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1. Introduction

Flooding is a natural attribute of rivers, but due to the widespread use of alluvial floodplains for
agriculture and infrastructure, floods can have a severe impact on the surrounding community
(Knighton 1998). A flood event can be defined as a substantial increase in flow resulting in significant
bed scour, bank erosion and sediment transport (Brierley and Fryirs 2005).

Extreme or catastrophic floods can cause considerable changes to the river channel and floodplain.
Effects of a large magnitude flood event are conventionally thought to be primarily erosional (Croke
et al. 2013b). River bank erosion is a central process in fluvial systems and has important implications
for a wide range of physical and economic issues. It can involve the loss of valuable agricultural land
and cause significant damage to infrastructure such as roads, building and bridges (Docker and
Hubble 2008). Such infrequent events can have a significant impact on the surrounding environment

and local population (Baker 1988).

Floods have a varied role in the erosion of stream channels. While some major floods result in
relatively insignificant change, considerable channel adjustment has occurred in others (Baker 1988).
Exceptional floods can erode and transport large volumes of sediment, resulting in major changes to
the fluvial landscape. The potentially devastating impact of large magnitude floods was especially
apparent during the January 2011 flood in the Lockyer Creek catchment in southeast Queensland
(SEQ), Australia. This event was rated as the second highest flood of the past 100 years, second to the
January 1974 flood event (Croke et al. 2013a). This resulted in billions of dollars of damage to local

infrastructure and the loss of twenty two lives (Grove et al. 2013; Thompson and Croke 2013).

An understanding of past channel response and sensitivity to change is essential in predicting the
response to future flood disturbance (Hoyle et al. 2008). However, contemporary channel dynamics
may provide little insight into long term channel processes due to the level of disturbance inflicted on
many Australian rivers (Brooks et al. 2003). Australian river systems have undergone extensive
channel metamorphosis in the 200+ years since European settlement, resulting in vast changes to
channel form and hydrologic regimes (Brooks and Brierley 1997; Brooks and Brierley 2000; Brooks
and Brierley 2002). Much of the indigenous vegetation was cleared from stream banks and

floodplains for intended improvements to the river associated with agricultural production, river
navigation, urbanisation or flood mitigation (Webb and Erskine 2003b). During the 1970’s, the
clearing of riparian and within channel vegetation as well as the removal of large woody debris (LWD)

became mandatory in Queensland, with penalties imposed for non-compliance (Hubble et al. 2010).



Riparian vegetation can be defined as the vegetation growing on fluvial surfaces including the
floodplain, river bank and in-channel features. Fluvial surfaces in the riparian zone are inundated or
saturated by bank full discharge (Hupp and Osterkamp 1996; Hupp 1999). Extensive human
interference has altered conditions, resulting in highly degraded riparian zones in many Australian
rivers (Brooks and Brierley 1997; Brooks and Brierley 2000; Brooks et al. 2003). These areas have a
unique structure and function within the fluvial environment (Darby 1999; Abernethy and Rutherfurd
2000;2001; Brooks and Brierley 2002; Simon and Collison 2002; Webb and Erskine 2003b; Hubble et
al. 2010; Pollen-Bankhead and Simon 2010). The influence of vegetation will be explored further in
Chapter 2.

Stream bank erosion is a natural process. However due to the removal of riparian vegetation,
accelerated erosion rates have become a significant issue. An understanding of the patterns and
processes of bank erosion is important in investigating and predicting changes in river form (Grove et
al. 2013). These factors are critical for environmental and economic planning and can help to make
informed decisions in regards to monitoring river hazards and implementing stream management

strategies.

Ongoing monitoring of the riparian environment is crucial for effective river management due to the
significant role vegetation plays in floodplain processes and the overall stability of the channel margin.
Geographic Information Systems (GIS) and Remote Sensing provide a cost-effective and time-
efficient method of monitoring changes in vegetation cover, particularly over large areas. These
technologies therefore have great potential in this field and facilitate the ongoing monitoring of
riparian vegetation change. The rapid advancement of this technology has led to an increased

availability of remotely sensed imagery from a variety of sources (Xie et al. 2008).

Aerial photography is an important information source in studies of vegetation change and provides
valuable historical information on riparian vegetation condition and cover (Okeke and Karnieli 2006;
Kollar et al. 2011). Such photography has a much longer temporal history than other sources of
remotely sensed data (e.g. Landsat data), often dating back to the 1930s. Furthermore, the high spatial
resolution and large spatial extent of aerial photography offer major potential for providing detailed
assessments of landscape change at local and regional scales (Kadmon and Harari-Kremer 1999;
Okeke and Karnieli 2006).



1.1 Aims and Objectives

Several Australian studies have established the influence of vegetation on the morphology of rivers
through impacts on resistance to flow, bank strength and stream morphology (Abernethy and
Rutherfurd 1998;2000;2001; Hubble et al. 2010). These studies have documented that vegetation can
have a profound influence over the characteristics of a fluvial system.

The purpose of this study was to investigate the role of woody riparian vegetation in enhancing or
inhibiting processes of erosion and deposition during the large magnitude flood events which occurred
in January 1974 and January 2011 in the Lockyer Valley, QLD.

To address this objective, this study will:

Map vegetation coverage and quantify changes to riparian vegetation extent through time,
specifically examining the periods between 1971 to 1974 and 2009 to 2011. This analysis is
performed through the application of change detection techniques to orthophotos for the

above time periods.

e Assess the areas of greatest channel change in response to the January 1974 flood event, and

interpret the role of vegetation in enhancing or inhibiting this change.

o Determine the effect of vegetation extent on enhancing or inhibiting deposition and fluvial
entrainment, and to assess the relationship between the occurrence of mass failure and

vegetation during the January 2011 flood event in both confined and unconfined reaches.

e Determine the significance of riparian vegetation in controlling river behaviour and channel

response of the large magnitude flood event of January 1974 and 2011.



