 

Filtering or deposition within the strips has been observed to be greater in still dense but 

less resistive grass than in previously mentioned hedge barrier strips.  

Hedge type strips are more effective in dispersing rill flows and decreasing rill erosion 

hazards. The combination of a narrow, old and dense hedge strip following by long 

dense strips can be very effective in lowering the fine particles loss as they need longer 

distance and less turbulent flow to settle (Blanco-Canqui et al., 2004). 

4.2.6 Particle size distribution 

Vegetated buffer strips of all types and lengths can trap inflow sand fractions most 

effectively (Hussein et al., 2006, Hook, 2003, Deletic, 2005, Ma et al., 2013). In intense 

storms, the ratio of detachment of coarse particles increases and the efficiency of buffer 

strips soars (Parsons et al., 1994, Daniels and Gilliam, 1996, Robinson et al., 1996). On 

the other hand, due to the preferential detachment of fine particles in low intensity 
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rainfall events the trapping efficiency is low. Therefore the efficiency of grass buffer 

strips in reducing sediment loss can be higher in intense events. 

It is very unlikely to observe vegetated strips of any types and lengths reducing the 

concentration of particles less than 5 μm in the outflow (Deletic, 2005, Jin and 

Romkens, 2001). However, grass strips can be effective in significantly reducing the 

discharging mass of the fine particles if the infiltration within the strips is substantial. 

As particulate nutrients are associated with fine textured particles, the efficiency of 

buffer strips in reducing particulate nutrients loss is less than sediment as a whole. 

Increasing the length can improve the performance of grass strips in reducing the 

sediment bound nutrients loss by increasing the runoff loss.  

4.3 Data and methods 

Thirty four field as well as controlled experiments were compiled for this paper. The 

observations, results and experimental conditions of these studies were used to identify 

the effects and interactions of different factors in vegetative buffer strips performance in 

trapping sediments. Two non-parametric supervised learning models were developed 

using literature data of various conditions in order to predict the performance of 

vegetative buffer strips of different kinds in sediment trapping.  

The factors affecting the performance of grass strips in removing sediment are 

numerous. Based on literature review, physical processes and sensitivity analysis of the 

previously developed models (Deletic, 2001b, Munoz-Carpena et al., 1999) show that 

the factors discussed in the previous section are the most important ones. In addition, 

several other factors can be important, such as time, flow type, planting slope, rill 

formation, cattle trampling, soil compaction (Tadesse and Morgan, 1996, McDowell et 
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al., 2003, Meyer et al., 1995). It is not possible to consider all these factors in a model 

developed to simulate the physical processes involved. The statistical model developed 

for this paper should be able to simulate and predict most probable scenarios using 

limited data from major factors.  

By collecting data from 34 different studies in various conditions, and considering grass 

type, sediment type, strip’s length, slope steepness, and antecedent soil moisture as most 

effective factors in grass strips performance in removing sediment, two statistical 

models were developed. Nonparametric supervised learning (machine learning) 

methods were utilised to build these models. 

Grass type, inflow sediment type, and the antecedent soil moisture were categorised as 

the first two were not continuous variables, and accurate measurements had not been 

carried out for the third factor in most studies. The categorisation of these 3 major 

factors is shown in Table 4.1. Responses were the efficiency of systems in removing 

sediment mass. These categorizations considered the major effective factors as 

spectrums and the observed data categories were entered as numerical vectors. The 

dataset collected from research papers is presented in the Appendix Table. x1, x2,..., x5 

were factor identifiers which were used further in the regression tree model 

development. As examples, x1= 2 means that the grass strip is dense, and x3 = 5 

indicates that the slope steepness is 5%. Slope steepness and the length of the grass 

buffer strip were continuous factors, whilst the other factors were categorised. The 

observed efficiencies ranged from 7 to 100%.  

Grass types and density is the first categorised factor which is split to three categories. 

Category 1 is for very dense and stiff strip types mostly consisted of dense hedges of 

vetiver and switchgrass or similar species. Category 2 consisted of dense but less stiff 
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species like fescue, sedge, bermudagrass, and similar species. It also includes stiff but 

less dense strips. Category 3 consisted of sparse and limber types like sparse meadow 

strips. Inflow sediment particle size distribution is categorised based on USDA soil 

texture triangular. The antecedent soil moisture was based on whether the soil was 

saturated, dry or the surface was impermeable at the time of the events.  

Table 4.1 Categorising the major factors in grass buffer strips performance 

Category Grass (x1) Sediment (x2)  Slope (x3) Buffer length (x4) Moisture (x5) 

1 Dense hedges Sandy loam Continuous Continuous Dry 

2 Dense grass strips Silt loam (from 1-16%) (from 0.14-27.43 m) Saturated 

3 Sparse strips Clay loam   Impermeable 

4  Silty clay loam    

5  Clay    

 

Two statistical models were developed based on the data presented in the Appendix 

Table A.1. The first one is a nonparametric supervised learning “regression tree”, and 

the second one is a nonparametric supervised learning “bagging ensemble” (Dietterich, 

2000). The regression tree was built to clarify the effects and importance of every factor 

in different conditions. The ensemble model accurately predicts the efficiency of grass 

strips in removing sediment. All data processing and model developing were performed 

using the Statistics toolbox in MATLAB software package. 

4.3.1 Regression tree 

Regression trees are nonlinear predictive models which predict the response from 

various input variables by growing a binary tree (Razi and Athappilly, 2005). We 
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choose left or right branches of a tree in each node based on the known conditions, and 

proceed to reach the outcome. The predicted response can be found by following the 

decisions from the root (starting) node down to a leaf node, which illustrates the outputs 

of the model. The prediction is indeed the aggregation of all the training data points that 

lead to that leaf. 

A regression tree was developed in order to predict the efficiency of grass strips in 

removing sediment resulted from the input data. The regression tree is created by using 

all input data and testing all conceivable binary splits on each factor. The procedure 

used for creating the regression tree is as following: 

 Testing and trying all possible binary splits on every variable using all input data 

 Choosing a split with the best optimisation criterion. The mean-square error (MSE) 

was the criterion and the splits with the minimum MSE of predictions compared to the 

training data were chosen. Data used to build models is called “training data” and data 

utilised to test the models is called “test data” afterwards. 

 Exert the split 

 Recursively iterating for the two child nodes 

Splitting is stopped when there are less than “Minleaf” observations in a node, where 

Minleaf is defined by the user, and refers to the minimum number of observations per 

tree leaf. Cross validation accuracy test was calculated for regression trees having 

different Minleaf numbers to find the optimum Minleaf value. Fig 4.1 shows the cross 

validation MSE for different Minleaf values. 

To find the cross validation error, the training data were split into ten random parts. Ten 

new trees were trained, each by nine parts of the data. Then the accuracy of the new 

trees was examined by the data that are not part of that training tree. As this method 
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tests new trees on new data it assesses the precision of the tree accurately. As Fig 4.1 

shows the Minleaf value of 2 yields the least error and this value was set as the Minleaf 

to build the tree. The cross validated MSE of the regression tree with Minleaf equal to 

two was 207.6.  

 

Fig 4.1 The cross-validated error over minimum leaf size of the regression tree 

 

Resubstitution error has also been calculated for the regression tree, where this error is 

the MSE between the observed efficiencies of the training data and the tree predictions 

based on the input training data. The predictions of the tree are not accurate if the 

resubstitution error is high, but low resubstitution error does not necessarily confirm the 

significant validity of the predictions. The measured resubstitution MSE for the 

regression tree with Minleaf equal to two was 136.5. These rates were acceptable values 

as the range of variation of the observed efficiencies was between 7 to 100%, and the 

squared root of the errors were 14.4 and 11.7% for cross-validated and resubstitution 

respectively. 
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Although Minleaf equal to two built the most accurate tree, the resulted regression tree 

was very leafy. A leafy tree is hard to interpret. Therefore, it was pruned to an 

appropriate level in order to be fitted in this paper. Leafy trees are usually accurate just 

for the training data, not for independent new conditions. They tend to overtrain, 

meaning they estimate the outcomes optimistically. The depth of the tree was controlled 

to give simple and accurate result, easy to interpret. 

4.3.2 Ensemble method 

In supervised learning (Machine learning), “weak learner” refers to a model (learner) 

with high probability of error in predictions. Decision trees are classified as weak 

learners. Ensemble methods on the other hand are strong learners combining results 

from multitude weak learners (Dietterich, 2000). 

An ensemble method was utilised to predict the performance of grass buffer strips of 

different types and in different conditions in removing sediments. The results of this 

model as well as the regression tree statistical model were also used to interpret the 

physical processes taking place in different conditions. 

An ensemble learning model is the combination of multiple weak learners such as 

regression trees to predict or solve complex problems. As the ensembles aggregate the 

decisions made by multiple regression trees, they improve the robustness of single 

regression tree models. 

A matrix of input data has to be given to the model based on observations. This matrix 

is the same as the one used to build the regression tree and the predictor variable values 

for every event are also given to the model in the same way as for the regression tree 

(Appendix Table A.1). 
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An applicable ensemble algorithm had to be chosen for creating the ensemble. The 

‘bootstrap aggregation’ algorithm also called ‘bagging’ was chosen to build the 

ensemble as it is applicable for regression decision trees with more than two variables 

(Breiman, 1996). This algorithm was found to be significantly more accurate compared 

to the other tested algorithm ‘boosting’. In bagging, bootstrapped replicas of the training 

data are providing the diversity of classifiers. This means that in each replica, unique 

training data subsets from the entire training dataset are randomly drawn. Each of these 

subsets is used to produce a different classifier which in this case is a regression tree. 

The final decision is made by combining the predictions made by single learners by 

taking a simple average from them. 

Bootstrap aggregation trains learners on re-sampled copies of the data. Re-sampling is 

done by bootstrapping observations, which is choosing n observations from the whole 

dataset with replacement for every new learner. For increasing the accuracy of the 

bagged trees, every tree within the ensemble can randomly choose variables for 

classification splits. The minimal leaf size of the bagged trees was set to five to have the 

high accuracy in the least running time. 

The number of trees used to develop an ensemble has to be defined for building the 

ensemble. The appropriate size for an ensemble is one which balances speed and 

accuracy. It takes longer for large ensembles to train and produce predictions. The other 

problem that a large number of trees in an ensemble may cause is to make it overtrained 

and inaccurate. The MSE for different number of trees used for preparing the ensemble 

has to be calculated to find the optimum number of trees which the ensemble is built 

with.  
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Fig 4.2 shows the mean square error for different number of trees used in developing 

the bagging ensemble predictor. Two different tests have been applied to find the 

accuracy and quality of the ensemble over the number of trees that it is built on. The 

ensemble is evaluated on ‘out of bag data’ as well as ‘cross validation’ tests to find the 

optimum number of trees to develop the ensemble with. 

