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gaseous form of nitrogen is then lost to the atmosphere. Denitrification is an important process in
the control of nutrient levels in Lake lllawarra and is sensitive to the total organic load received
(Sherman et al., 2000; Qu, 2004; Rutten, 2007). With an increase in organic matter, more oxygen is
required to break it down, which in turn leads to less oxygen available for the transformation of
ammonia to nitrite and nitrate. Denitrification can no longer proceed with insufficient available
oxygen resulting in an accumulation of bioavailable nitrogen such as ammonia and an increase in
algal growth so that eutrophication of the system accelerates (Sherman et al., 2000). The reduction
of dissolved oxygen in the water column enhances the release of nutrients from the sediment and
decomposing organic matter, supporting further algal growth. This lack of dissolved oxygen can lead

to the death of fish and other aquatic organisms (Rutten, 2007).

Figure 1-4: Nutrient cycling in Lake lllawarra. Both nitrogen (N) and phosphorous (P) follow the
paths shown with the exception of denitrification losses to the atmosphere which only affect the
nitrogen budget (Sherman et al., 2000).

The increase in algal growth not only limits the oxygen available in the water column but
also increases the turbidity, reducing the depth to which light can penetrate. Seagrass requires light
and nutrients to grow, and will only survive in shallower waters if turbidity is increased (Harris et al.,
1996; Sherman et al., 2000). Seagrass supports a range of fish species directly, through the provision
of food and habitat, and indirectly by supporting invertebrates and algal epiphytes, which are in turn
consumed by fish (Rutten, 2007). Seagrass also plays an important role in improving overall water
quality, by trapping sediment, reducing turbidity and absorbing the nutrients within sediment

(Sherman et al., 2000; Rutten, 2007).



Large algal blooms within Lake lllawarra were first seen as a significant problem in the
1970s, usually occurring after periods of heavy rainfall in shallow areas such as Griffins Bay, Koona
Bay, Koong-Burry Bay, the Windang Peninsula and around Bevans Island (Rutten, 2007). Since 1988,
the Lake lllawarra Authority has been manually removing algal biomass in order to reduce nutrient
loads and improve the aesthetic appeal of the Lake. In 2007 — 2008, 1736 tonnes of macroalgal
material was removed from the Lake, which contained approximately 4.44 tonnes of total nitrogen

and 0.30 tonnes of phosphorous (LIA, 2010b).

1.1.3 Current Condition

A condition assessment of Lake lllawarra indicates that since the permanent opening of the
Lake in 2007, there has been some improvement to water quality. Salinity and pH values have
stabilised and there has been an increase in seagrass coverage (LIA, 2010b). However nutrient levels
are still high, and above the ANZECC guidelines (ANZECC, 2000). This is despite ongoing works by the
Lake lllawarra Authority which include algal harvesting, construction of stormwater drain controls
and dredging of nutrient rich bed sediments (LIA, 2010b).This enhances the need for a further

understanding of sources of nutrients entering the Lake.

1.2 Lake lllawarra Catchment

The total land area that drains into a body of water is known as the catchment. The
catchment area for Lake Illawarra is 235 km? and is characterised by a distinct coastal escarpment
which rises steeply from the coastal plain with an average elevation of 500 m and a maximum
elevation of almost 800 m. The undulating coastal plain, which incorporates a majority of the Lake
Illawarra catchment, extends from Thirroul, where the escarpment intersects the coastline, it then
gradually widens to a maximum width of around 15 km (see Figure 1-6). The land area within the
catchment includes approximately 20% urban, 35% rural, 33% forested and 3.1% industrial (Pockock
et al., 2003) (see Table 3) and has a population of around 90,000 people (Clarke & Dooley, 2004).
Five major sub-catchments make up the Lake Illawarra catchment including Mullet Creek and
Macquarie Rivulet, the largest of the sub-catchments which account for 80% of the Lakes inflow;

Lake lllawarra North, Duck Creek and Lake lllawarra South (see Figure 1-5).
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Figure 1-5: Sub-catchments of Lake lllawarra (Pockock et al., 2003)