1.2 Thesis Structure

The following chapter will present a review of the current literature. This chapter will discuss the
mechanics of bank erosion and the potential impacts of large floods on the landscape, and the
influence of riparian vegetation on channel morphology. This chapter will also discuss techniques that
can be used to classify vegetation and quantify vegetation change.

Chapter three will provide an overview of the study location, including an evaluation of the climate
and past hydrology of the Lockyer Valley catchment and a history of land use. Chapter four describes
the methods taken to complete the vegetation classification and change detection analysis. The
approach used to examine the effect of vegetation on erosion and deposition during large floods will
also be discussed here. These results will be presented in Chapter five. Chapter six will include a
discussion of these results in relation to the broader literature, as well as the limitations of this study.
Chapter seven will present conclusions of the study and recommendations for future research and

management.



2. Literature Review

This literature review is divided into three sections. The first section discusses bank erosion processes
in both small and large floods. Whilst the second section discusses the influence of riparian vegetation
on channel morphology and bank stability during high magnitude floods. The final section focuses on
the methodologies available to assess the role of riparian vegetation in catastrophic floods, using
remote sensing and GIS.

2.1 The mechanics of bank erosion and the impacts of
catastrophic floods

Rates of bank retreat and processes of erosion acting on a stream bank are determined by attributes of
flow, sediment transport and bank properties (Abernethy and Rutherfurd 1998). Bank erosion can be
divided into three types: sub aerial preparation, fluvial entrainment and mass failure. There are

significant spatial variations in these processes, which vary in response to large floods.

2.1.1 Sub-aerial preparation and pre-conditioning of river banks

Sub aerial processes occur when the surface of the riverbank comes into contact with air. These
processes can either directly erode the bank material or act to weaken the bank, reducing the shear
strength of bank soil and enhancing the impact of other erosion processes (Grove et al. 2013). These
processes can be highly influential, yet difficult to monitor. The extent of sub aerial erosion
experienced will be most important in the period preceding a flood event and likely to be relatively

insignificant during bank full conditions of large magnitude floods.

Flood events may or may not be effective in shaping the river valley systems through which they flow
(Costa and O'Connor 1995). Some research has focused on the extreme climatic and flood variability
to explain morphological change in rivers, through large magnitude floods (Warner 1987; Erskine and
Warner 1988). These studies have attributed channel changes in some rivers to multi decadal flood
dominated and drought dominated regimes. However, they give little regard to the condition of the
channel prior to the occurrence of floods and the significance of the removal of vegetation and wood
on modern channel dynamics (Brooks and Brierley 2002). Some studies suggest that invoking secular
shifts in climatic regime to explain channel metamorphosis in south-eastern Australia is an
oversimplification (Brooks and Brierley 2000), and climatic variability may not be the ultimate cause

of documented changes throughout the 20" century (Hoyle et al. 2008).



Catchment scale boundary conditions such as sediment supply, channel gradient and hydraulic
resistance, induced by vegetation and wood will influence the landscape sensitivity or resistance to
change. In some systems, enhanced channel capacity and the removal of vegetation has increased the
geomorphic effectiveness of floods (Hoyle et al. 2008). The wide-scale clearing of riparian and within
channel vegetation has driven extraordinary channel change and many Australian rivers have
experienced adjustment in hydrologic regime or sediment supply (Brooks and Brierley 1997;2002).
Catastrophic changes have in occurred in highly disturbed systems, where riparian vegetation has
been removed and within channel wood is limited (Brooks and Brierley 2002).

Erskine et al (2012) document catastrophic change in the highly disturbed system of Widden Brook in
the Hunter Valley, Australia. Catastrophic flooding in 1952 and 1955 resulted in significant increases
to the width of channel streams and an extended recovery period, in a system largely devoid of
riparian vegetation and within channel wood. Brooks and Brierley (1997) also note significant
changes in sediment supply and the flood hydrograph in the lower Bega River, in south-eastern
Australia. Widespread vegetation clearing has transformed the system from narrow and deep, to a
shallow and wide channel. They found that human disturbance has likely increased the geomorphic
effectiveness of flood events through the removal of vegetation, and destabilisation of the banks due
to stock grazing. They also suggest that documented behaviours of eastern Australian rivers such as
catastrophic channel widening and floodplain stripping may reflect the increased effectiveness of
flood events in the period since European settlement, although the magnitude of flood events are

likely to have remained the same.

2.1.2 Spatial variation in erosion processes

The two processes likely to dominate the erosion of riverbanks during high magnitude flood events
are fluvial entrainment and mass failure. Fluvial entrainment refers to the grain-by-grain removal and
entrainment of sediment (Rinaldi and Darby 2007; Grove et al. 2013). Mass failure is the down slope
movement of sediment or rock as gravitationally induced stresses exceed critical instability thresholds
of the bank (Lawler 1992; Lawler 1995; Grove et al. 2013). The structure, geometry and material
properties of a river bank will influence the vulnerability of the riverbank to mass failure (Knighton
1998; Brierley and Fryirs 2005). Such geomechanical failure occurs where bank height exceeds a
critical threshold as channel depth/bank size increases downstream (Lawler 1995). When a section of
the bank fails, slabs of sediment fall to the toe of the bank often as a result of over steepening or under

cutting of bank material (Lawler et al. 1997). This sediment is broken down and entrained by the flow.

Downstream variation in discharge, channel form and scale alters the influence each process exerts

over riverbank erosion to a greater or lesser extent. Several studies have demonstrated the spatial



zonation of bank erosion processes acting on a river channel. Abernethy and Rutherfurd (1998)
demonstrated the occurrence of the three types of erosion on sections of the reaches of the Latrobe
River, Victoria.
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Figure 1 Model for the erosion potential along the Latrobe River showing the spatial zonation of erosion processes
and the suggested influence of vegetation (Abernethy and Rutherfurd 1998).