 

Fig 4.2 The MSE of the ensemble method over different number of trees used for ensemble 

development 

 

For the cross validation test a five-fold cross-validated bagged ensemble was generated. 

It means that 80% of the data used for training and 20% for testing. The cross-validation 

loss as a function of the number of trees in the ensemble was tested and is depicted in 

Fig 4.2.  

For finding the quality of the ensemble on out of bag data, the loss curve for out of bag 

estimates was generated and is illustrated in Fig 4.2. An average of 37% of the 

observations is omitted for each regression tree. These are called ‘out of bag’ 

observations. The out of bag prediction is estimated by averaging predictions from all 

trees in the ensemble for every observation in the ensemble for which this observation is 
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out of bag. The mean square error for a single observation is calculated by comparing 

the predictions and the actual observed efficiencies for this observation. The out of bag 

error is determined by comparing the out of bag predictions against the actual 

observations for all observations used for training. 

As Fig 4.2 shows the errors were roughly constant in ensembles developing with more 

than 50 trees. Three hundred trees were used to prepare the ensemble as it has the 

lowest error and the model can be run quickly. 

The ensemble predictions were calculated for a series of data sets and results were 

compared to actual experimental observations using different evaluation techniques. 

Therefore, the model was run 30 times, and in each run 80% of the data were used for 

training and the remaining 20% were utilised to test the model. The splitting was carried 

out randomly and the split was different for each of the 30 runs. The error estimations 

are the average of the values for every model evaluation techniques over the 30 runs. 

The ‘Bias’ of the model was calculated from the model predicted efficiencies and the 

actual observed grass strips efficiencies in trapping sediment as: 

     
   

   
                                                                                                                      (3) 

where Mi and Oi are modelled and observed efficiencies respectively. The Bias criterion 

shows whether the model systematically overestimates or underestimates the trap 

efficiency depending on whether the bias is greater or less than unity. 

The observed efficiencies of grass strips of different conditions were also compared to 

the model predictions. Coefficient of model efficiency Ec (Nash and Sutcliffe, 1970) 

was calculated from the observed and modelled data as:  
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                                                                            (4) 

where    is the mean of the observed values. The model efficiency measures the level of 

accordance between the modelled and observed values. Ec values of 1 indicate a perfect 

fit, while negative Ec values indicate the model predictions are worse than those 

predicted simply by the average observed values. 

In addition, the mean absolute percentage error (MAPE) was calculated as: 

     

    
       

  

 
                                                                                                                                        

where n is the number of observations. MAPE qualifies the magnitude of error in the 

modelled values and this measure of accuracy is expressed as percentage. MAPE equals 

to zero shows the perfect fit and low MAPE indicates better fit than high values.  

 The Pearson product-moment correlation coefficient (PWM) was the other criterion 

used for assessing the accuracy of model predictions as: 

    
 
 

                 

     
       

      
       

 
                                                                                         

     
    

     
  

   
                                                                                                                                             

     
    

     
  

   
                                                                                                                                             

PWM is a criterion, expressing the linear correlation between observed measurements 

and modelled outcomes. PWM equal to 1 indicates the perfect correlation between 

observed and modelled efficiencies.  
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4.4 Results 

4.4.1 Nonparametric supervised learning regression tree 

Fig 4.3 shows the regression tree built using data shown in the Appendix Table A.1. 

The regression tree presented in Fig 4.3 is developed to clarify the effect of different 

factors on sediment removal with grass buffer strips. As regression trees are categorised 

as weak learners, therefore we did not use them for predictions. 

 

 

Fig 4.3 The regression tree of the effectiveness of grass strips in trapping sediment 

 

The tree predictions can be derived by following the decisions from the root node down 

to the leaf nodes. The far left side of the tree shows that very high efficiencies in 

removing sediment is expected from low slope dry hedge strips with lengths more than 



133 

 

5.5 meters. The decision tree shows that the sediment trapping efficiency decreases as 

the inflow sediment contains higher proportions of fine particles. 

By comparing the leaf nodes which have close strips length and slope values, it is 

concluded that trapping efficiency is significantly less in wet soils comparing to dry 

soils. 

Significant difference can be observed between the sediment trapping efficiency in 

different grass strip types (x1). Hedges can highly trap sediment even in high slopes and 

medium lengths, while sparse strips can trap sediment moderately. Grass strips of any 

kind cannot reduce the amount of sediment in the outflow significantly if the moisture 

content of the soil is high and the inflow sediment mostly consisted of very fine 

particles. 

4.4.2 Nonparametric supervised learning bootstrap aggregation ensemble 

method 

Table 4.2 shows the average values of the above model testing methods for 30 runs. As 

20% of the data which was equal to 40 observations was reserved for testing the model 

and was not used for training purposes, it was expected that the model would 

significantly fit better by adding the remaining 40 split observations to the training data. 

 

Table 4.2 The average model evaluation tests results over 30 runs 

Bias Ec MAPE PWM 

1.01  0.54  18.1  0.76 
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To obtain a better understanding of the physical processes, the importance of each 

variable was estimated in the final result. The values for every variable were transposed 

manually across the dataset to determine changes in the MSE values. The process was 

repeated for every variable. MATLAB functions have the capability of conducting this 

process and store the growth in MSE averaged over all tress in the ensemble and 

divided by the standard deviation taken over the trees, for every variable. Larger values 

represent more important variables. Fig 4.4 shows the importance of every variable in 

the ensemble. 

  

 

Fig 4.4 The importance of every variable in the ensemble 

 

Fig 4.4 shows that all five considered variables are important in grass strips 

performance in removing sediments. Sediment type, length of strips, and the antecedent 

soil moisture were the most effective variables. This result is similar to findings by 

Munoz-Carpena et al. (1999) in sensitivity analysis of VFSMOD model. Slope was the 
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least effective factor and this is likely a result of the limited variation in slope among 

the compiled dataset, from 1%-16% only. 

Fig 4.5 shows the observed and modelled efficiencies for the whole 30 runs which were 

calculated by splitting non-repetitive 20% testing data. 

As Fig 4.5 illustrates the model over-predicts small sediment deliveries and under-

predicts large sediment deliveries. The subject will be considered further in the 

discussion section.  

New input data not included in model development was entered to the ensemble model 

to evaluate the effectiveness of grass buffer strips in various conditions in trapping 

sediments and the results are shown in Table 4.3. The model predictions are also 

mentioned in this table. 

 

Fig 4.5 The observed and modelled efficiencies for 30 runs using non-repetitive 20% testing 

data 

 

The results of the critically comprehensive literature review which considered the 
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the results of the regression tree (Fig 4.3) and the scenarios which were run by the 

bagged ensemble model (Table 4.3) were used to better explain the physics of the 

occurring processes upstream and within grass strips.  

Results of the ensemble model, which are in agreement with what have been observed 

in many studies, show that the backwater region is a very important zone for sediment 

deposition. As the results show that considerable deposition occurs in very narrow 

dense hedges (type 1), where slope is low and sediment inflow contains considerable 

proportion of coarse particles. This zone has to be considered separately, as the flow 

velocity decreases and particles may have enough opportunity to settle. As the 

infiltration rate is less in the backwater zone compared to the grass strip and the length 

of this zone is short, infiltration effects can be neglected in this zone.  

Results of the statistical model show great difference in grass strips efficiency in 

trapping sediment between initially dry and wet soils. This shows the importance of 

infiltration in sediment deposition within the grass strips. The literature review confirms 

that even very fine particles of soil can be trapped in grass strips. A number of studies 

have shown that the mass of nutrients associated with sediment decreased in the outflow 

without significant change in the concentration. It can be concluded that particles are 

trapped due to infiltration regardless of their size. Nevertheless, sediment deposition due 

to immersed weight is considerably less within the strips due to high turbulence, high 

friction slope, and high actual flow velocity.  

Illustrations of the conclusions were prepared based on physics of the processes 

involved and the ensemble predictions for various possible scenarios (Table 4.3) to 

show the processes upstream and within grass strips in different conditions.   
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Table 4.3 Different scenarios for grass buffer strips conditions and the ensemble method 

predictions 

Scenario 

Category 

Predicted 

performance (%) 
Grass 

type 

Sediment 

type 

Slope 

(%) 

Buffer length 

(m) 

Antecedent soil 

moisture 

1 1 3 2 5 1 87.2 

2 1 3 2 5 2 79.3 

3 1 3 2 1 1 80.1 

4 1 3 2 10 1 92.8 

5 1 3 14 5 2 77.9 

6 2 3 2 5 1 85.2 

7 2 3 2 5 2 75.8 

8 2 3 2 1 1 77.3 

9 2 3 2 10 1 91.2 

10 2 3 14 5 2 72.5 

11 3 3 2 5 1 71.4 

12 3 3 2 5 2 62.6 

13 3 3 2 1 1 68.4 

14 3 3 2 10 1 76.3 

15 3 3 14 5 2 59.6 

16 1 1 2 5 2 79.3 

17 2 1 2 5 2 75.9 

18 3 1 2 5 2 64.0 

19 1 5 2 5 1 68.9 

20 1 5 2 5 2 61.0 

21 3 5 14 1 2 41.9 
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The illustrations (Figs 4.6 to 4.13) were prepared to show the effect and interactions of 

each of the five major factors, on which the model was built. They are based on some of 

the scenarios in Table 4.3 to compare the efficiencies in different conditions. For these 

figures it was assumed that the water flowing toward the grass strip consisted of 4 sand, 

4 coarse silt, 4 fine silt, and 4 clay particles. It is similar to conditions defined in first 18 

scenarios in Table 4.2. Deposited particles due to resistive force of the grass to the water 

flow are shown as hollow figures while particles settled due to infiltration are filled. The 

remaining particles in the outflow are shown over the water surface in the downstream 

zone. 

As the infiltration rate is higher within the vegetated area compared to the upstream 

zone in the backwater region, it is assumed that the sediment deposition occurs in the 

backwater zone only due to the flow deceleration, and within the strips by deceleration 

as well as high infiltration. Particles settling due to flow deceleration are assumed to be 

less within the grass strips compared to the same water depths in the backwater zone for 

reasons given previously. It is also assumed that very fine particles only settle due to 

water infiltration into the soil. It is presumed that settling due to infiltration is not 

preferential and particles of different sizes have equal chance to be trapped as water 

infiltrates to soil. 