Sub-Catchment Size (ha) Land Use Area (ha)
Open
Urban |Industrial| Rural Space Forest Road Rail
Lake Illawarra North| 1,654 895.9 45.7 0.0 381.0 272.1 59.3 0.0
7.3% 54% 3% 0% 23% 16% 4% 0%
Mullet Creek 7,216 800.6 348.2 2,617.5 521.5 2,744.7 68.7 114.8
32.0% 11% 5% 36% 7% 38% 1% 2%
Duck Creek 2,743 999.7 116.9 845.1 144.2 557.5 67.6 12.0
12.1% 36% 4% 31% 5% 20% 2% <1%
Macquarie Rivulet 9,212 755.0 89.8 4,489.5 165.6 3,635.1 65.2 12.1
40.9% 8% 1% 49% 2% 39% 1% <1%
Lake lllawarra South| 1,700 1,022.0 104.6 31.9 195.3 292.2 35.0 19.1
7.5% 60% 6% 2% 11% 17% 2% 1%
Total Size 22,526 4,473.2 705.2 7,984.0 1,407.6 7,501.6 295.8 158.0
Percent of Total 19.9% 3.1% 35.4% 6.2% 33.3% 1.3% 0.7%

Table 1-3: Sub-catchments and land-use types (Adapted from Pockock et al., 2003)
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Figure 1-6: Digital elevation model of Lake lllawarra catchment derived from the NSW Department

of Lands Digital Topographical Database(Dol, 2006).
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1.2.1 Hydrology

The hydrological characteristics of the Lake lllawarra catchment play an important role in the
transport of sediment and nutrients into the Lake. The sharp rise of the lllawarra escarpment
produces a strong orographic rainfall gradient, where storms are forced by the escarpment to rise,
cooling the air more rapidly and increasing the rate of precipitation. This effect has lead to the
average annual rainfall to vary from 1100 mm at the coast to over 1600 mm at the crest of the
escarpment (Reinfelds & Nanson, 2004). These characteristics are also responsible for the high
intensity, localised rainfall events which the region has experienced. The high intensity rainfall and
consequent catchment runoff, combined with the ocean level and characteristics of the lake
entrance channel at the time, are responsible for determining the rate and depth of flooding for the
area around the lake (L&T, 2001).

One of the largest floods on record was the West Dapto Flood of 1984. Rainfall intensity
during this event reached a high of 123 mm.h™ with 640 mm falling in a 9 hour period (Nanson &
Hean, 1985), producing a rainfall runoff of 25.5 m®.s™.km™ for the 61.2 km? Mullet Creek catchment
(Reinfelds & Nanson, 2004). High intensity rainfall events that have led to flooding and damage to
urban and rural areas in the Illawarra occur with relative frequency (Nanson & Hean, 1985; Reinfelds
& Nanson, 2004), about once every 8 years (Reinfields & Nanson, 2001). During such events, erosion
is widespread, but particularly in areas where urban development has encroached upon water
courses, limiting natural overchannel flow of floodwaters (Reinfields & Nanson, 2001) and in steep
upstream reaches, where flow is predominantly confined to channels (Nanson & Hean, 1985).

The natural progression of floodwaters in the lllawarra is for high energy channels along the
escarpment to drain small catchments, before emerging onto a relatively flat, low energy coastal
plain. The coastal plain contains well developed macro-channels, which confine floodwaters, and
vegetation which reduces the velocity of runoff, reducing flood peak discharge (Reinfelds & Nanson,
2004). Urban development within a catchment has been shown to have detrimental effects on
rainfall runoff and stream morphology in Australia (Nanson, 1980; Nanson & Young, 1981; Reinfelds
& Nanson, 2004) and around the world (Gregory et al., 1992; Jeje & lkeazota, 2002; Leopold et al.,
2005; Kang, 2007; Smucygz et al., 2011). Urbanisation decreases resistance to runoff, previously
provided by vegetation cover, and at the same time increases the fraction of impervious
groundcover, prohibiting rainfall runoff from infiltrating into the soil, where it would normally find
its way gradually to the stream channels. Instead, all runoff is rapidly redirected straight into
adjacent streams, increasing both the size and number of flood flows, leading to higher rates of
erosion within the channel and channel enlargement (Nanson, 1980; Nanson & Young, 1981;