Upper reaches were dominated by sub-aerial erosion processes while fluvial entrainment processes
were more prevalent in mid-basin reaches (Figure 1). Resistance to flow is crucial in determining the
extent of erosion by fluvial entrainment in these reaches. Mass failure assumes dominance in the
downstream reaches of the catchment. Figure 1 shows that the presence or absence of vegetation in
these reaches is a determining factor in the extent of erosion occurring by mass failure, due to the root

reinforcement of bank vegetation.

Lawler (1992; 1995) suggests a model to explain the spatial zonation in patterns of bank erosion. He
notes that, in upper reaches, the energy available for fluvial entrainment is limited due to a low stream
power. Bank heights are reduced, making sub aerial erosion the most effective method in these
reaches. A combination of erodible bank sediment and stream power peaks in mid-basin reaches result
in the dominance of fluvial entrainment processes. Lawler (1992; 1995) also suggests that bank
material in lower gradient reaches is cohesive, resistant to shear and that low stream power limits
erosion by fluvial entrainment. As bank heights exceed critical instability thresholds, mass failure
becomes the most important process of erosion. Mass failure also becomes common in periods of
rapid drawdown of flood waters, due to the generation of pore water pressures exceeding the shear

strength of bank materials (Simon et al. 1999).



2.1.3 The role of big floods in bank erosion

Floods are important processes of fluvial systems, with durations lasting from minutes to days (Baker
1988). Geomorphic effectiveness is related to the ability of an event, or a combination of events to
modify the landscape, and the persistence of the changes incurred (Wolman and Gerson 1978). The
effectiveness of a flood ultimately depends on the exceedence of a resistance threshold of bank
materials, including vegetation, by the stream power generated by the flood (Baker 1987; Baker 1988;
Magilligan 1992). It can be measured in terms of the work performed on the landscape by catastrophic
floods, or more frequent floods of smaller magnitude. Wolman and Miller (1960) suggest that the

work performed by a river is related to the amount of sediment transported during a given flow.

Catastrophic floods have been defined previously as floods with a peak discharge of at least 10 times
greater than the mean annual flood (Baker 1988). Such floods, which generally have an extremely rare
occurrence, impose higher than average forces on stream bed and bank materials, potentially causing
a large deviation from equilibrium conditions of the channel (Baker 1977). The maximum discharge
of a flood is frequently used as a measure to assess the potential for geomorphic change (Baker 1987;
Costa and O'Connor 1995). However, channel boundary shear stress and stream power per unit
boundary area may be more useful in assessing the role of rare, large magnitude floods in generating
substantial geomorphic change. Shear stress is the tangential boundary shear acting on the channel

bed and stream power expresses the power per unit length (Magilligan 1992). Stream power is the

energy that a river has to accomplish work along its path. This can be expressed as:

Q=yQS

where Q is the total stream power, y is the specific weight of water, Q is the water discharge and S is

the channel slope (Nanson and Huang 2008).

Floods of similar magnitude and frequency can produce dissimilar geomorphic changes (Baker 1987;
Baker 1988; Costa and O'Connor 1995) and various studies have questioned the relative role of floods
of varying magnitude in modifying the landscape. Wolman and Miller (1960) suggested that more
frequent events of smaller magnitude have a greater role in modifying the landscape than rare, large
magnitude floods. In the same year, Hack and Goodlett suggested that in some landscapes, such as
the Appalachian region of the eastern US, large magnitude floods are the dominant events responsible
for large scale landscape change. Miller (1990) also observed the geomorphic response to large floods
in the Appalachians. While the rainfall and discharge were comparable to other events observed
through the region, the November 1985 flood produced some of the most severe and widespread

floodplain erosion ever documented through the area.



Large floods can generate immense discharges, but in some cases, produce a surprisingly minor
geomorphic response. Some studies have attributed the minor geomorphic changes to stream powers
unable to exceed resistance thresholds of the landscape (Nanson and Hean 1985). Costa (1974)
documented the channel response to the flood generated by tropical storm Agnes in the north-eastern
US in June, 1972. Despite the great magnitude of rainfall and flooding, few changes to the channel
were observed and recovery occurred quickly. He determined that large floods have a minor role in
landscape modification in some systems.

Bedrock erosion threshold

>, Energy available for
geomorphic change

STREAM POWER, IN WATTS
PER SQUARE METERS

TIME

Figure 2 Hypothetical stream power graphs of floods of varying magnitudes to document geomorphic effectiveness
(Costa and O'Connor 1995).

Although peak stream power is useful in determining the ability of a flood event to change a
landscape (Baker 1987), it is not the sole factor determining the effectiveness of a flood (Costa and
O'Connor 1995). Effective floods require an optimal combination of stream power, duration and
energy expenditure (Costa and O'Connor 1995). As such, flow duration is critical to determining the
effectiveness of a flood event and to understanding how floods of smaller magnitude can have a
greater geomorphic impact. Costa and O’Connor (1995) suggest that minor change occurring during a
large flood, despite high stream power values, is due to short flood duration. They propose a model
documenting the geomorphic effectiveness of floods of different magnitudes (Figure 2). Curve A
represents floods such as the Mississippi River flood of 1927, which although had a long duration,
generated a small peak power not sufficient to erode the large, low gradient river banks. Curve B
describes floods such as those resulting from the dam failure of Lake Missoula (O'Connor and Baker
1992) which had both high values of peak stream power, and a flow duration of several days. These

floods are likely to be the most effective and have a great potential to cause tremendous change in



alluvial channels. With enough energy (over the bedrock erosion threshold), these floods can
potentially erode bedrock channels.

Floods with high values of peak stream power, but a short duration are represented by curve C, such
as the flash floods occurring due to dam failure in Washington and Oregon (Costa and O'Connor
1995) . While these floods may exceed resistance thresholds, they may not be competent in breaking
down floodplain vegetation and eroding the floodplain and channel. Vegetation can have a significant
influence over equilibrium condition and the subsequent effectiveness of large flood events. In many
cases, rivers which have documented catastrophic changes are those systems that have undergone
extensive change through the removal of LWD and the clearing of riparian vegetation (Brooks and
Brierley 2002). In these systems, the occurrence of equilibrium condition is dependent on the

retention of critical controls of riparian vegetation and LWD.