Dry hedge strips of 5m length and 2% slope (Fig 4.6) can effectively trap almost all 

inflow sediment. The long and deep backwater region decelerates the water flow 

significantly and coarse and medium size particles trap in this region. As the root 

system is widespread in category 1 species and the soil is dry, 5 m long strip can 

effectively trap almost all the remaining sediment in the flow within the grass strips. As 

the backwater region in 2% slope hedge strips traps the majority of the inflow sediment, 
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the concentration of the sediment entering the grass strips is low. Therefore, the 

effectiveness of strips of these conditions in trapping sediment is high, even under wet 

soil conditions. In high slopes the length and depth of backwater decreases 

considerably. Thereupon, sediment removal in the backwater zone is considerably lower 

comparing to low slopes. Wet soils under these conditions cannot trap sediments 

effectively (Fig 4.7). As the actual flow velocity is very high in hedge strips, particles 

have lower chance to settle due to gravity and infiltration comparing to sparser strips. 

The high performance of hedge strips is highly dependent to low slope steepness. 

 

 

Fig 4.6 Particles transport and deposition in a 5 m hedge strip of 2% slope and dry soil 

 

Fig 4.7 Particles transport and deposition in a 5 m hedge strip of 14% slope and wet soil 
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As the resistance caused by the medium-density grass species is low comparing to 

hedge strips, the length of the backwater region is short and the water depth upstream 

the buffer strip is low. As shown in Fig 4.8, the effectiveness of the antecedent soil 

moisture is more pronounced under these conditions, as more concentrated water flows 

through the strip. Dry, 5 m long grass strips of medium density in 2% slope fields, can 

efficiently trap sediment (Fig 4.8). As the soil moisture increases, the effectiveness of 

these areas decreases considerably. As fine particles are assumed to be trapped only by 

infiltration within the grass strips, there will be considerable amount of fine sediments 

trapped under wet conditions. The significance of this issue is that particulate pollutants 

are attached to fine particles and the delivery of pollution is expected to be very high 

under wet conditions. The efficiency will be much less in steep fields with 14% slope 

(Fig 4.9). 

 

Fig 4.8 Particles transport and deposition in a 5 m dense grass strip of 2% slope and dry soil 
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Fig 4.9 Particles transport and deposition in a 5 m dense grass strip of 14% slope and wet soil 

 

Sparse grass strips can only be effective in low slopes and dry soils with lengths more 

than at least one metre. As no significant backwater forms even in high slopes, almost 

all sediment removal occurs within the strips. Sediment loss from wet soils or high 

slope fields with sparse grass strips is significantly high (Figs 4.10 and 4.11). 

 

 

 

 

Fig 4.10 Particles transport and deposition in a 5 m sparse grass strip of 2% slope and wet soil 
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Fig 4.11 Particles transport and deposition in a 5 m sparse grass strip of 14% slope and wet soil 

Considering the physical processes, the prepared regression tree, and the ensemble 

model results presented in Table 4.3, it is concluded that increasing the length of grass 

strips can amend the adverse effects of a high ratio of fine particles in the inflow, sparse 

strips, high slopes, and high moisture content of the soil on sediment trapping efficiency 

to some extent. As conditions tend to extreme, like intense storms in steep fields, longer 

buffers can be remarkably more effective than short ones in removing sediment. 

Otherwise, short strips of hedges or dense species can trap coarse and medium size 

particles with very high efficiency if the slope is low and the soil is dry. Figs 4.12 and 

4.13 show the effectiveness of grass strips length factor in performance of buffer strips 

under various conditions same as Table 4.3.  

 

Fig 4.12 Particles transport and deposition in a 1 m dense grass strip of 2% slope and wet soil 
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Fig 4.13 Particles transport and deposition in a 10 m dense grass strip of 14% slope and wet soil 

4.5 Discussion 

Statistical modelling is a powerful tool for developing predictive models and decision 

support systems. Ensemble methods are precise predictors and user-friendly as there is 

no need for high proficiency to use them. There have been several successful 

implementations of supervised learning for developing decision support systems in 

various science and technology fields (Shipp et al., 2002, Hong, 2008, Bhattacharya et 

al., 2007).   

The advantage of statistical models in general, and the statistical model described in this 

paper in particular over physically-based models, is their high accuracy and simplicity 

in “application”. The number of input variables needed for running physically-based 

models is usually high and some are hard for users to estimate. The statistical model 

described in this paper just needs five numbers/categories as input data which are all 

easy to measure or determine. For this reason, it can be expected that amongst two 

physically-based and statistical models with similar accuracy testing values, the 

statistical model have the advantages that the number of input data is less and easier to 

measure or estimate. 
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Fig 4.14 shows the bias of the developed ensemble model. It illustrates the difference 

between the observed and modelled efficiencies over the observed efficiencies. The 

scattered points should be randomly distributed above and below the zero value gridline 

for the y axis in high and low observed efficiencies in an unbiased model. Fig 4.14 

shows that most of the y axis values are positive for observed efficiencies more than 

75%, and negative for observed efficiencies less than 75%. The average observed 

efficiency for the whole dataset was also 75%. Therefore, the figure shows that the 

model over-predicts small sediment deliveries and under-predicts large soil deliveries. 

According to the findings of Nearing (1998), this is a common problem for all soil 

erosion models, regardless of being physically-based or empirical. This study confirms 

the same trend for statistical modelling.  

 

Fig 4.14 Bias of the model predictions 

 

Nearing (1998) indicates that applying models to data which contain ‘natural variations’ 

that are not possible to catch by models, causes a bias in the model outcomes. The grass 

buffer strip models can basically be more biased as grassed areas are expected to have 
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more variations in surface configurations than fallow fields around it. Notable variance 

can be observed in the performance of grass strips in same conditions in removing 

sediment (Magette et al., 1989, Daniels and Gilliam, 1996). The other important factor 

that causes the bias is that it is not possible to consider all effective factors involved. 

Every model regardless of its type neglects some factors. Also there are some factors 

that are not known to be effective or their effectiveness is not clear. However, in 

statistical modelling, important factors can be considered without knowing how exactly 

they influence the outcome. 

The model developed in this research can be modified and improved over time. As 

studies to evaluate the effectiveness of grass strips in removing sediment and particulate 

nutrients are still ongoing in many research institutions, their results can be added to the 

currently gathered database to make the model more accurate as larger datasets can 

produce more accurate statistical models. In this study, it was observed that the RMSE 

of the model was significantly lower while 90% of the data was used for training and 

10% for testing, than allocating 80% of the data for training and 20% for testing. The 

reason was that the first case had 20 more observations to build the ensemble with than 

the second case. 

4.6 Conclusions 

Using data in the literature to develop statistical models as well as considering the 

physical processes affecting the hydraulics and hydrology of flow upstream and through 

grass buffer strips showed that it is necessary to accurately consider grass resistance, 

slope steepness, antecedent soil moisture, sediment type, and strips length as important 

factors affecting the effectiveness of buffer strips in sediment removal. 
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Machine learning ensemble methods with the bootstrap aggregation algorithm can 

predict the performance of grass buffers of different types in removing sediment under 

certain conditions. 

The regression tree built using the collected data from very different natural and 

controlled conditions, showed that unless the slope is low and the inflow sediment does 

not contain high portion of clay particles, moderate lengths of grass strips can trap large 

amounts of inflow sediment. The tree shows that in any grass strip type sediment 

removal would be low if the moisture content of the soil is high and the inflow sediment 

mostly consisted of very fine particles. 

Evaluating the ensemble model with different model testing methods showed that the 

statistical non-parametric supervised learning ensemble developed in this research has 

prepared a strong learner for predicting the trapping efficiency of grass strips. Testing 

the ensemble learner predictions, permuting the input data, showed that sediment 

particle size distribution, length of strip, and the antecedent soil moisture were the most 

effective variables. 

Comparing the results of the ensemble predictions for different prevalent scenarios 

showed that the backwater region upstream of dense grass strips (hedge strips) is the 

main region for sediment deposition on low slopes. The efficiency of grass strips in 

reducing the concentration of sediment is much higher for coarse than finer particles. 

Grass strips can substantially decrease the mass of fine particles if a significant 

reduction in runoff (ie. infiltration) occurs within the strip. As no backwater forms on 

high slopes and the flow velocity is high in steep lands, particles will not have enough 

time to deposit ahead of the strip. Having long grass strips can amend the low trapping 

efficiency associated with extreme conditions such as high slope, wet soil and sparse 
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grass strips by providing more opportunity for particles to settle and more runoff 

reduction. 
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CHAPTER FIVE 

5 Modelling Flow and Sediment Trapping Upstream and Within 

Grass Buffer Strips 

Abstract 

Grass buffer strips impact on the hydrology of the flow and consequently the fate of 

sediment. A complex process-based model is developed to predict flow characteristics 

as well as sediment deposition and transport upstream, and within grass strips. The 

model is able to estimate the proportion and amount of different sediment particle size 

classes in the outflow. Modified Green-Ampt equation was used to simulate the 

infiltration. Gradually varied flow and kinematic wave approximation were used to 

model the flow characteristics upstream and within grass strips, respectively. The model 

GUEST approach has been modified in order to use its basic approaches in sediment 

transport module in grass strips. Model predictions agree well with two sets of 

controlled experiments. The bias, coefficient of model efficiency, and the root mean 

squared error of the modelled efficiency of grass strips in reducing sediment 

concentration were 0.93-0.99, 0.58-0.99, and 8.9-12.7 respectively. The sensitivity 

analysis showed that the initial soil moisture and the flow rate are the most sensitive 

parameters in predicting the runoff loss. Increasing the slope steepness and the flow rate 

dramatically decrease the efficiency of grass strips in reducing sediment concentration 

and mass.  

Keywords: Model; Sediment; Grass; Buffer strip; Hydrology 
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5.1 Introduction 

Grass strips have been extensively tested and used to alleviate sediment and associated 

pollutants delivery to rivers (Abu-Zreig et al., 2004, Dabney et al., 1993, Hook, 2003, 

Parsons et al., 1994, Raffaelle et al., 1997, Rey, 2004). The two processes of increased 

roughness and permeability enhance trapping of sediment particles upstream from and 

within grass strips (Le Bissonnais et al., 2004, Deletic and Fletcher, 2006, Shrestha et 

al., 2005, Schmitt et al., 1999, Akram et al., 2014). 

A few models have been developed to predict the performance of grass strips in 

removing sediment. Although these models have helped decision makers, the models 

are not yet sufficiently accurate in some aspects and cannot explicitly describe the 

sediment transport and deposition processes in time and space. 