Reinfelds & Nanson, 2004).
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1.2.2 Environmental Modelling

A model is a simplification of real world processes, presented in a way that can be easily
understood. They are developed in order to express our understanding of processes so that accurate
predictions can be made and to allow for confident decision making (Brimicombe, 2003). Modelling
of an environmental process will often require a large amount of spatial data as input and produce
predictions which can be displayed as maps (Stocks & Wise, 2000). Geographic Information Systems
(GIS) are adept at the capture, storage, retrieval, analysis and display of spatial data, and so have
been increasingly used for environmental modelling (Skidmore, 2002). This study aims to
characterise areas with a high potential for sediment and nutrient discharge within the Lake
Illawarra catchment. Prediction of soil loss was initially developed to aid in the management of
agricultural crop land (Wischmeier & Smith, 1978), which will be further discussed in Chapter 3. At
this scale, there is relatively little spatial variability in the input data required. Soil loss models have
since been expanded and modified in order to model much larger areas, for example entire
catchments, requiring large amounts of spatially distributed data, such as land use and slope
variability (Letcher et al., 1999). It is not surprising then, that GIS, with effective management tools
for large spatially referenced datasets, have come to play an important role in soil loss prediction.
Modelling of nutrient exports, developed primarily for water management on a catchment scale,
requires a similar range of spatially distributed input data and is equally suited to GIS.

Modelling in order to predict erosion and nutrient behaviour on a catchment scale has been
widespread in Australia (Rosewell, 1993; Zhang et al., 1996; Letcher et al., 1999; Boggs et al., 2001,
Simms, 2007; Brodie & Rosewell, 2008) and worldwide (DeRoo, 1996; Morgan et al., 1998; van der
Knijff et al., 2000; Merritt et al., 2003; Randle et al., 2006; Zhang et al., 2009). Despite Lake Illawarra
being relatively well studied in terms of the history of sedimentation and its increase over time, and
the cycles of nutrients into and out of the Lake, a catchment scale model detailing sediment output
has not yet been devised. A primary factor in determining sediment outputs is current land use,
which for the Lake lllawarra catchment, has changed and will most likely continue to change over
time, primarily due to the replacement of rural landscapes with developed urban areas (LIA, 2010b).
Diffuse sources of pollution, for example, urban areas, have been shown to be a significant
contributor to water quality problems (Beck, 2005; Duh et al., 2008). Understanding the impacts of
land use change within a catchment is an important aspect for effective management and the
development of pollution control strategies.

In 2004, as part of the Comprehensive Coastal Assessment, the NSW Department of
Planning developed a catchment model known as the Long-Term Hydrologic Impact Assessment

model (L-THIA) (Baginska et al., 2004). This model aims to simulate nutrient emissions based on the
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factors of land use, rainfall, an estimate of soil permeability, catchment runoff and event mean
nutrient concentrations. The L-THIA is able to give a good indication of potential nutrient availability
for an area and has been applied to the lllawarra region. The main limitations for this model are that
it does not take into account suspended solids nor the possible nutrient load associated with
sediment that may become available after it has drained into the lake.

More recently has been the introduction of the Coastal Eutrophication Risk Assessment Tool
(CERAT), developed in 2009 by the NSW Department of Environment, Climate Change and Water
(DECCW, 2009a). CERAT uses similar methodology to that of the L-THIA, while taking into account
sediment delivery based on land uses and the processes within a lake or estuary, thereby making a
prediction for eutrophication risk (DE&H, 2011). The tool aims to be simple in order to allow use and
interpretation by non-technical users. The results found by the L-THIA and CERAT, when applied to
the Lake lllawarra catchment, will be discussed further in Chapter 5, as a comparison with the results

found in this study will be made.

1.3 Aims of Study

The aims of this study are to develop models that characterise areas with a high potential for
mobilisation of sediment and nutrients in the Lake Illawarra catchment. An erosion risk map was
developed based on the Universal Soil Loss Equation (USLE) using existing, spatially referenced
datasets on a GIS platform. This was then combined with nutrient availability data for the soil types
found in the catchment to provide a risk assessment of nutrients associated with sediment delivery
into Lake Illawarra. This was done in order to develop knowledge to facilitate the management of
Lake Illawarra and its foreshore’s in light of new urban development proposals within the

catchment.