2.2 The impact of riparian vegetation on fluvial geomorphology

Riparian vegetation exerts a critical influence over river systems, playing an important role in
resistance to flow, bank strength, sediment storage, bed stability and stream morphology (Darby 1999;
Abernethy and Rutherfurd 2000;2001; Brooks and Brierley 2002; Simon and Collison 2002; Webb
and Erskine 2003b; Hubble et al. 2010; Pollen-Bankhead and Simon 2010). Many eastern Australian
rivers have undergone considerable changes in channel form in the 200 + years since European
settlement. These rivers have often been poorly managed in the past with much of the native
vegetation cleared from stream banks and floodplains. In Queensland in particular, it became

mandatory to clear bank and within channel vegetation in the 1970s (Hubble et al. 2010).

The influence of vegetation over channel form and process has received significant attention over the
last 40 years. A large body of literature now exists identifying the changes experienced due to the
removal of vegetative controls (Smith 1976; Hickin and Nanson 1984; Thorne 1990; Huang and
Nanson 1997; Abernethy and Rutherfurd 1998; Darby 1999; Millar 2000; Brooks and Brierley 2002;
Brooks et al. 2003; Webb and Erskine 2003b; Osterkamp and Hupp 2010; Erskine et al. 2012).
Vegetation influences width to depth ratios and well vegetated river channels are frequently found to
be deeper and narrower than those channels with fewer trees on their banks (Friedman et al. 1996;
Huang and Nanson 1997; Brooks et al. 2003). Smith (1976) suggested that vegetated banks were up to

20 000 times more resistant than non-vegetated banks with otherwise comparable characteristics.

Brooks et al (2003) recognised the control of vegetation on channel form and condition. Due to the
removal of riparian vegetation and woody debris, the highly disturbed Cann River, in southeast

Awustralia, experienced significant increases in channel depth, slope and capacity. In comparison, the
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nearby Thurra River remained in almost pristine condition. Bank conditions of the Cann River were
significantly altered, leading to an adjustment in the dominance of erosion patterns, from fluvial
erosion to mass failure. In addition, they found that despite the flashy flood regime of the Thurra
River, the channel has maintained a stable condition and exhibits resilience to catastrophic events.
They attributed this behaviour to the presence of well-established riparian vegetation and within

channel wood.

Several studies have identified the influence of vegetation on erosion and bank stability (Thorne 1990;
Abernethy and Rutherfurd 2000;2001; Hubble et al. 2010). Riparian vegetation is able to influence the
mass stability and enhance the strength of river banks through mechanical and hydrologic

mechanisms (Simon and Collison 2002), explored in the next section.

2.2.1 Mechanical mechanisms

Vegetation plays a critical role in flow resistance of the channel bed and bank (Baker 1988). Knighton
and Nanson (2002) studied hydraulic conditions of both in-bank and over-bank flow. This study found
that a rough floodplain surface, attributed to the presence of vegetation produces significant decreases
in the downstream transmission of flood waves. The resistance of the studied floodplain was found to

be concentrated at channel bank tops where vegetation density was highest. The bank top vegetation

provided a considerable level of flow retardation compared to areas of sparse vegetation.

The lateral stability and channel form of a river is largely dependent on the strength of the materials
which comprise the bank, and are significantly influenced by the binding properties of riparian
vegetation (Hickin 1984; Brooks et al. 2003). Root reinforcement is a function of root strength,
interface friction between the roots and soil and the distribution of roots within the soil. Root
reinforcement of soil provides relief of high stress through the transfer of load to regions of lower
stress (Abernethy and Rutherfurd 2001).

Riparian and in-channel vegetation and LWD provide the primary source of roughness within the
channel (Shields and Gippel 1995). It increases the effective roughness of the boundary and in turn
increases the resistance to flow (Hickin 1984; Thorne 1990; Brooks and Brierley 2002). The forces of
drag and lift acting on the bank are reduced, as is shear stress. This is equivalent to a reduction in near
bank velocity, reducing erosive forces. Abernethy and Rutherfurd (1998) suggest that vegetation can
significantly affect mean stream power in upstream reaches, and will reduce the flow’s capacity for
fluvial entrainment (Figure 3). On the reaches of the Latrobe River where stream power peaks,
vegetation achieves a reduction of 30%. The effect of vegetation on mean stream power decreases

with distance downstream, however still yields a reduction of 15% in lower reaches.
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Figure 3 Influence of vegetation on mean stream power as a function of distance downstream for the vegetated and
bare banks of the Latrobe River (Abernethy and Rutherfurd 1998).

Huang and Nanson (1997) found that while dense bank vegetation had a significant effect in creating
narrower channels, vegetation growing on the bed created boundary roughness, increased the
resistance to flow and decreased flow velocity. They note the impact of scale and that variation in
vegetation will have a magnified effect in smaller channels compared to the impact on larger channels
(Huang and Nanson 1997). The density of vegetation along a channel has also proven important with
close spacing of trees required to reduce near-bank velocities (Thorne 1990). This has implications
with regards to investigating channel response and the role of vegetation in catastrophic floods. Root
permeated soil is strong in both compression and tension, giving enhanced strength compared to non-
root permeated soils (Simon and Collison 2002). Strong roots on river banks can offer a greater
resistance to lateral erosion than non-vegetated banks of alluvium exposed to the same erosive forces
(Hickin 1984). Hickin and Nanson (1984) determined that while other factors remain constant, a river
migrating through a cleared floodplain may erode at almost twice the rate of one reworking a

naturally forested floodplain.