Munoz-Carpena et al. (1999) developed the VFSMOD model for predicting hydrology 

and sediment transport in vegetative filter strips. The hydrology module is fully process-

based and is based on kinematic wave flow and Green-Ampt infiltration equations. In 

VFSMOD the University of Kentucky sediment transport module is linked to the new 

hydrology sub-model to predict the sediment filtration in grass strips (Munoz-Carpena 

et al., 1999). Although the VFSMOD considers both the upstream and within the grass 

strip as deposition areas it could not accurately predict the amount and size distribution 

of sediment in the outflow. The University of Kentucky sediment transport module is 

based on laboratory experiments, and is one of the most cited water and sediment 

transport models through vegetation. Adding a fully process-based hydrology module to 

the Kentucky's model has made VFSMOD's predictions more accurate than the previous 

model. VFSMOD, however, does not consider the detachment process in the sediment 

transport through vegetated filter strips. Laboratory measurement shows that the 
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Kentucky's model is not sufficiently accurate specially in dealing with small particles 

and low concentrations (Deletic, 1999, Deletic, 2000). VFSMOD also has limitations in 

dealing with sediment of highly distributed sizes and concentrations (Hussein et al., 

2007b). 

TRAVA is another model developed to predict the effects of grass strips on flow 

hydrology and sediment transport (Deletic, 2001, Deletic, 2005). The hydrology sub-

model is similar to the approach used in VFSMOD. The model uses a series of 

empirical equations based on experiments carried out for developing the sediment sub-

model (Deletic, 1999, Deletic, 2000). TRAVA is able to model the particle size 

distribution in the outflow. This has made the model potentially applicable for pollution 

assessment if a sorbed nutrients transport submodel is added to it. Similar to other 

empirical models TRAVA’s performance is limited to the experiment conditions and 

has not been tested with a wide range of input data. It also does not consider the 

backwater region upstream grass strips as an area of deposition. According to Hussein 

et al. (2007b)’s experiments, a major fraction of deposition occurs upstream from grass 

buffer strips. 

Newham et al. (2005) developed the RPM model for predicting the trapping efficiency 

of riparian buffers through settling, infiltration and adhesion (adsorption) processes. The 

model divides the sediment load into two size classes of: a) coarse (>50 µm) particles 

that are trapped by settling, and b) fine (≤ 50 µm) particles that are trapped through 

infiltration and adhesion processes. Inclusion of sediment infiltration and adhesion as 

separate parts of sediment transport processes is unique to the RPM model. RPM, 

however, does not model the settling process explicitly in either the backwater or the 

vegetation, and also does not consider the detachment process. As the model does not 
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divide inflow sediment into different size classes, its results cannot be implemented to 

predict water pollution.  

WEPP (Nearing et al., 1989) is a process-based, steady-state continuous model. 

Flanagan and Nearing (2000) evaluated WEPP performance in predicting sediment fate 

in grass strips by comparing the model outcomes with experimental results. WEPP does 

not track sediment in the backwater region and tends to underpredict the finer sediment 

particles distribution and overpredict the medium size particles. This brings 

uncertainties if the model is used to predict pollutants associated with sediments in 

streams. 

There have been some statistical models developed in order to predict the efficiency of 

grass strips in trapping sediments (Andriyas et al., 2003). Although the prediction 

accuracy is high for those statistical models they cannot explicitly simulate the 

processes occurring during a runoff event. 

The objectives of the paper are 1) to develop a new approach for predicting the fate of 

water and sediment in and around grass buffer strips, and 2) test the performance of this 

new model with two sets of controlled experiments, and 3) assess model sensitivity in 

order to clarify the effect and importance of various factors in performance of grass 

strips. The highlight of this new model is the process-based simulation of the combined 

effect of buffer strips on sedimentation upstream and vegetation induced infiltration and 

sedimentation within the buffer strip. This has not been achieved in the early described 

papers. The work done by Hussein et al. (2007b) which was simulating hydrology and 

sediment transport in the upstream from grass strips is extended in this paper to include 

what occurs inside buffer strips. The model is based on Hairsine and Rose (1992) 

method, which assumes deposition and erosion are processes occurring simultaneously. 
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5.2 Model structure 

The model, hence called GUSED-VBS 2, is a process-based model which simulates 

deposition and erosion processes upstream and within grass buffer strips in single runoff 

events.  

Following assumptions have been made in developing this model: 

 The inflow is steady and subcritical. 

 Deposition, and re-entrainment (detachment of deposited sediment by overland flow) 

are the two main processes occur concurrently which change sediment concentration 

along the path. 

 As the length of backwater is short and the permeability of bare soil is dramatically 

lower than vegetated ground, infiltration is neglected in the upstream region. 

 Particles are trapped due to infiltration regardless of their size. 

 Entrainment is negligible upstream the grass strip. 

 Deposited mass due to infiltration settles on the soil top and does not percolate 

within. 

 Vegetation is non-submerged. 

Figure 5.1 shows the hypothetical scheme of the water and deposited profile upstream 

and within a grass strip. Water depth increases in the backwater region upstream the 

grass strip as flow approaches the buffer. Thus the flow velocity decreases enhancing 

coarse particles settling over the soil. Moreover the frictional slope is very low in this 

section comparing to its upstream and downstream. Low frictional slope results in low 

stream power and consequently high net deposition (Akram et al., 2014). As the actual 

velocity and frictional slope are higher in grass strip comparing to the backwater region, 

settling due to higher resistance is lower. Infiltration decreases the flow rate and 
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consequently the mass of sediment in the effluent. As infiltration decreases the flow 

rate, the flow velocity dwindles, therefore due to lower stream power the probability of 

deposition increases. If significant length of backwater appears upstream, high 

proportion of coarse particles settle in this region, therefore much of the particles enter 

the grass strip consisted mostly of fine particles that could not settle in the backwater 

region. 

 

Fig 5.1 Hypothetical scheme of water and deposited profile upstream and within grass strips 

 

Hydrology and sediment transport are modelled primarily in the upstream region. Water 

depth and sediment concentration of different particle size classes at the upstream end 

of backwater region in every time step are considered as initial conditions within 

buffers. Gradually varied flow equation is used to calculate flow characteristics 

upstream the grass strip: 

  

  
 

     

     
                                                                                                                                  

where D is the water depth (m), x is the downslope distance (m), S0 is the bed slope (m 

m
-1

), Sf is the frictional slope (m m
-1

), and Fr is the Froude number. 
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Change of sediment concentration over distance is calculated using the following 

equations: 

 
   
  

            

    
     

                                                                                                       

     
        

       
                                                                                                                        

                                                                                                                                                

where q is the unit flow rate (m
3
 m

-1
 s

-1
), ci is the sediment concentration in size class i 

(kg m
-3

), vi is the fall velocity for size class i (m s
-1

), H is the ratio of soil covered by 

deposited sediment to the whole area, rmax is the maximum rate of entrainment (kg m
-2

 s
-

1
), F is the available stream power available for entraining particles, σ is the wet density 

of sediments (kg m
-3

), Ω and Ωo are stream power and threshold stream power per unit 

area (W m
-2

), and ρ is the water density (kg m
-3

). 

The distribution of particle size classes is to be given as input data to the model. Settling 

velocity for every class is estimated using Cheng method (Cheng, 1997): 

   

          
    

   

 

 
                                                                                                    

     
     

   
  

   

                                                                                                                    

where ν is the kinematic viscosity (m
2
 s

-1
), and d is the mean diameter of the particle 

size class (m). Cheng method is applicable to both laminar and turbulent flow regimes.  

Deposition and entrainment processes change the bed elevation. The model is able to 

dynamically change the slope by: 
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where z is the bed level (m),   is porosity, and t is time (s). 

Equations 1 to 8 are identical to those used in (Hussein et al., 2007b). 

The processes within grass strips are more complex. Entrainment as well as re-

entrainment is observed within grass strips in some previous studies (Bennett et al., 

2008, Follett and Nepf, 2012, Ghadiri et al., 2001). Therefore, the entrainment term was 

added to Eq 2. Infiltration also intensifies particles settling; therefore the infiltration rate 

is added to the settling velocity of each particle size class. The other complexity of the 

processes within the grass strip is that the flow is gradually varied unsteady.  

Kinematic wave approximation is used in order to predict flow characteristics spatially 

and temporally along grass strip by the following equations: 

The continuity equation: 

  

  
  

  

  
                                                                                                                                      

Manning formula is used as the momentum equation: 

  
 

 
       

                                                                                                                                 

where f is the infiltration rate (m s
-1

), and n is the equivalent Manning roughness 

coefficient inside grass. 

The surface flow module is coupled with the Infiltration module which is based on 

modified Green-Ampt method: 
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The continuity equation: 

  

  
  

 

      
                                                                                                                                 

Darcy’s formula is used as the momentum equation: 

     
        

 
                                                                                                                    

where y is the depth of wet front (m), θs is the water content of the soil while saturated, 

θi is the initial water content of the soil, Ks is the saturated hydraulic conductivity (m s
-

1
), and hc is the capillary fringe pressure (m). 

As the actual cross section within grass strip is lower than calculated one (due to the 

area covered by leaves and foliage), following equation is used to estimate the actual 

flow rate: 

    
 

      
                                                                                                                               

where qa is the actual flow rate (m
2
 s

-1
), and Bl is the fraction of cross section which is 

covered by stems and foliage. 

Sediment transport module consisted of the following equation: 

  
   
  

                

    
     

                                                                                       

Changes in topography over time within the grass strips are calculated using following 

equation: 
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5.3 Computational mesh and numerical solutions 

5.3.1 Upstream the grass strip 

The flow rate and sediment concentration upstream the backwater region are assumed to 

be steady and to be given to the model as input data. The water depth at the upstream 

edge of the backwater region is equal to the normal depth of the flow over the bare soil. 

The downstream depth of water in the backwater region is the normal depth of the 

steady flow over the grass strip. 

The equations for predicting the flow and sediment characteristics upstream the grass 

strip (eqs 1 and 2) were solved using the fourth order Runge-Kutta method. As the 

downstream water depth which is equal to the normal depth of the flow within the grass 

strip is the control point for solving equation 1 and the concentration of particles of 

different size classes upstream the backwater were control points for equation 2, the two 

equations solved separately and results from equation 1 were used for solving the 

equation 2. The equations were solved at every time step taking the topography at the 

end of the previous time step as the initial condition for next time step. 