1.4 Outline of Thesis

Background information on the history of Lake lllawarra and the surrounding catchment, with
respect to sedimentation and nutrient levels, has been provided at the beginning of this
introduction, along with the current condition of the Lake. Ahead in this thesis is a review of the
factors affecting soil erosion and soil erosion modelling techniques, previously implemented in
Australia and worldwide. This is required in order to place this study in context with the broader
literature base. The methods used throughout the study are outlined and then the results are
discussed. The discussion includes an analysis of soil erosion factors and an overview of the soil

erosion risk map generated. The validity of this model is discussed in terms of the results found from
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a sensitivity analysis and from comparison to other similar modelling techniques. The nutrient export
risk output is also discussed with reference to other studies which consider nutrient emissions within
a catchment. The increased risk of soil erosion due to further development is also discussed along
with an assessment of current sediment control practices employed during construction activities.
Finally, the implications of the study findings, limitations of the model used, conclusions and

recommendations are presented.
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2 Soil Erosion

An understanding of sediment and nutrient loads entering a water body requires an
understanding of soil erosion processes occurring in the catchment area. This chapter will outline
the important aspects of soil erosion processes and the major contributing factors which may affect

them.

2.1 Erosion Processes

Soil erosion occurs when the forces of water, wind and other factors act upon a surface.
These forces can dislodge and transport soil particles, with the effect of wearing down the land. Soil
particles within a flow of water are referred to as sediment. When sediment is deposited, this
process is known as sedimentation. Within a catchment, sedimentation occurs sporadically and is
not a uniform process (Rosewell et al., 1991) with high rates of sedimentation triggered by intense
rainfall events (Young & Young, 2001). Soil erosion and sedimentation are natural processes, but,
human interference often causes an acceleration of soil erosion due to changes in land use and
vegetation cover (Young & Young, 2001). Other factors which may affect soil erosion apart from land
use and vegetation are climate, lithology and soil characteristics, topography, erosion control
practices which may have been implemented and the occurrence of fire, which effectively reduces
the role of vegetation cover (Prosser & Williams, 1998). Soil erosion caused by the movement of
water can occur in three ways, sheet erosion, rill erosion and gully erosion, but before these

processes can be enacted, soil particles must be detached from the soil mass.

2.1.1 Soil Detachment

As a raindrop hits the surface, it has the potential to dislodge soil particles. This effect is
dependent on the characteristics of the raindrops, the soil characteristics and the reaction of the
water drop as it connects with the surface. The erosive effect of the raindrop will depend on
characteristics such as drop size, shape and kinetic energy. Important soil characteristics include
texture, organic matter content, capacity of rainfall to dislodge soil particles, moisture content and
micro-topography (Terry, 1998; van Dijk et al., 2002). This factor is known as rainfall erosivity and is
the most significant cause for the detachment of soil particles (Morgan, 2005).

Apart from the detachment of soil particles, raindrops can also be responsible for their
transportation. The kinetic energy of a raindrop upon contact with the surface exudes forces

radiating outward in all directions. If sufficient detachment has already taken place, these forces
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themselves can result in the transportation of soil particles, known as rainsplash erosion. Rainsplash
erosion will occur on hillslopes and results in a net downhill movement of soil particles (Terry, 1998).
As the kinetic energy of an individual raindrop is a governing factor in this process, it is important to
understand the importance of rainfall intensity along with the quantity of rainfall.

After prolonged rainfall events or storms, raindrops will no longer interact directly with the
soil surface, but will first come into contact with puddles or overland flow. Interestingly, rainsplash
erosion will increase with depth of surface water, until a threshold is reached where the effects of
rainsplash erosion will cease. This threshold is again dependent on soil and raindrop characteristics
(Palmer, 1964). The turbulent flow created by raindrops on the surface water is thought to be the
governing factor behind this phenomenon (Morgan, 2005).