Driving forces for stream bank instability are controlled by bank height and slope, the unit weight of
the soil and mass of the water within it and the surcharge imposed by objects on the bank top, bank
surface or within the bank such as trees (Simon and Collison 2002). Studies have demonstrated the
ability of riparian vegetation to decrease bank erodibility. Pollen-Bankhead and Simon (2010)
determine that even small volumes of roots within the stream bank soil can decrease the erodibiity of
the sediment when compared to that of bare soil. During floods, the flow resistance generated can
change significantly. A major flood may overcome the resistance threshold that the vegetation

provides due to the increase in shear strength and stream power (Erskine et al. 2012).
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Slopes covered in dense vegetation experience an increase in resistance to erosion of between one to
two orders of magnitude (Smith 1976; Thorne 1990). Riparian vegetation works to directly protect the
soil surface, while the roots bind the sediment. Although vegetation does not completely prevent
erosion, the critical condition for erosion of a vegetated bank is the threshold of failure of the plant
stems by snapping or uprooting rather than the entrainment of the bank material itself (Thorne 1990).

2.2.2 Hydrologic mechanisms

Vegetated banks are drier and better drained than non-vegetated river banks (Thorne 1990), as the
canopy prevents approximately 15 to 30 per cent of rainfall water from reaching the soil surface, or
plants drawing moisture from the soil. Drier river banks are more stable because the bulk weight of

the soil is reduced and internal cohesion is increased (Thorne 1990).

The factor of safety (Fs) is the ratio of resisting forces to driving forces. Values of F greater than 1
indicate stability, whilst values less than 1 indicate instability (Simon and Collison 2002). Simon and
Collison (2002) demonstrate the importance of hydrological mechanisms in controlling stream bank
stability. Analysis of stream bank stability over two time periods established that the roots of trees and
shrubs resulted in significant increases in soil strength. During a dry antecedent period, hydrologic
effects of rainfall interception and the extraction of soil moisture from the soil were found to increase
Fs by 71 per cent. During a wetter than average antecedent period, Fs was found to increase by 29 per
cent due to the impact of vegetation. Abernethy and Rutherford (2000) found that riparian corridors of
Swamp Paperbark and River Red Gum increase bank stability, with 132% and 175% respective
increases in factor of safety. Similarly, Docker and Hubble (2008) aimed to determine the magnitude
and distribution of root reinforcement within the soil layer to establish the potential for a river bank to

resist mass failure. They found that the presence of the roots increased the shear strength of the soil.

Prolonged rainfall events can alter the stability of a river bank in several ways (Simon et al. 2000).
The infiltration of rainfall increases the bulk unit weight of the soil, increasing the driving force on the
bank. Infiltration also causes a reduction in cohesion, reducing the resisting force of the bank
(Abernethy and Rutherfurd 2000; Simon and Collison 2002). The generation of positive pore water
pressures within the bank decreases the frictional strength, creating unstable conditions. Vegetation
reduces the magnitude of positive pore pressures that can trigger failure during drawdown of
floodwaters, significantly enhancing shear strength and the stability of the river bank (Simon and
Collison 2002). This reduces the surface run off after a rainfall event, decreasing the effectiveness in

generating surface erosion.

The shape and size of mass failures are related to the geometry of the bank section, geotechnical and

hydrological properties of bank material and the density of vegetation present (Abernethy and
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Rutherfurd 2000). Bank failures are commonly associated with periods of prolonged rainfall or
complete inundation by flood waters, followed by a rapid drawdown of the flow with bank material
remaining saturated (Lawler et al. 1997; Abernethy and Rutherfurd 1998;2000; Rinaldi and Darby
2007). During these processes, the strength of the bank material is minimised and weight maximised.

Several Australian studies have addressed the role vegetation plays in preventing bank erosion by
mass failure (Abernethy and Rutherfurd 1998;2000;2001; Hubble et al. 2010). These studies have
shown a clear link between the absence of riparian vegetation and the occurrence of river bank
failures. Results show the presence of riparian vegetation significantly decreased the likelihood of
erosion by mass failure, through the reinforcement of soil tree roots and the movement of water
through mechanisms of evaporation and transpiration. The inception of rainfall by bank vegetation

reduces pore water pressures enhancing mass stability (Pollen-Bankhead and Simon 2010).

Hubble et al (2010) document the role of vegetation in the occurrence of mass failures in eastern
Australian rivers. They found that the substantial channel widening experienced was due to a
combination of large and frequent floods and widespread clearing of bank and floodplain vegetation.
They show that the clearing of vegetation caused a significant reduction of bank shear strength. This
study determined that the clearing of vegetation exasperated the potential for mass failure during
periods of rapid drawdown of flood waters and that these banks may have remained stable had the

remnant riparian vegetation been intact.

Studies have established a clear link between the presence of vegetation and increased bank strength.
However, some banks experiencing a large amount of toe scour are likely to fail regardless of the
presence or absence of vegetation (Hubble et al. 2010). Therefore, the key question is the role of
vegetation in catastrophic floods such as the January 1974 and 2011 floods in the Lockyer Valley,

Queensland.

2.3 Remote sensing of vegetation

Remote sensing involves the science of obtaining information about an object without being in
physical contact with it (Jensen 2007). Remote sensing can be used to evaluate and monitor the
Earth’s biophysical characteristics and has proven to be a valuable tool in the mapping and monitoring
of riparian environments. The unobtrusive nature of remote sensing is one of the most significant
advantages over field based methods (Jensen 2005). Remote sensing methods are cost-effective, less

time consuming and can gather information at a greater temporal and spatial scale.

Maps which illustrate the location, density and extent of riparian vegetation are central to catchment

management and planning (Yang 2007). Such knowledge can improve the understanding of the
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relationships between landscape elements and ecological processes. Traditional vegetation mapping
techniques often involve manual interpretation and field observation, which are time-consuming and
difficult to repeat on a large scale (‘Yang 2007). Rapidly expanding technologies in GIS and remote
sensing provide effective tools in the historical analysis of riparian areas. A variety of remotely sensed
imagery has been used in studies of vegetation mapping and classification at different levels of spatial
and spectral resolution (Yang 2007).