5.3.2 Within the grass strip 

The sediment concentrations of different particle size classes at the entrance of the grass 

strip, which are the outputs of the “upstream” module, are taken as the upstream 

boundary condition for the “within the grass strip” module. The flow rate considering 

the infiltration rate at every time step at the lower edge of grass strip is a boundary 

condition for the numerical calculations. The water depth at the lower edge is equal to 

the normal depth of the corresponding flow rate over the bare soil. 
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The ordinary differential equation of the infiltration module (Eq 11) was solved using 

the fourth order Runge-Kutta method. The kinematic wave module was numerically 

solved utilising finite difference techniques. Fully implicit method was used to solve the 

kinematic wave partially differential equations (Eqs 9 and 10). Equation 14 was solved 

using fourth order Runge-Kutta method.  

5.4 Model application and testing 

The performance of the model in predicting the fate of water and sediment in and 

around grass strips was evaluated by comparing the model outcomes with the results of 

two separate sets of experiments. The first set of experiments was carried out by Jin and 

Romkens (2001) in an experimental flume using artificial grass. The second set was 

based in Griffith University and conducted by Hussein et al. (2006). 

5.4.1 The first set of experiments (Jin and Romkens, 2001) 

The tests were carried out in a laboratory flume evaluating the effects of different grass 

densities, bed slopes, flow rates, particle size distribution, and concentrations on fate of 

sediment upstream and within the vegetated area. Vegetation was simulated with 

polypropylene bristles which were inserted and glued in a staggered pattern. The surface 

was impermeable and infiltration effects were not tested. The length of grassed part and 

the upstream zone were 2.4 and 1.2 m respectively. Two different densities of 2500 and 

10000 bunches of four bristles per square meter were used to see the effects of grass 

density on sediment retention. Three different particle size distributions of coarse sand, 

fine sand, and silt loam were used in a steady run-on to evaluate the effectiveness of 

grass strips in the fate of different particle sizes and combinations. Sediment was 
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uniformly mixed in a tank and steady flow was distributed in the flume. Durations of 

the events were between 80 and 140 minutes. 

Deposited sediments in the upstream area, upper half, and lower half of the grass strip 

were collected after every event. The collected samples were oven dried and sieved 

through a series of sieves to measure the ratio of different size classes in the deposited 

sediment. Run-on samples were also collected every two or three minutes at the outlet 

to measure concentration of different size classes in the pass through flow. More details 

can be find in Jin and Romkens (2001). 

The parameters used to simulate the experimental conditions in the model are as Table 

5.1. 

5.4.2 The second set of experiments (Hussein et al., 2006) 

Data from flume experiments carried out with Griffith University Tilting-flume 

Simulated Rainfall facility (GUTSR) was used to test GUSED-VBS 2 performance. 

Three different soil textures were used to introduce different particle size distributions 

in the inflow. Sediment was uniformly mixed in a tank and steady flow was maintained 

in the flume. The strip was consisted of vetiver grass (Vetiveria zizaniodes L.) with the 

length of 0.3 m. The density of grass was 4300 stems/m
2
. Flow rates were steady and 

varied between 0.00033 to 0.001 m
3
 s

-1
 m

-1
. The flume bed was covered with an 

impermeable surface, therefore infiltration was not allowed. Each test took 20 minutes. 

The collected samples were oven dried and sieved through a series of sieves to measure 

the ratio of different size classes in the outflow. More details can be find in Hussein et 

al. (2006) and Hussein et al. (2007a). 



165 

 

The parameters used to simulate the experimental conditions in the model are as Table 

5.2. 

Table 5.1 Model parameters and their values for Jin and Romkens (2001) experiment 

Module Parameter Symbol Unit Values 

Hydrology Buffer width b m 0.64 

Buffer length Lin m 2.4 

Upstream length Lup m 1.2 

Upstream Manning coefficient nup s m
-1/3

 0.015 

Grass Manning coefficient n s m
-1/3

 0.075 in low density 

0.12 in high density 

Width blocked by grass Bl - 
0.01 for low density 

0.04 for high density 

Flow rate Q L s
-1

 1.45-7 

Surface slope S0 % 2-6 

Infiltration rate f m s
-1

 0 

Sediment Kinematic viscosity of water ν m
2
 s

-1
 10

-6
 

Sediment concentration c kg m
-3

 1.44-7 

Effective excess stream power F - 0.1 in upstream area 

0.002 in grassed zone 

Water density ρ kg m
-3

 1000 

Sediment density   2630 for coarse sand 

2630 for coarse sand 

2520 for silt loam 

Deposited sediment porosity   - 0.4 

Threshold stream power Ω0 kg m
-3

 0.008 

 

The model results were compared with the observed data using different evaluation 

techniques.  

The “Bias” of the model was calculated from the model predictions and the 

observations as: 
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Table 5.2 Model parameters and their values for Hussein et al. (2006) experiment 

Module Parameter Symbol Unit Values 

Hydrology Buffer width b m 0.3 

Buffer length Lin m 0.3 

Upstream length Lup m 1.8 

Upstream Manning coefficient nup s m
-1/3

 0.04 

Grass Manning coefficient n s m
-1/3

 0.8 

Width blocked by grass Bl - 0.3 

Flow rate Q L s
-1

 0.3-1.0 

Surface slope S0 % 1-5 

Infiltration rate f m s
-1

 0 

Sediment Kinematic viscosity of water ν m
2
 s

-1
 10

-6
 

Sediment concentration c kg m
-3

 4.7-25.2 

Effective excess stream power F - 0.1 in upstream area 

0.002 in grassed zone 

Water density ρ kg m
-3

 1000 

Sediment density   1600 for Ferralsol 

2500 for Podzol 

1600 for Vertisol 

Deposited sediment porosity   - 0.4 

Threshold stream power Ω0 kg m
-3

 0.008 

 

where Mi and Oi are modelled and observed data respectively. The Bias criterion shows 

whether the model overestimates or underestimates the outcomes on average. 

The observed data of grass strips of different conditions were also compared to the 

model predictions. Coefficient of model efficiency Ec (Nash and Sutcliffe, 1970) was 

calculated from the observed and modelled data as:  
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where    is the average of the observed values. The model efficiency measures the level 

of accordance between the modelled and observed values. Ec value of 1 indicates 

perfect agreement. The Ec value can be negative, indicating the model predictions are 

worse than those predicted with the average observed values. 

In addition, the root mean squared error (RMSE) was calculated as: 

      
 

 
                                                                                                                    

where N is the number of observations. RMSE quantifies the error in the modelled 

values in units of the original variable, which is percent in this case. RMSE equal to zero 

shows the perfect fit and the lower the RMSE value, the better the agreement. RMSE% 

(RMSE/  ) was also calculated to represent the relative magnitude of errors. 

5.5 Results 

5.5.1 Jin and Romkens (2001) experiment: 

The model was run for every scenario tested in the first set of experiments (Jin and 

Romkens, 2001) and the results are shown in Table 5.3. The table compares the 

modelled and observed rates of deposition in the upstream section, upper half, and 

lower half of the grass strip. Table 5.4 shows the performance indicators for this set of 

flume experiments.  

As it is shown in Table 5.4 the model predicts the water depth within the grass strip 

with high accuracy. The model predictions for the efficiency of grass strips in reducing 
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sediment concentration and the particle size distribution in the outflow are also quite 

accurate. Fig 5.2 shows the observed and modelled efficiencies for a total of 28 runs of 

the experiment. 

 

Fig 5.2 Observed versus modelled efficiency of grass strips in reducing sediment outflow 

 

The distribution of different particle size classes in the deposited sediment upstream the 

grass strip for different inflow particle distributions is shown in Fig 5.3. The rate of fine 

particles is less than that of in the inflow in both observed and modelled data. The 

model has predicted that there cannot be any deposition of particles finer than 106 μm 

in the upstream area, while it actually happened. However the rate of particles finer than 

106 μm in the observed deposited sediment upstream the grass strip was considerably 

lower than that of in the inflow. The proportion of coarse particles was higher than that 

of in the inflow in both observed and modelled data while the model over-predicts it in 

the upstream region. 

Fig 5.4 shows the observed and modelled distribution of different particle size classes in 

the deposited sediment in the upper half of the grass strip for different inflow sediment 

types. The proportion of finer particles is higher in this area comparing to the upstream 
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region in both modelled and observed data. As the model over-predicted the proportion 

of coarse particles in the deposited sediment upstream the grass strip, consequently the 

predictions show lower fraction of coarse particles in the upper half deposited sediment. 

Table 5.3 Model performance indicators for three predicted variables of importance to the 

effectiveness of vegetation buffer strips 

Variable Bias Ec RMSE RMSE% 

Water depth in grass strip (m) 1.07 0.95 0.0 8 

Efficiency in trapping sediment (%) 0.99 0.58 12.7 - 

Fraction of different size classes in the outflow (%) 1.01 0.67 6.6 69 

 

 

 Fig 5.5 depicts the observed and modelled particle size distribution in the outflow. The 

results presented in Table 5.4 showed that the particle size distribution prediction results 

are acceptable. The proportion of fine particles in the outflow is higher than the inflow 

in observed and modelled data. Coarse particles are settled more in model predictions 

than the observed outflow. As Fig 5.5 shows there is no significant difference in the 

outflow size distribution for both observed and modelled data in different flow rates. 