Soil detachment will continue after the effects of the falling rain. Once rainfall intensity
exceeds the infiltration rate of the soil, and if the land surface is sloping, surface overland flow
occurs. The infiltration rate is the rate at which water penetrates the soil at the soil surface (Baginska
et al., 2004). Overland flow, or runoff, is the major transporting process for detached soil particles.
However, the shear stress, or the frictional force of runoff on the soil surface, can also detach soil
particles (Rosewell et al., 1991). Basically, when the forces created by runoff exceed the forces which
are keeping the particles at rest, detachment will take place. This in itself is a complex process as
there is an abundance of interrelated characteristics of soil, topography and runoff which must be
considered. Soil characteristics which require consideration include the density of sediment, particle
size and cohesion of the soil. Generally speaking, soils comprised of small particles, less than 0.002
mm, have a high cohesive force due to the clay minerals of which they are composed; however, once
detached they require little energy to transport. As particle size increases beyond 0.002 mm, more
force is required to transport the particles, but particles will be less cohesive and easier to detach.
Sediment size, shape and density will also influence the angle of repose when the sediment is
deposited, in turn influencing the topography of the surface. Topography and slope steepness will
increase the force due to gravity being applied to the particle during overland flow. Runoff
characteristics which require consideration are the density of the water, the effect of raindrop
impact on the runoff water, which creates additional turbulence and increases runoff density as
more sediment is added. Furthermore, particles within the flow will have an abrasive effect on

surface soil which will add to soil detachment (Morgan, 2005).

2.1.2 Sheet Erosion

Sheet erosion occurs where soil is removed as a relatively even layer from the surface. It can be

caused by rainsplash erosion or runoff, but is most commonly the result of both processes acting
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together. Runoff occurring as an even layer of laminar flow, where velocity is evenly distributed, will
seldom have the velocity required to detach and transport sufficient sediment to cause sheet
erosion. The added effect of raindrop impact, however, can significantly increase detachment as well
as the flow’s ability to transport sediment (Kinnell, 2005). Clear channels incised into the land
surface are known as rills. Sheet erosion will generally occur on inter-rill areas and areas where soil
has little protection from ground cover such as vegetation. Runoff will rarely occurs as laminar flow,
as the natural variation of the terrain inevitably leads to turbulence, with varying velocities and
depths (Rosewell et al., 1991). Variations in flow velocity and flow depths will lead to areas of more
intense erosion. Sheet erosion is not the removal of a uniform layer of soil, as slight variations will
exist, but these variations are not as distinct as those seen in rill and gully erosion, which will be

discussed in the following sections.

2.1.3 Rill Erosion

Rill erosion will occur after prolonged and usually concentrated flows, and is defined by the
incision of numerous small channels with depths less than 300 mm (Young & Young, 2001) (see
Figure 2-1). Concentration of flow is usually caused by microtopography, vegetation, animal tracks or
on agricultural land by tillage (Bryan, 2000). Rainsplash erosion will not affect the development of rill
erosion due to the depth and localised concentration of flows. However, sheet erosion occurring on
interrill areas, which is affected by rainsplash erosion, will play a role in characterising rill erosion, as
sediment transported by interrill erosion will eventually be carried to the rills. Consequently, the
flow within rills must have sufficient force to carry sediment provided by interrill processes and to
detach and transport particles from either the bed or sidewalls of the rills. The concentration of flow
will not always produce rilling and will be dependent on whether sufficient flow depth is reached
and characteristics of the soil. The effects of rilling will increase downslope, with further
concentration of flows; similarly an increase in slope steepness will increase the amount of rill
erosion (Rosewell et al., 1991). The relatively shallow incisions created means that evidence of rill
erosion can be removed after prolonged rainfall events or, on agricultural land, by normal tillage. If
runoff continues to concentrate and retains its erosive capacity, rills can widen or deepen and will

eventually be classified as gullies.
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Figure 2-1: Evidence of rill erosion development near a construction site in Wollongong.