Spectral resolution refers to the number and size of wavelength intervals in the electromagnetic
spectrum, to which a remote sensing instrument is sensitive (Jensen 2007). Certain regions of the
electromagnetic spectrum are favourable in obtaining information on biophysical parameters. For
instance, healthy green vegetation typically has a low reflectance in the visible region of the spectrum
and a high reflectance in the near infrared region, due to the strong absorption of chlorophylls (Jensen
2005). In contrast, the most spectrally distinctive characteristic of water is high absorption at the near
infrared wavelengths. The near infrared band is more suited to distinguishing between water and

vegetation than the visible spectral bands alone.

Spatial resolution is defined as the smallest area on the ground surface contained within a pixel
(Akasheh et al. 2008). The nominal spatial resolution should be less than one half of the size of the
feature to be mapped. Therefore, a high spatial resolution is required to effectively map the narrow,
linear distribution and often diverse nature of riparian vegetation. The ideal resolution is scale
dependent and relative to the size of the area to be mapped. Yang (2007) suggests that digital aerial
photography with a pixel size of less than two metres remains the most suitable medium for the

detailed mapping and analysis of riparian areas, despite its often limited spectral resolution.

Temporal resolution refers to how often the sensor collects imagery at a particular location. In order to
capture the full extent of vegetation change occurring during the catastrophic flooding of January
1974 and 2011, imagery was required before and immediately after the flood events. Aerial
photography has certain advantages in terms of temporal resolution, as it can be collected when
required. In addition, aerial photography also provides a much longer temporal history than satellite

derived data, making it appropriate for the long term monitoring of riparian vegetation (Ihse 2007).

Despite the limited spectral resolution, multi temporal black and white and true colour aerial
photography was used in this study as it met the requirements of spatial and temporal resolution. The

following section will explore the common image analysis techniques used to map vegetation change.
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2.3.1 Methods of image classification and change detection of riparian
vegetation

A wide range of techniques are available for the classification of vegetation and detection of
vegetation change, ranging from field based methods, to remotely-sensed methods or a combination
thereof (Singh 1989; Lu et al. 2004). Change detection involves identifying differences in the state of
an object or phenomenon through observations at different time periods (Singh 1989; Lu et al. 2004)
to achieve a better understanding of both human and physical processes (Jensen 2005). Information
relating to change of the Earth’s surface can provide a better understanding of the relationships and
interactions between human and natural trends, to better manage the Earth’s resources. This involves

the use of multi-temporal datasets to quantitatively analyse the effects of the phenomenon over time.

The most efficient change detection techniques are able to quantify the area, direction and the rate of
change and estimate the accuracy of change detection results (Lu et al. 2004). There are three main
steps involved in implementing a change detection project. This involves image pre-processing and
performing the necessary corrections before undertaking the analysis, the selection of suitable change
detection technigues and accuracy assessment. Image analysis techniques such as per pixel and object
based approaches are becoming more common, and often more accurate in comparison to manual
interpretation (Kollar et al. 2011). The two most commonly used methods of change detection are

image differencing and post classification change detection.

2.3.1.1 Post classification change detection

Post classification change detection involves the individual classification of images captured at
different times and the area of change is determined through direct comparison of the classification
results. As images are independently classified, the use of post classification change detection often
minimises the potential problems of normalising for atmospheric differences between dates (Singh

1989). This method is also favoured when images were captured at different times of the year.

Per pixel approach

For more than 30 years, the vast majority of studies completed in vegetation mapping and change
detection have focused on the analysis of individual image pixels of remotely sensed imagery
(Johansen et al. 2010). The concept of the per-pixel analysis involves the process of estimating
biophysical and geophysical properties from the reflectance values of various features on the Earth’s

surface, mapping an entire scene, pixel by pixel.

Studies of land cover or vegetation change often use parametric algorithms to identify spectrally

distinct groups of data (Rogan et al. 2002). Parametric, pixel based classifications are typically
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unsupervised, supervised or a hybrid approach incorporating both (Tuxen et al. 2011). A supervised
classification involves the use of a combination of prior knowledge, ground referenced data or map
analysis in the “training” classification algorithm (Jensen 2005; Tuxen et al. 2011). The spectral
characteristics of these training areas are used to classify the remainder of the image and each pixel
within and outside the training areas are assigned the class to which it most likely belongs.

An unsupervised classification assigns pixels to classes based on individual spectral signatures
without a priori input from the analyst (Tuxen et al. 2011). An unsupervised classification is generally
used to identify land cover types when ground reference data is unavailable or features within the
image are poorly defined (Jensen 2005). Everitt et al (2004) compared the use of Quickbird false
colour satellite imagery and colour infrared aerial photography in the mapping of wetland vegetation.
An unsupervised Iterative Self-Organising Data Analysis (ISODATA) method was used to classify
both images into four vegetation classes. This study achieved a classification accuracy of greater than
80% and demonstrated the usefulness of parametric classifications to classify vegetation from aerial
photography. However, one of the most significant disadvantages in the use of an unsupervised
classification is that it relies on the identification of spectrally distinct classes and the ability of the

user to associate these classes with meaningful features (Lillesand et al. 2004).

A number of studies have employed a supervised classification in studies of vegetation cover, and a
maximum likelihood technique is by far the most common. Assuming a normal distribution of the
training points, the classification evaluates variance patterns when classifying an unknown pixel and
allocates each pixel based on the mean of the training class (Jensen 2005). Karl et al (2012) use a
maximum likelihood classifier to determine the vegetation extent from colour infrared aerial
photography in Nevada and New Mexico, USA. Training data was collected to classify each image
into two cover types, canopy and non-canopy. The pixel based, maximum likelihood classifier gave

an overall accuracy of above 80% for all evaluated sites.