The proportion of coarse particles increases as the bed slope grows in both observed and 

modelled outcomes.  
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Fig 5.3 The proportion of different particle size classes in deposited sediment (μm) upstream 

grass strip. a) Run 02, b) Run 05, c) Run 07 
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Table 5.4 Modelled and observed results (Jin and Romkens, 2001) 

Test Grass density Sediment type Q 

(m3 s-1x10_3) 

Duration (min) c (kg m-3) S0 (%) Modelled Observed 

Efficiency (%) Deposition in different positions Efficiency (%) Deposition in different positions 

Above Upper Low Above Upper Low 

1 Low Fine sand 1.7 102 1.71 2 33 21 70 8 
39 - - - 

2 Low Fine sand 1.84 85 3.40 2 57 35 60 5 
48 36 56 8 

3 Low Fine sand 1.77 84 3.08 2 55 43 52 5 
58 41 51 8 

4 Low Fine sand 1.73 88 4.26 2 64 45 50 5 
57 45 47 8 

5 Low Silt loam 2.1 131 1.44 2 56 68 31 1 
57 11 77 12 

6 Low Fine sand 1.96 90 4.26 2 62 46 49 5 
59 43 49 8 

7 Low Coarse sand 2.23 79 6.40 2 97 92 7 0 
84 58 37 5 

8 Low Fine sand 3.05 105 2.50 2 33 4 81 15 
47 25 60 15 

9 Low Fine sand 4.2 98 2.30 2 25 1 79 20 
37 19 71 10 

10 Low Fine sand 5.33 90 2.71 2 27 7 71 21 
46 19 66 15 

11 Low Fine sand 6.24 94 2.64 2 22 3 73 24 
32 19 66 15 

12 Low Fine sand 2.38 90 2.90 2 47 29 62 9 
48 30 60 10 

13 Low Fine sand 2.72 89 3.26 4 9 0 83 17 
5 0 77 23 

14 Low Fine sand 3.30 80 7.00 4 36 0 85 15 
6 0 78 22 

15 High Fine sand 5.16 139 1.61 2 49 30 55 15 
81 51 44 5 

16 High Fine sand 1.45 128 2.29 2 76 81 17 2 
84 50 47 3 

17 High Fine sand 2.98 120 3.06 3 62 42 49 9 
69 25 63 12 

18 High Fine sand 2.76 136 3.79 4 59 25 65 10 
46 20 62 18 

19 High Fine sand 2.91 137 3.95 5 50 13 75 12 
27 10 71 19 

20 High Fine sand 2.86 120 3.61 6 1 99 1 0 
11 0 73 27 

21 High Fine sand 3.9 120 3.60 4 52 26 61 13 
54 21 64 15 

22 High Fine sand 5.19 120 3.60 4 46 19 63 18 
45 20 62 18 

23 High Fine sand 5.97 120 3.70 4 46 25 57 19 
40 16 63 21 

24 High Fine sand 7.00 120 3.70 4 39 12 65 23 
37 20 60 20 

25 High Fine sand 3.87 120 1.85 4 31 21 62 17 
50 11 69 20 

26 High Fine sand 3.90 120 3.61 4 53 30 57 13 
51 19 62 19 

27 High Fine sand 3.89 120 4.54 4 58 35 53 12 
53 23 57 20 

28 High Fine sand 3.90 120 5.50 4 62 39 50 11 
52 23 57 20 
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Fig 5.4 Distribution of different particle size classes in deposited sediment (μm) in the upper 

half of grass strip. a) Run 02, b) Run 05, c) Run 07 
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Fig 5.5 Distribution of different particle size classes (μm) in the outflow. a) Run 08, b) Run 09, 

c) Run 10, d) Run 11, e) Run S2, f) Run S3, g) Run S4, h) Run S5, i) Run S6 

5.5.2 Hussein et al. (2006) experiment: 

The model was run for different scenarios tested in the second set of experiments 

(Hussein et al., 2006) and the performance indicators for this set of experiments is 

shown in Table 5.5. Table 5.6 shows the conditions in every test and the observed and 

modelled sediment trapping efficiencies.   

Table 5.5 Model performance indicators for three predicted variables of importance to the 

effectiveness of vegetation buffer strips 

Variable Bias Ec RMSE RMSE% 

Water depth in grass strip (m) 0.99 0.98 0.0 3.1 

Efficiency in trapping sediment (%) 0.93 0.99 8.9 - 

Fraction of different size classes in the outflow (%) 1.00 0.82 0.13 73 

 

Fig 5.6 shows the observed as well as the modelled sediment particle size distribution in 

the outflow. As Fig 5.6 shows the fraction of fine particles leaving the grass strip is 

significantly higher than that in the inflow, and the model accurately predicts this. The 

accuracy of model in predicting the fraction of different particle sizes in the outflow is 

higher in 5% slope than 1%. 
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5.6 Discussion 

High resistance of the grassed area and high infiltration capacity within the grass strip 

enhance sediment deposition upstream and within the buffer strips. Changes occur to 

water profile due to grass strip presence also reduce the flow friction slope and 

consequently the stream power. This increases the deposition rate comparing to non-

grassed areas. Infiltration also not only reduces the mass of sediment in the outflow, but 

also lowers the flow velocity by decreasing the flow rate, which enhances settling of 

particles. 

Table 5.6 Modelled and observed results (Hussein et al., 2006) 

Test Sediment 

type 

Q 

(m
2
 s

-1
x10

-3
) 

c (kg m
-3
) S0 (%) Modelled 

efficiency (%) 

Observed 

efficiency (%) 

1 Podzol 1.00 4.7 5.0 87 94 

2 Ferralsol 1.00 4.7 5.0 97 97 

3 Vertisol 0. 33 25.1 1.0 95 94 

4 Vertisol 0.66 13.7 3.0 81 90 

5 Vertisol 1.00 8.9 5.0 72 88 

 

Fig 5.7 shows modelled water surface and deposited sediment profiles in a hypothetical 

grass strip after 10 and 30 minutes of an event. The particle size distribution is the same 

as the fine sand in flume test. The figure illustrates 50 cm upstream and within the grass 

strip. As figure shows the deposited sediment profile tends to the grass strip as time 

passes. The length and depth of the backwater region upstream the grass strip increases 

over time. The reason is that the depth and length of deposited sediment in the upstream 

area increases in time. The rate of deposition in the grassed area is lower comparing to 

the upstream region. The reason is the high deposition of coarser particles upstream the 

grass strip. The flow velocity is also higher within the grass strip than in the upstream 
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section. As Fig 5.7 shows the water depth decreases more pronouncedly within the grass 

strip in the 10th minute comparing to the 30
th

 minute due to higher infiltration rate. 

  

  

 

 

Fig 5.6 Distribution of different particle size classes in the outflow. a) Farrolsol, 5% slope, b) 

Podzol 5% slope c) Vertisol 1% slope, d) Vertisol 3% slope, e) Vertisol 5% slope 
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Fig 5.7 Simulated water surface and deposited sediment profile upstream and within grass strip 

with q=0.001 m
2 
s

-1
, S0=4%, n=0.2, Ks=10

-5
 m s

-1
, θs=0.43, and θi=0.3 

Sensitivity analysis was performed to estimate the uncertainty of the model outputs 

based on uncertainty in different input parameters. The ranges of input parameters for 

conducting the sensitivity analysis are presented in Table 5.7. The minimum and 

maximum values of these parameters all differ by a factor of 4 to allow a consistent 

comparison. The distribution of particle size classes is the same as the fine sand in the 

Jin and Romkens (2001) experiment. The fixed values of the parameters are presented 

in Table 6. Sensitivity of these 7 parameters was evaluated one at a time. When the 

value of a parameter was changed, the remaining parameters were held at these fixed 

values according to Table 5.7. In order to be able to compare the effectiveness of 

different parameters in reducing runoff, and sediment concentration and mass, 

parameters were normalised as following: 

 

   
      

         
                                                                                                                          

where X' is the normalised factor, X is a model parameter, and Xmin and Xmax are the 

minimum and maximum values of this parameter respectively. 
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Table 5.7 Range of input parameters for sensitivity analysis 

Parameter q (m2 s-1) Manning’sn L (m) Ks (m s-1) θi  S0 (%) Duration (min) 

Range 0.0005-.002 0.1-0.4 1-4 2*10-5-8*10-5 0.1-0.4 2-8 20-80 

Fixed value 0.001 0.2 2 4*10-5 0.3 4 40 

  

The effect of different parameters on runoff reduction is showed in Fig 5.8. As Fig 5.8 

shows the performance of grass strips in reducing runoff is most sensitive to the initial 

soil moisture. When the initial soil moisture is high the efficiency of grass strips in 

runoff reduction is dramatically lower comparing to initially dry soils. Fig 5.8 also 

shows that changes in flow rate effects the performance of grass strips in runoff 

reduction. As flow rate increases from low to medium or high rates, the volume of water 

infiltrates the soil dramatically decreases. The length of the grass strip is also as 

effective as the flow rate. The runoff reduction is considerably higher in long strips 

comparing to short ones. Slope steepness and hydraulic roughness did not have 

significant effect on runoff reduction, so are not illustrated in Fig 5.8. 

 

Fig 5.8 Effectiveness of different factors in efficiency of grass strip in runoff reduction 
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Fig 5.9 shows the sensitivity of grass strips in reducing sediment concentration in the 

outflow to variation in different parameters. Slope steepness is most sensitive to the 

reduction in outflow sediment concentration due to grass strips. As slope increases from 

2% to 8% the backwater region upstream the grass strips tends to contract to an area 

close to the grass strip, hence limits the amount of deposition upstream, and leads to 

higher concentrations in the outflow. The rate of sediment deposition decreases in high 

slopes due to high flow velocities. Stream power is also higher in steeper fields and that 

enhances the re-entrainment process. The efficiency of grass strips also decreases 

dramatically as the flow rate increases.  

 

Fig 5.9 Effectiveness of different factors in efficiency of grass strip in reducing sediment 

concentration 

 

Fig 5.10 illustrates changes in sediment mass reduction in grass strips in varied input 

parameters. Similar to Fig 5.9, slope is the most important factor in reducing sediment 

mass. The significance of flow rate in sediment delivery reduction by grass strips is 
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almost as high as slope steepness as the efficiency of grass strips in reducing sediment 

delivery is considerably lower in high flow rates comparing to low flow rates. The 

effect of initial soil moisture is more pronounced in reducing the mass comparing to the 

concentration.  

 

Fig 5.10 Effectiveness of different factors in efficiency of grass strip in reducing mass of 

sediment 

5.7 Conclusions 

A process-based model was developed in order to predict and simulate the fate of water 

and sediment in and around grass strip. As the size of sediment particles is very 

important in order to use the model for water pollution predictions, the model calculates 

the concentration and mass of sediment in the outflow for different particle size classes 

separately. The model consisted of hydrology and sediment transport sub-models. The 

two sub-models primarily model flow and sediment transport in the backwater area 

upstream the grass strip and these backwater simulation results specify the conditions in 

the grass strips upstream edge.   
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Modified Green-Ampt method is used to calculate the infiltration rate over time and 

distance. Gradually varied flow equation and kinematic wave approximation were used 

to simulate flow characteristics upstream and within the grass strip respectively. The 

Hairsine and Rose (1992) module for predicting water erosion and deposition in sheet 

flow is modified in order to be used in grass strip.  

The model outputs were compared with two different sets of experiments carried out in 

controlled flume and field conditions. The model predictions of flow and sediment 

transport characteristics were accurate for the flume experiments. Although the particle 

size distribution in the outflow matched well with the experimental results, the 

proportion of fine particles in the deposited sediment upstream the grass strip was 

higher in the observed data. As the slope increased the observed and predicted 

proportion of coarse particles in the outflow increased.  