2.1.4 Gulley Erosion

Further erosion of rills can lead to the development of gullies. Gully erosion is most
commonly defined as steep sided drainage ways deeper than 300 mm that carry ephemeral runoff
(McDonald et al., 1984; Rosewell et al., 1991). A gully will act as a small stream channel, where
further erosion is caused by the detachment and transportation of particles from the sidewalls and
bed of the gully. Undercutting can occur in gullies, causing the cave-in of larger blocks of soil, where
they are then broken up and transported by the flow (Young & Young, 2001). Once gully erosion has
taken place, it is significantly more difficult to regain surface stability. Gully head erosion is the
lengthening of gullies due to flow over the head of a gully. Gully side erosion can be caused by runoff
draining into the gully from the sides, seepage flow, flow within the gully including undercutting and
rainsplash erosion (Rosewell et al., 1991). Once a gully is formed, it will drain an increasingly large
area of the slope. It will intercept smaller surface drainways as well as subsurface flows moving
through the soil, further increasing the flow rate and erosion within the channel (Young & Young,

2001).
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2.2 Factors Effecting Soil Erosion

2.2.1 Climate

Climate is an important aspect of soil erosion and the rates at which it will occur. In relation
to surface erosion, climate mainly refers to rainfall, both the erosivity of raindrops and the runoff
produced by rainfall. Rainfall erosivity is the measurement of the kinetic energy of a raindrop as it
impacts with the surface and can be dependent on both rainfall intensity and the amount of rain
that falls (Terry, 1998; van Dijk et al., 2002; Morgan, 2005). Rainfall will cause both detachment and
transportation of soil particles, depending on the role of other factors such as interception by land
cover and soil characteristics such as permeability. Permeability will determine the rate at which
rainfall will infiltrate the soil. Once the intensity of rainfall exceeds the infiltration rate of the soil,
runoff will occur and consequently an increase in erosion (Rosewell et al., 1991; Young & Young,
2001).

The erosive effect of rain will also increase when rainfall events occur consecutively. This is
due to soil disaggregation already having taken place, as well as soil saturation, which will reduce soil
permeability and cohesion, increasing runoff and the overall erosive effect. If soil particles have been
saturated and detached beforehand, either as a result of short intense rainfall or prolonged light
rainfall, the amount of erosion occurring will usually increase significantly. However, there have
been cases where secondary rainfall events have produced less soil erosion, but this is most likely
due to the amount of erodible material available (Morgan, 2005). Therefore rainfall frequency,
intensity, duration and the amount of rain are all key factors in soil erosion processes. Rainfall
intensity, however, is considered to be the most important factor influencing erosion caused by rain
(Yu, 1998; van Dijk et al., 2002). Rainfall intensity is a key aspect in understanding the amount of
kinetic energy being exerted on the surface, and thus the rainfall erosivity. In Australia, rainfall
intensities of less than 25 mm/hr are considered to have a low or negligible erosive effect. The
erosive effect of rainfall will increase with rainfall intensity up to intensities of 75 mm/hr. Changes in
the erosive effect of rainfall are minimal as rainfall intensity increases beyond 75 mm/hr. (Young &

Young, 2001; White, 2006).

2.2.2 Topography

Topographical characteristics such as slope gradient, length, aspect and form, will generally
define the most common types of erosion that will occur, those being sheet, rill or gully (Bryan,

1979; Bryan, 1987). Soil stability will typically decrease with increased slope gradient, where the
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slope will have a significant influence on the kinetic energy available to runoff. This means that an
increase in slope gradient will increase the carrying capacity of runoff, as well as its ability to detach
soil particles (Bryan, 1979). Runoff will also be shallower on steeper slopes, increasing the amount of
soil particle movement downslope caused by rainsplash erosion (Bryan, 2000). These relationships

can be seen from the equation outlining the velocity of a falling object:

v =1V2gh

where v is final velocity, g is acceleration due to gravity (9.8 m.s™*) and h is the height of fall. This
shows that if the height from which water must flow is increased by a factor of 4, then the velocity
will double, regardless of friction. The kinetic energy of water is proportional to the square of water
velocity; therefore a double in water velocity will lead to kinetic energy increasing by 4. The

relationship between kinetic energy and volume of particles transported is given by the formula:

Q=2Av°

where Q is the volume of particles, A is the proportion of kinetic energy due to rainfall or flowing
water and v is the velocity, so that an increase of kinetic energy by a factor of 4 will lead to 64 times

increase in particles being transported. Similarly, as:

kinetic energy = mv?/2

where m is the mass, a double in mass will lead to a double in kinetic energy. This large influence of
kinetic energy on particle transportation shows the importance that soil detachment processes will
have on the overall erosive effect (Zachar, 1982).