Change detection can be used to assess the extent and direction of change in land cover classes. Post
classification change detection has been used repeatedly as a change detection method (Jensen 2005).
Post classification change detection involves the individual classification of each image, followed by
the pixel by pixel comparison of the classifications to assess whether change has occurred. Apan et al
(2000) use a supervised classification, employing a maximum likelihood classifier to assess landscape
structural change in the Lockyer Valley Catchment, Queensland. A post classification change
detection method was then used to quantify the change that had occurred in the catchment between
1973 and 1997, and give an insight into the state of the catchment. Similarly, Rogan et al (2002) used
a maximum likelihood classification and post classification change detection logic to analyse the

changes in vegetation cover in southern California between 1990 and 1996 using Landsat imagery.

17



They found that this method resulted in high accuracies. Jones et al (2004) achieved similar results in
the analysis of changes in the distribution of the grey mangrove between 1982 and 1999 using colour
infrared aerial photography. The minimum distance and maximum likelihood classification methods
were found to give the most realistic representation of mangrove distribution and post classification
change detection was used to quantify the change in mangrove cover.

Early aerial photography can often have limited applications due to the absence of spectral data (Mast
et al. 1997). However, woody vegetation produces shadows that visually distinguish it from non
woody vegetation based on tonal variation within black and white photos (Hudak and Wessman 1998).
Carmel and Kadmon (1998) utilised this and applied a maximum likelihood algorithm to classify
vegetation. Post classification change detection was completed to derive vegetation change from the
historical aerial photography, which classified images based on the differences in the grey levels
between individual pixels. The maximum likelihood classification gave an accuracy result of 82% for
the 1992 image and 54% for the 1964 image. They attributed this lower accuracy to limited separation

between class signatures.

Obiject oriented approach

There has been an obvious shift in change detection analysis towards the application of object based
classification methods rather than per-pixel applications over the last decade (Hay et al. 2005). Object
based approaches refer to image-processing technigues that allow the user to divide the scene into
many relatively homogenous image objects, resulting in the segmentation of an image into non-
overlapping units (Jensen 2005). The spectral and spatial characteristics of these objects are then

subjected to image classification.

There are several advantages of object based image analysis in comparison to other methods of
classification. Segmentation creates objects representing land cover types that may be spectrally
variable at the pixel level. Therefore the ‘salt and pepper’ effect commonly associated with per pixel
classification is eliminated. The use of this software allows objects to be classified based on size,
shape, pattern and spatial relationships (Platt and Schoennagel 2009). Thus another advantage is that
objects can represent more meaningful areas at multiple scales and approximate real world features

more realistically than pixels.

Per pixel analysis can present issues in classification of aerial photography, with relatively small pixel
sizes combined with fewer spectral bands (Johansen 2008). Object based analysis is able to create a
classification which more closely resembles that of manual interpretation and has proven useful in

studies of vegetation change and mapping. A great deal of information is contained in the relationship
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between adjacent pixels. Encompassing both spectral information and spatial arrangements has been
found to improve the classification accuracy (Laliberte et al. 2004; Johansen 2008; Platt and
Schoennagel 2009).

Landscapes consist of patches and consequently, it is more appropriate to analyse them as objects
rather than pixels. The analysis of landscapes and vegetation change through object based methods
produces more ecologically meaningful results (Laliberte et al. 2004; Platt and Schoennagel 2009).
Several studies have demonstrated the effectiveness of object based analysis in studies of vegetation
change. Platt and Schoennagel (2009) use an object oriented approach to detect the impact of fires
within national parks in Colorado and the associated vegetation change. This study compared historic
aerial photography from 1938 and 1940 to modern Digital Ortho-imagery Quarter Quadrangles
(DOQQs) photos from 1999. They investigated the nature of change in vegetation with respect to
slope, aspect, and elevation. An object based analysis was used to segment the images into
homogenous objects, creating an initial classification of vegetated and non-vegetated areas within the
imagery, and a further classification into visually distinct vegetation types. Based on this classification,

the change in vegetation extent between the two time periods was calculated.

An object based analysis has proven to be a valuable tool in the monitoring of vegetation change from
aerial imagery within riparian wetlands (Kollar et al. 2011). An object based approach was used to
consider different characteristics of tone, colour, shape, size and texture within the images. This
method was used in an attempt to increase the accuracy of interpretation, in comparison to spectral
based approaches. Final results of the study quantified the change in each habitat class, and provided a

useful result for the ongoing monitoring of the wetland area.

Laliberte et al (2004) demonstrated the usefulness of an object based approach over a pixel based
classification for the extraction of shrubs from high resolution aerial photography. This study utilised
an object based approach on aerial photography captured between 1937 and 1996, to monitor
vegetation changes over this time period. The images were segmented based on parameters of scale,
spectral information and shape, to produce highly homogenous segments. A classification was
performed on these objects to measure the change in shrub cover. An object based approach proved
advantageous in the study, as the tonal differences between shrubs within an image may have reduced

the accuracy of a per-pixel analysis.
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2.3.1.2 Image differencing

Vegetation indices, which quantify the health or greenness of vegetation, are common in studies of
vegetation change (Yang 2007; Tuxen et al. 2011). The spectral response of each object on the land
differs depending on the reflectance of the object. VVegetation indices can be used to differentiate
between green vegetation and other classes of land cover. A wide range of ratio combinations have
been used in previous studies of vegetation cover and change, each with its own strengths and
weaknesses (Tucker 1979; Purevdorj et al. 1998). Healthy, green vegetation will have a strong
reflectance in the near infrared band. For this reason, most vegetation indices will include a ratio

between reflectance in the red and near infrared spectral bands (Makkeasorn et al. 2009).

Tucker (1979) assessed the usefulness of red and near infrared ratio combinations, and red and green
ratio combinations in providing a measure of vegetation cover. However, he found that vegetation
indices which included only the visible bands of the spectrum were limited in their ability to provide a
measure of vegetation cover and red/near infrared combinations were found to be superior.
Furthermore, Yang (2007) notes that a ratio which includes only the red and green visible bands

poorly delineated between dark object such as shadows, water and vegetation.