The sensitivity analysis showed that the initial soil moisture of the grass buffer strip is 

the most sensitive parameter in predicting the runoff loss. Increase in the slope 

steepness and the flow rate dramatically decreases the efficiency of grass strips in 

reducing sediment concentration and delivery. The efficiency of grass strips reduces 

over time during events. 
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CHAPTER SIX 

6 General Conclusions and Future Work 

6.1 General Conclusions 

A thorough search of literature in order to find out gaps in knowledge and the 

boundaries of science in a chosen field to design a research project that fills the gaps or 

pushes the boundaries of science is a requirement for any PhD project. However the 

nature of this PhD project required a much wider search as well as some interpretation 

of results from the literature. Here not only all studies carried out around in the world on 

grass strip modelling, which is the actual topic of this research, were reviewed, the 

review was expanded to cover the much larger issue of field and controlled condition 

experimental studies of vegetated and simulated buffer strips. The literature review 

chapter thus became a complete review paper on its own with added results and 

discussion by the author of this thesis. The new results came about through the 

compilation of various experimental results, obtained under contrasting conditions, to 

show the overall effect of major influential factors of soil, strips and flow on the 

effectiveness of grass strips in reducing the entry of sediment and pollutants into surface 

water bodies. 

Three new models were developed in this research project to describe, predict, simulate, 

and optimise the hydrologic and sediment transport processes in and around grass buffer 

strips. The outcomes of this research refined and improved some of the old perceptions 

of the physical processes involved in the sediment laden surface runoff through grass 

strips. These models enable users to make decisions and carry out predictions with 
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either limited or detailed input data. Simulation of the fate of water and sediment 

temporally and spatially is also possible with the developed models. 

Simulating the surface water profile accurately is essential for interpreting deposition 

and erosion processes upstream and within grass strips. Limitations of the existing 

approaches to simulating water profile were modified with a new model based on 

experimental results. Compiling the results of past experiments showed a strong 

relationship between Manning’s coefficient (n) and the Froude number (Fr) for shallow 

surface flows within dense and stiff hedges: 

                                                                                                      

Modelling results showed that there is little scope for a backwater region to develop for 

shallow subcritical flows on slopes higher than 10%. The model was able to reproduce 

experimental observations that the decay curve in water height in stiff and erect grass 

strips is longer than the normal M2 profile and friction slope can be very high within 

narrow strips. As the density of grass in the strip decreases, the efficiency of grass strips 

to trap sediments in its upstream backwater decreases too and sediments are more likely 

to settle within the strips due to a lower friction slope and lower actual flow velocity. 

The predictions produced by the models described in chapters 4 and 5 are consistent 

with this conclusion derived from chapter 1. 

The method previously employed in the literature on finding Manning’s n in stiff and 

dense grass strips was to apply different flow rates and measure the normal depth in 

long strips, considering a fixed Manning’s n for different depths for every flow rate. 

The outcomes of this work showed that the full range of experimental data can be 

interpreted using a depth-variable Manning’s n derived by using Manning’s equation 

and the observed water depths in the region of the decay curve. 
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A statistical model was developed as a decision support system to predict the efficiency 

of grass stirps in trapping sediment. The advantage of this model is that it does not need 

a large or detailed input dataset. Machine learning ensemble technique was used to 

develop this model. 

The regression tree built using a compiled data set under a diverse range field and 

controlled experiment conditions, showed that unless the steepness of slope is low and 

the inflow sediment does not contain high concentration of clay particles, moderate 

lengths of grass strips can trap a large proportion of the inflow sediment. The tree shows 

that in any grass strip type sediment removal is low if the moisture content of the soil is 

high and the inflow sediment consists mostly of very fine particles. These are consistent 

with the results obtained from running the process-based model presented in the third 

paper (Chapter 5). 

Evaluating the ensemble model with a variety of model testing methods showed that the 

statistical nonparametric supervised learning ensemble developed in this research has 

prepared a strong learner for predicting the trapping efficiency of grass strips.  

Comparing the results of the ensemble predictions for different scenarios showed that 

the backwater region upstream of grass strips is the main region for sediment deposition 

on low slope. The efficiency of grass strips in reducing the concentration of sediment is 

much higher for coarser than finer particles. Grass strips can substantially decrease the 

mass of fine particles if a significant reduction in runoff (as a result of infiltration) 

occurs within the strip. As no backwater forms on steep slopes and the flow velocity is 

high, particles will not have enough time and space to deposit ahead of the strip. Having 

long grass strips can increase the trapping efficiency associated with extreme conditions 



187 

 

such as high slope, wet soil and sparse grass strips by providing more space for particles 

to settle and for reduced overland flow velocity and increased infiltration. 

A complex process-based model capable of simulating the hydrology, deposition and 

erosion is developed and presented in the third paper (Chapter 5). The model consists of 

two sub-models of hydrology and sediment transport. The flow and sediment fate are 

predicted in both upstream and within the grass strips. 

The sensitivity analysis showed that the flow rate and the length of the grass buffer strip 

are the most sensitive parameters in predicting the runoff reduction. Increase in the 

slope steepness and the flow rate dramatically decreases the efficiency of grass strips in 

reducing sediment concentration and yield. The efficiency of grass strips reduces over 

time. 

6.2 Future research 

The relationship between flow characteristics and equivalent hydraulic roughness has 

been derived for dense grass strips in this study. The work can be extended to explore 

the variations in equivalent hydraulic roughness and drag coefficient in different grass 

types and densities and different flow rates and slopes. This will help further clarify the 

links between water surface profile and sediment transport in and around grass strips. 

Machine learning techniques are powerful tools to develop predictive models and 

decision support systems. Combining a larger and more detailed dataset by carrying out 

more experiments or gathering data from other sources would enables the computer to 

build a stronger learner for predicting trap efficiencies.  

A nutrient enrichment ratio dataset can be added to the machine learning model 

presented in this thesis to expand the model’s ability to predict the efficiency of grass 
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strips in removing the particulate nutrients from discharge. This is possible by carrying 

out experiments to quantify the amount of particulate nutrients leaving the grass strip 

and add the results to the currently available but insufficient datasets. 

The process-based model presented in the third paper can be expanded to predict the 

amount of dissolved and particulate nutrients in discharge. As the model predicts the 

fraction and the amount of different particle size classes in the outflow sediment it can 

easily be upgraded for particulate nutrients transport. As the current version of the 

model simulates runoff and infiltration, a dissolved nutrients transport section can be 

added in the future. 
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APPENDIX 

Appendix Table A.1 Dataset collected from 34 research papers used for developing 

statistical models 

Grass type Sediment type Slope (%) Strip’slength(m) Soil moisture type Efficiency Reference 

2 2 2.3 5 2 85.0 Abu-Zreig et al. (2004) 

2 2 2.3 2 2 70.0 Abu-Zreig et al. (2004) 

2 2 2.3 5 2 83.0 Abu-Zreig et al. (2004) 

2 2 2.3 10 2 91.0 Abu-Zreig et al. (2004) 

2 2 2.3 15 2 92.0 Abu-Zreig et al. (2004) 

2 2 5 5 2 89.0 Abu-Zreig et al. (2004) 

2 3 2 20.1 _ 84.6 Arora et al. (1996) 

2 3 2 20.1 _ 90.2 Arora et al. (1996) 

2 3 2 20.1 _ 91.1 Arora et al. (1996) 

2 3 2 20.1 _ 83.1 Arora et al. (1996) 

2 3 2 20.1 _ 88.4 Arora et al. (1996) 

2 2 9 4.57 1 96.9 Barfield et al. (1998) 

2 2 9 9.14 1 99.9 Barfield et al. (1998) 

2 2 9 13.72 1 99.7 Barfield et al. (1998) 

1 2 4.9 0.7 2 92.1 Blanco-Canqui et al. (2004) 

2 2 4.9 0.7 2 79.1 Blanco-Canqui et al. (2004) 

2 2 4.9 4 2 92.7 Blanco-Canqui et al. (2004) 

2 2 4.9 8 2 96.9 Blanco-Canqui et al. (2004) 

2 2 1.5 6 _ 90.0 Borin et al. (2005) 

2 2 9 9 1 99.1 Coyne et al. (1995) 

2 2 9 9 1 99.0 Coyne et al. (1995) 

1 2 9 4.5 2 95.0 Coyne et al. (1998) 

1 2 9 4.5 2 98.0 Coyne et al. (1998) 

1 2 9 9 2 97.0 Coyne et al. (1998) 

1 2 9 9 2 99.0 Coyne et al. (1998) 

2 4 4.9 3 _ 59.0 Daniels and Gilliam (1996) 

2 4 4.9 6 _ 62.0 Daniels and Gilliam (1996) 

2 4 2.1 3 _ 45.0 Daniels and Gilliam (1996) 

2 4 2.1 6 _ 57.0 Daniels and Gilliam (1996) 

2 3 4.9 3 _ 59.0 Daniels and Gilliam (1996) 

2 3 4.9 6 _ 62.0 Daniels and Gilliam (1996) 

2 4 2.1 3 _ 45.0 Daniels and Gilliam (1996) 

2 4 2.1 6 _ 57.0 Daniels and Gilliam (1996) 

3 3 3.3 5 _ 23.0 Daniels and Gilliam (1996) 

3 3 3.3 13 _ 62.0 Daniels and Gilliam (1996) 

3 4 4.1 7 _ 16.0 Daniels and Gilliam (1996) 

3 4 4.1 18 _ 32.0 Daniels and Gilliam (1996) 

2 2 11 9.1 1 99.0 Dillaha et al. (1989) 

2 2 11 9.1 2 96.0 Dillaha et al., (1989) 

2 2 11 4.6 1 90.0 Dillaha et al., (1989) 

2 2 11 4.6 2 82.0 Dillaha et al., (1989) 

2 2 16 9.1 1 83.0 Dillaha et al., (1989) 

2 2 16 9.1 2 58.0 Dillaha et al., (1989) 

2 2 16 4.6 1 73.0 Dillaha et al., (1989) 

2 2 16 4.6 2 34.0 Dillaha et al., (1989) 

1 4 1.5 0.3 3 18.0 Ghadiri et al. (2001) 

1 3 2 0.3 3 28.0 Ghadiri et al. (2001) 

1 3 3.4 0.3 3 38.0 Ghadiri et al. (2001) 

1 2 5.2 0.3 3 77.0 Ghadiri et al. (2001) 

1 2 4.8 2 2 71.0 Ghadiri et al. (2011) 
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1 2 4.8 5 2 91.0 Ghadiri et al. (2011) 

3 4 4.8 2 2 7.0 Ghadiri et al. (2011) 

3 4 4.8 5 2 47.0 Ghadiri et al. (2011) 

1 3 12 0.72 1 84.6 Gilley et al. (2000) 

1 3 12 0.72 2 39.8 Gilley et al. (2000) 