The length of slope will have an impact on the total amount, and therefore mass, of water and
the velocity of runoff. This will in turn control the carrying capacity of runoff and the soil detachment
processes of runoff acting upon the surface. However, an increase in slope length has not always
been seen to increase soil erosion proportionally and in some cases there has been no increase in
erosion with an increase in slope length (Zachar, 1982; Prosser & Dietrich, 1995). This is possibly due
to the change in erosion processes where sheet erosion develops into rill erosion, decreasing soil
loss on interrill areas where detachment due to rainsplash has occurred. However, the development
of rills can also increase erosion, if rills form at high densities. The relationship between slope length

and soil loss is further complicated by the fact that longer slopes will have a higher tendency for
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gradient change (Morgan, 2005). Bryan (1979, 2001) has shown a relationship between slope length
and erosion processes. With constant rainfall of moderate intensity, he showed that sheet erosion
will occur on slopes of 10 m in length before deposition. Rill erosion did not take place until slope
lengths of 46 m were obtained.

It is the combination of both slope length and gradient which will define the actual shape, or
form of an area. Slope profiles may be straight, convex, concave, concavo-convex or undulating.
These different forms of slope will have an effect on soil loss due to erosion and the erosion
processes that may occur (Zachar, 1982). Total soil loss will increase where eroded soil is transported
into streams. This is most likely on uneven topographies, comprised of shorter slopes, where the
converging water on the lower parts of the slope becomes more erosive, transporting the sediment
into streams, leading to a convex slope shape. When soil is deposited at the lower parts of the slope,
generally on longer slopes, a concave shape will ensue, with less eroded material reaching streams
(Mitas et al., 1996; Mitasova et al., 1997). On undulating terrain, the processes of erosion and

deposition generally lead to a levelling affect, with little total soil loss.

2.2.3 Soil Characteristics

Soil erodibility is the resistance of soil to both detachment and transport. Factors contributing to
soil erodibility are soil texture, aggregate stability, shear strength, permeability and chemical and
organic matter content. Many of these factors are interrelated. Soil texture refers to the particle size
of the soil, usually being categorised as sand, silt and clay content. In general, particles comprising
small grain sizes such as clays, will have a high cohesiveness, meaning they will require higher energy
levels to detach, but once detached are transported more readily. Large sandy grains are less
cohesive, but require more energy to transport. Once clay or fine silt particles enter a flowing water
body, they can be difficult to remove, and will only settle once flow velocity has been significantly
reduced, making them more of a problem for water pollution (Goldman et al., 1986).

Clay and organic matter are good ‘cementing’ materials that aid in the formation of aggregates.
Soils with high clay or organic matter content will form aggregates with a higher stability, being more
resistant to detachment. Aggregate stability can be significantly reduced by wetting, as it softens the
cements and causes some clay particles to swell. Some clay minerals will react differently to wetting,
so that the type of clay mineral present will also influence aggregate stability. Soils containing
kaolinite, halloysite, chlorite or fine grained micas will not expand on wetting, smectite and
vermiculite will swell on wetting, producing soils of higher erodibility (Morgan, 2005).

Shear strength, or cohesiveness, is a measure of the soils frictional resistance to an applied

pressure. If the forces acting upon a soil exceed the shear strength of the soil, detachment and
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erosion will take place. Before detachment occurs, deformation may take place, depending on the
plasticity of the soil. Shear strength is influenced by bonding agents and internal friction, which is
again related to the chemical composition of the soil, therefore an increase in moisture content will
again lead to a decrease in shear strength (Geeves, 1991).

The infiltration rate of a soil will be determined by the soils permeability and drainage. If a soil
has high permeability, it will absorb rainfall and runoff, reducing the total runoff and subsequent
erosion. Once a soil becomes saturated, however, and good drainage can no longer take place,

runoff and erosion will increase (Goldman et al., 1986).