2.3.2 Modelling relationships between erosion and vegetation

Vegetation plays an important role in controlling soil erosion and a number of studies have used a
combination of remote sensing and GIS technologies to classify land cover, and assess this
relationship. These studies have used traditional methods of vegetation classification, such as a
supervised classification, to assess vegetation cover (Wang et al. 2002). For instance, Jirgens and
Fander (1993) applied a maximum likelihood classification and field based methods to determine the

relationship between vegetation cover and soil erosion.

A number of studies have aimed to assess the effect of vegetation clearing in relation to agriculture
and forestry, on rates of soil erosion on the Loess Plateau of China. Zhou et al (2006) assessed
changing vegetation dynamics and erosion, and found that soil erosion was negatively correlated with
vegetation. In the same area, Zheng (2006) assessed the effects of vegetation removal and restoration
on soil erosion. This study utilised both field based methods and interpretation of aerial photography,
to assess vegetation coverage and erosion rates. Tests of variance were completed on estimates of soil
erosion, to determine if there were significant differences between forested areas and locations of
vegetation clearing. Other studies have used only field based methods to assess the effects of

vegetation on erosion. Fattet et al (2011) investigated the relationship between vegetation and erosion
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through the collection of soil samples and vegetation data. Statistical analysis was completed to find
the variance of soil properties between vegetation types.

Many of these studies use field based methods to measure soil erosion, while utilising remote sensing
methods to map vegetation coverage or change. A similar technigue can be applied in this study, to
assess the effect of vegetation on acquired erosion and deposition measurements that occurred during
the flood. The remote sensing and GIS based methods discussed can have significant advantages over
field based methods. This approach allows the measurement of vegetation extent over a larger spatial
scale than is possible with field based methods alone. The methods of vegetation classification,
change detection and sampling of geomorphic change, can be adapted to assess the role of vegetation
during the January 1974 and 2011 floods.
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Table 11 Percent of each vegetation class within the 300m buffer and channel boundary zone in reach 1, 2 and 3 in

2009 - 2011.
Reach Vegetation Class Percent of Area: 300m buffer | Percent of Area: Channel Boundary
Reach 1 | 1. Vegetation Loss 17.1 41.9
2. No change, no vegetation 8.5 12.4
3. No change, vegetation 63.3 40.3
4. Vegetation increase 11 5.4
Reach 2 | 1. Vegetation Loss 23.2 37.3
2. No change, no vegetation 42.7 36.5
3. No change, vegetation 18.5 16.9
4. Vegetation increase 15.6 9.3
Reach 3 | 1. Vegetation Loss 11.8 27.2
2. No change, no vegetation 60.9 48.5
3. No change, vegetation 11.5 19.6
4. Vegetation increase 15.9 4.6
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Figure 16 Pre-flood (A) and post-flood (B) orthophotos of reach 2 in 2009 and 2011. Post classification change detection image (C) showing areas of vegetation loss, areas not
vegetated prior to the flood, areas that remained vegetated after the flood and natural vegetation growth. River channel is shown in grey. Also note the significant change which
occurred at Lockyer Sidings (blue circle).
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Figure 21 Elevation change after the 2011 catastrophic flood event in reach 3, showing erosion in red and deposition in blue. Flow is from left to right.
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Reach 2

Significant erosion occurred in the upstream section of reach 2, shown in Figure 16. Statistically
significant differences in fluvial entrainment between vegetation classes occurred along benches (p =
<0.001) and macro-channel banks (p =<0.001). The most significant erosion occurred in areas where
vegetation was unchanged (median = 1.08) or expanding (median =1.11) after the 2011 flood on
benches. The least amount of erosion occurred in areas where vegetation was removed by the flood
(median = 0.890) or that were unvegetated before the flood (p= 0.017).

In contrast, Figure 26 shows that the most substantial erosion occurred in areas of vegetation loss
(median = 0.750) and areas that were unvegetated (median = 0.665) prior to the 2011 flood along
macro-channel banks. The least amount of erosion occurred in areas where vegetation was unchanged
(median = 0.560) or increasing (median = 0.540) between 2009 and 2011.

In reach 2, the greatest amount of erosion during the 2011 flood generally occurred in areas of
vegetation loss, or areas that were unvegetated prior to the flood. However, the opposite trend was

seen on benches, where the most significant erosion occurred in vegetated areas.
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Figure 26 Values of fluvial entrainment occurring in each vegetation class in inner channel bed and bars (A), inner
channel banks (B), benches (C) and macro-channel banks (D) in reach 2.
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Reach 3

Figure 21 highlights the areas of the most significant erosion occurring in reach 3. Differences in
erosion between vegetation classes were not statistically different on the inner channel bed or inner
channel banks. However, fluvial entrainment was most significant in areas that were unvegetated prior

to the flood, or where vegetation was removed.

Values of fluvial entrainment were statistically significantly different between the vegetation classes
for benches (p = <.001) and macro-channel banks (p =<.001). Figure 27 shows that along benches, the
most significant erosion occurred in areas of vegetation loss (median = 1.195). More erosion occurred
in areas where vegetation was unchanged (median = 1.145) or expanding (median = 1.19), than in
areas that unvegetated in 2009 (median = 0.490). Along macro-channel banks, the greatest amount of
erosion occurred in areas of vegetation loss (median = 0.960) and areas that were unvegetated before
the 2011 flood (median = 0.650). The least amount of erosion occurred in areas of unchanged

(median = 0.630) or expanding (median = 0.520) vegetation between the two year period.

In reach 3, the greatest amount of erosion typically occurred in areas where vegetation was removed
by the 2011 flood or areas that were unvegetated prior to the flood. Across the three studied reaches,
the least amount of erosion occurred in vegetated areas. Simultaneously, the most significant amount
of deposition appears to be occurring in vegetated classes across the three studied reaches, as
discussed in the previous section. However, a different trend occurred along benches as the most

significant erosion was associated with vegetated areas.
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