2 3 14 6 _ 76.0 Hall et al. (1983) 

2 3 11 1 1 63.0 Hook (2003) 

2 3 11 2 1 85.0 Hook (2003) 

2 3 11 6 1 97.0 Hook (2003) 

1 2 8.3 1 1 83.0 Hook (2003) 

1 2 8.3 2 1 94.0 Hook (2003) 

1 2 8.3 6 1 99.0 Hook (2003) 

1 1 8.8 1 1 89.0 Hook (2003) 

1 1 8.8 2 1 95.0 Hook (2003) 

1 1 8.8 6 1 99.0 Hook (2003) 

1 2 1 0.3 3 94.1 Hussein et al. (2006) 

1 2 3 0.3 3 89.8 Hussein et al. (2006) 

1 2 5 0.3 3 88.4 Hussein et al. (2006) 

1 2 5 0.3 3 94.0 Hussein et al. (2006) 

1 1 5 0.3 3 96.8 Hussein et al. (2006) 

2 2 4.4 3 _ 81.0 Le Bissonnais et al. (2004) 

3 2 4.4 6 _ 76.0 Le Bissonnais et al. (2004) 

2 2 4.4 6 _ 98.0 Le Bissonnais et al. (2004) 

3 2 6.5 7.1 2 69.7 Lee et al. (2000) 

3 2 6.5 7.1 2 69.8 Lee et al. (2000) 

2 1 2.6 9.2 1 92.3 Magette et al. (1989) 

2 1 2.6 4.6 1 82.7 Magette et al. (1989) 

2 1 2.6 9.2 2 80.5 Magette et al. (1989) 

2 1 2.6 4.6 2 70.0 Magette et al. (1989) 

2 2 5 0.6 _ 75.0 McGregor et al. (1999) 

2 3 5 0.6 _ 58.0 McGregor et al. (1999) 

3 5 7 15 1 46.0 McKergow et al. (2004) 

3 5 7 15 2 10.0 McKergow et al. (2004) 

1 2 5 0.2 3 60.0 Meyer et al. (1995) 

1 2 5 0.2 3 50.0 Meyer et al. (1995) 

1 2 5 0.2 3 49.0 Meyer et al. (1995) 

1 2 5 0.2 3 33.0 Meyer et al. (1995) 

2 2 5 0.28 3 45.0 Meyer et al. (1995) 

2 2 5 0.28 3 33.0 Meyer et al. (1995) 

2 2 5 0.28 3 23.0 Meyer et al. (1995) 

2 2 5 0.28 3 15.0 Meyer et al. (1995) 

1 2 5 0.2 3 61.0 Meyer et al. (1995) 

1 2 5 0.2 3 46.0 Meyer et al. (1995) 

1 2 5 0.2 3 35.0 Meyer et al. (1995) 

1 2 5 0.2 3 35.0 Meyer et al. (1995) 

3 2 5 0.15 3 24.0 Meyer et al. (1995) 

1 2 5 0.76 3 62.0 Meyer et al. (1995) 

1 2 5 0.76 3 48.0 Meyer et al. (1995) 

1 2 5 0.76 3 36.0 Meyer et al. (1995) 

1 2 5 0.76 3 43.0 Meyer et al. (1995) 

1 2 5 0.14 3 39.0 Meyer et al. (1995) 

1 2 5 0.14 3 29.0 Meyer et al. (1995) 

1 1 5 0.31 3 79.0 Meyer et al. (1995) 

1 1 5 0.31 3 75.0 Meyer et al. (1995) 

1 1 5 0.31 3 73.0 Meyer et al. (1995) 

1 1 5 0.31 3 67.0 Meyer et al. (1995) 

1 1 5 0.31 3 65.0 Meyer et al. (1995) 

1 1 5 0.31 3 63.0 Meyer et al. (1995) 

1 1 5 0.31 3 60.0 Meyer et al. (1995) 

1 1 5 0.2 3 78.0 Meyer et al. (1995) 

1 1 5 0.2 3 74.0 Meyer et al. (1995) 
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1 1 5 0.2 3 67.0 Meyer et al. (1995) 

1 1 5 0.2 3 64.0 Meyer et al. (1995) 

1 1 5 0.31 3 60.0 Meyer et al. (1995) 

2 2 6 4.3 1 89.2 Munoz-Carpena et al. (1999) 

2 2 6 4.3 1 97.9 Munoz-Carpena et al. (1999) 

2 2 6 4.3 1 97.3 Munoz-Carpena et al. (1999) 

2 2 6 4.3 2 56.9 Munoz-Carpena et al. (1999) 

2 2 6 4.3 1 89.3 Munoz-Carpena et al. (1999) 

2 2 6 8.5 1 92.7 Munoz-Carpena et al. (1999) 

2 2 6 8.5 1 92.6 Munoz-Carpena et al. (1999) 

2 1 1 4.3 2 75.0 Parsons et al. (1990) 

2 1 1 4.3 1 85.0 Parsons et al. (1990) 

2 1 1 4.3 2 78.0 Parsons et al. (1994) 

2 1 1 4.3 1 81.0 Parsons et al. (1994) 

1 2 7 6 1 98.9 Patty et al. (1997) 

1 2 7 12 1 99.0 Patty et al. (1997) 

1 2 7 18 1 99.9 Patty et al. (1997) 

1 2 10 6 2 87.0 Patty et al. (1997) 

1 2 10 12 1 100.0 Patty et al. (1997) 

1 2 10 18 1 100.0 Patty et al. (1997) 

1 2 15 6 1 91.0 Patty et al. (1997) 

1 2 15 12 1 97.0 Patty et al. (1997) 

1 2 15 18 1 98.0 Patty et al. (1997) 

2 3 10 0.6 2 54.3 Raffaelle et al. (1997) 

2 2 10 0.6 2 62.7 Raffaelle et al. (1997) 

2 2 10 0.6 2 83.6 Raffaelle et al. (1997) 

1 2 3 0.3 _ 80.1 Rankins and Shaw (2001) 

1 2 3 0.3 _ 78.4 Rankins and Shaw (2001) 

1 2 3 0.3 _ 71.0 Rankins and Shaw (2001) 

2 2 3 0.3 _ 66.4 Rankins and Shaw (2001) 

2 2 7 3 _ 70.0 Robinson et al. (1996) 

1 2 12 3 _ 80.0 Robinson et al. (1996) 

2 2 7 9.1 _ 85.0 Robinson et al. (1996) 

1 2 12 9.1 _ 85.0 Robinson et al. (1996) 

2 2 7 3 _ 70.0 Robinson et al. (1996) 

2 2 7 9.1 _ 85.0 Robinson et al. (1996) 

2 2 12 3 _ 80.0 Robinson et al. (1996) 

2 2 12 9.1 _ 85.0 Robinson et al. (1996) 

2 3 6.5 7.5 2 79.0 Schmitt et al. (1999) 

2 3 6.5 15 2 93.0 Schmitt et al. (1999) 

1 3 6.5 7.5 2 95.0 Schmitt et al. (1999) 

1 3 6.5 15 2 99.0 Schmitt et al. (1999) 

2 3 6.5 7.5 2 84.0 Schmitt et al. (1999) 

2 3 6.5 15 2 96.0 Schmitt et al. (1999) 

2 3 6.5 7.5 2 89.0 Schmitt et al. (1999) 

2 3 6.5 15 2 94.0 Schmitt et al. (1999) 

2 2 1 3.3 1 94.0 Schoonover et al. (2006) 

2 2 1 6.6 2 89.0 Schoonover et al. (2006) 

2 2 1 10 1 100.0 Schoonover et al. (2006) 

2 2 1 3.3 3 50.0 Schoonover et al. (2006) 

2 2 1 6.6 3 86.0 Schoonover et al. (2006) 

2 2 1 10 3 76.0 Schoonover et al. (2006) 

1 3 3 0.5 _ 87.8 Tingle et al. (1998) 

1 3 3 1 _ 93.3 Tingle et al. (1998) 

1 3 3 2 _ 94.4 Tingle et al. (1998) 

1 3 3 3 _ 95.6 Tingle et al. (1998) 

1 3 3 4 _ 97.8 Tingle et al. (1998) 

2 2 5.2 1 2 45.0 VanDijk et al. (1996) 

2 2 5.2 4 1 83.0 Van Dijk et al. (1996) 

2 2 5.2 5 2 60.0 Van Dijk et al. (1996) 

2 2 5.2 10 1 92.0 Van Dijk et al. (1996) 
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2 2 5.2 1 2 54.0 Van Dijk et al. (1996) 

2 2 5.2 4 2 74.0 Van Dijk et al. (1996) 

2 2 2.3 5 2 64.0 Van Dijk et al. (1996) 

2 2 2.3 10 1 96.0 Van Dijk et al. (1996) 

2 2 2.5 5 2 77.0 Van Dijk et al. (1996) 

2 2 2.5 10 1 100.0 Van Dijk et al. (1996) 

2 2 2.3 5 1 82.0 Van Dijk et al. (1996) 

2 2 2.3 10 1 92.0 Van Dijk et al. (1996) 

2 2 2.5 5 2 52.0 Van Dijk et al. (1996) 

2 2 2.5 10 1 98.0 Van Dijk et al. (1996) 

2 2 4.3 10 2 84.0 Van Dijk et al. (1996) 

1 2 8.5 5 1 94.0 Van Dijk et al. (1996) 

1 2 8.5 10 1 99.0 Van Dijk et al. (1996) 

1 2 8.5 1 2 58.0 Van Dijk et al. (1996) 

1 2 8.5 4 1 89.0 Van Dijk et al. (1996) 

1 2 8.5 5 1 90.0 Van Dijk et al. (1996) 

1 2 8.5 10 1 96.0 Van Dijk et al. (1996) 

1 2 7 5 2 73.0 Van Dijk et al. (1996) 

1 2 7 5 2 76.0 Van Dijk et al. (1996) 

1 2 7 5 2 75.0 Van Dijk et al. (1996) 

2 2 4 27.4 1 100.0 Young et al. (1980) 

2 2 4 27.4 2 90.6 Young et al. (1980) 

3 2 4 27.4 2 76.6 Young et al. (1980) 

2 2 4 27.4 1 80.2 Young et al. (1980) 

2 2 4 27.4 2 82.6 Young et al. (1980) 

2 2 4 21.3 1 88.5 Young et al. (1980) 

2 2 4 21.3 2 70.2 Young et al. (1980) 

2 2 4 21.3 1 83.8 Young et al. (1980) 

2 2 4 21.3 2 62.1 Young et al. (1980) 

       

 

 

 

 

 

 

 

 

 