2.2.4 Vegetation and Land Use

Land use is influenced by the type of soil present as not all soils are suitable for agriculture or
supporting building sites. Land use or ground cover will affect erosion rates by either protecting the
soil surface or by leaving the soil surface more exposed. Native vegetation and plant cover will
protect the soil from water erosion on three levels. Firstly, above the ground, rain will be intercepted
by the canopy, slowing and breaking up the raindrops. This will reduce the size and velocity of the
raindrops and therefore the kinetic energy. The effects of rainsplash erosion, being driven by the
kinetic energy of raindrops, will subsequently be decreased. Secondly, plant cover at ground level
will obstruct and slow down the velocity of runoff, effectively increasing the surface roughness.
Thirdly, vegetation can improve the soil characteristics and its ability to absorb water while the root
system helps to keep soil in place, improving the mechanical strength (Zachar, 1982; Goldman et al.,

1986; Morgan, 2005).
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3 Soil Erosion Models

This chapter provides a review of some of the more important soil erosion models which have
been developed. A more comprehensive review of available soil erosion models has been provided
by Letcher et al., (1999) and Merritt et al., (2003). A brief history of soil erosion modelling is
provided, followed by a review of the Universal Soil Loss Equation (USLE), the Revised USLE (RUSLE)
and some their derivatives. A selection of physically-based models is then reviewed and finally the
rationale behind the selection of the model used in this study is presented. The RUSLE is looked at in
more detail due to its significance in the development of soil erosion modelling, its widespread use,

and its close relationship with the model which has been used in this study.

3.1 History of Soil Erosion Modelling

Scientific studies into the possible factors contributing to soil erosion first began between
1877 and 1895 by the German soil scientist Martin Ewald Wollny (Pudasaini, 2010). This was
followed up by work at the United States Department of Agriculture in 1907. The first model
developed in order to predict erosion was in the form of a mathematical equation introduced by
Zingg (1940) with the aim of evaluating the effect of length and steepness of slope. This equation
was improved upon over the years until Musgrave developed an empirical equation in 1947, known

as the Musgrave equation or Slope Practice equation (Hudson, 1971), which is given as:

Er=TpoxSxLyxApx M, xR¢

where:
E, = Erosion
T, = Type of soil
S, = Slope
L, = Length
A, = Agronomic practice
M, = Mechanical protection

R¢ = Rainfall

This equation was implemented in a range of studies for almost ten years until it was replaced

by the now extensively used Universal Soil Loss Equation (USLE) in the 1960s. The USLE is another
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empirically-based model; such models are generally thought to be the simplest form of model, as
they are primarily based on the analysis of observations (Merritt et al., 2003). Most empirically-
based soil erosion models since the 1960s have been derived from, or incorporate the USLE in some
way, with modifications focussing on calibrating the model to better represent local conditions.
Some of these models include:

e the Revised USLE (RUSLE),

e SOILOSS,

e (OzMUSLE

e GIS-Based Rapid Assessment of Erosion Risk.

Physically-based models have since been developed, in order to help deal with the large
guantities of localised, experimental data, which are required for the implementation of empirically-
based models. They intend to represent critical factors controlling soil erosion, and rely on
fundamental physical equations of flow and sediment generation, transport and deposition (Merritt
et al., 2003). In theory, these parameters are measurable and known. In practice, however, the large
number of parameters involved, and the heterogeneity of important characteristics, means that
calibration against observed data is often required for these parameters (Beck et al., 1995). A
common problem with physically-based models, after being calibrated for particular conditions, is
model identifiability, which means that estimated input parameters will play an important role in the
model output, but their accuracy cannot be determined with any degree of certainty. Some

physically-based models include:

e ANSWERS
e LISEM
e WEPP

3.2 USLE & RUSLE

The Universal Soil Loss Equation was developed by Wischmeier & Smith (1965 & 1978). It

was developed in order to guide land use and management decisions where erosion, caused by
rainfall and runoff, had become a problem for agriculture. The USLE was improved upon over the
years until it evolved into the Revised Universal Soil Loss Equation (RUSLE) (Wischmeier & Smith,
1978). Although the USLE and RUSLE were both developed for agricultural purposes, they have since
been applied to a range of land uses including rangeland, disturbed forests, construction sites,
mining sites and other land uses where soil is exposed (Renard et al., 1991; Letcher et al., 1999;

Boggs et al., 2001; Erskine et al., 2002). A major factor which the RUSLE introduced to soil erosion
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