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Abstract

The geomorphic diversity (or the natural variability within and between geomorphic structures)
of fluvial systems provides an indication of river health and biological activity as well as their
resilience to change. Despite this, few studies have investigated the controls on geomorphic
diversity and, as a result, our understanding of this fundamental aspect of rivers is incomplete.
Similarly, investigations into the controlling factors on channel morphology tend to be limited in
scope. For example, the influence of physical and anthropogenic external factors on the
morphology of fluvial systems has typically been examined through the study of the effects of a
single factor (e.g., woody debris) on either the cross-sectional form, the shape of the long-profile,
the bed structure or the channel pattern of a river system. As rivers have been shown to adjust
their channel morphologies to external controls (Knighton 2000) over all four of these degrees of
freedom, isolating individual degrees of freedom may miss out on the complex interactions that
occur between them. The aim of this study, therefore, is to examine the multi-scale and multi-
factor influences of physical and anthropogenic external factors (particularly confinement,
riparian vegetation, woody debris, obstructions and anthropogenic impoundment) on the
geomorphic structure and diversity of river systems at a range of scales, using the Turon River in

Central West New South Wales as a case study.

In this study, river channels were examined at four scales (i.e., cross-section, long-profile,
bedform and bar unit) to assess the influence of five external factors (confinement, riparian
vegetation, woody debris, obstructions (i.e., islands and in-channel bars) and anthropogenic
impoundment (i.e., a causeway)) on the geomorphic diversity of the Turon River. To accomplish
this, a total of 231 cross-sections were surveyed over a 600 m reach. These data were then used to
calculate the size and variability of cross-sections, long-profiles, bedforms and bar units within
the study reach. Morphology and diversity at each scale (and for each factor) were tested for

statistical differences using non-parametric uni-variate approaches.

The results presented in this study suggest that the presence of obstructions is the most influential
external factor on channel size in the Turon River, affecting the size and shape of cross-sections,
long-profiles and, to a lesser extent, bedforms and bar-units. That is, obstructed channels were
found to be significantly different to channels devoid of obstructions insofar as they were smaller,
shallower, contained steeper channel gradients had more vertical variation in their long-profiles,
had longer pool-riffle sequence spacing and were of a different channel form to channel reaches
devoid of obstructions. Obstructions, in association with the presence and type of woody debris,

were also observed to be the most influential factors on the diversity of river channels. For
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example, the presence of either obstructions or woody debris increased the variability of cross-
sectional and bedform parameters, while the type of woody debris present influenced the
variability of the long-profile’s vertical and angular variations (i.e., the vertical and angular
variations in long-profiles containing in-channel woody debris were less variable than those with

on-bank woody debris).

Importantly, cross-sections are impacted upon more than long profiles, with their size and
variability affected by both large-scale external factors (e.g., confinement and riparian
vegetation) and small-scale influences (e.g., obstructions and impoundments). For example,
cross-sections within confined reaches were found to be larger but less diverse than cross-
sections in unconfined channels, while the reverse is true for obstructed cross-sections (i.e.,
obstructed cross-sections were smaller and more diverse than unobstructed channels).
Conversely, pool-riffle sequences were the least affected river components, only being influenced
by obstructions and, to a lesser extent, woody debris. That is, bar-units within obstructed
channels were smaller, longer and more asymmetric than bar-units within channels devoid of

obstructions.

The results presented in this study also indicate that the variability of channel characteristics was
affected more by the influence of external factors than channel dimensions. Additionally, the
findings of this study indicate a reversal in the influence external factors have on the size and
shape of a channel and its diversity. That is, smaller channels were found to be more diverse than

larger channels.

This is the first study to examine the influence of multiple factors on multiple scales within a
river reach. The results of this investigation illustrate that river systems have complex responses
to a combination of different physical and anthropogenic external factors that are evident at
multiple scales (from cross-sections through to bar units). Additionally, it has shown that
interactions between the external factors in a reach can result in a highly geomorphically diverse

environment.
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1 Introduction

1.1 Geomorphic diversity

Geomorphic diversity refers to the natural variety of geomorphic features in a particular area
(Semeniuk 1997). The geomorphic diversity of rivers is of great importance as it can be used as
an indicator of river health (i.e., diverse morphologies usually equate with healthy rivers) and is a
key driver of biological diversity within river systems (Semeniuk 1997; Burnett et al. 1998;
Bartley & Rutherford 2005). Despite its importance to river systems, however, not much is
currently known about the drivers of geomorphic diversity. Indeed, exactly what constitutes a
diverse geomorphic assemblage in a river is only poorly understood and it is unknown how
external factors, both natural and/or anthropogenic, influence the physical diversity of fluvial
systems. The objective of this study, therefore, is to assess how physical and anthropogenic

external factors affect the geomorphic diversity of river systems at a range of scales.

1.1.1 Identifying geomorphic diversity

There are a variety of ways in which geomorphic diversity has been classified. According to
Semeniuk (1997), for example, there are two main types of geomorphic diversity, depending on
the scale at which the diversity occurs. Small scale geomorphic diversity refers to local scale
complexity occurring in a regional setting of relative homogeneity. On the other hand, large scale
geomorphic diversity refers to diversity taking place over an entire region (Semeniuk 1997).
Rayburg & Neave (2008) also identified two types of diversity and complexity that can be used
to classify the geomorphic diversity of fluvial systems. These are 1) external variability, which
refers to the variety of morphologic structures found within a river system (e.g., Bartley &
Rutherford 2005); and 2) internal variability, which refers to the variety of forms within each

type of morphologic structure.

Although the concept of geomorphic diversity is relatively new, geomorphologists have been
indirectly looking at geomorphic diversity for many years. This has taken the form of river
classification techniques, which seek to classify rivers at a variety of scales based on the
morphologic structure of the rivers themselves or the features found within them. Hence, river
classification can be viewed as the precursor of geomorphic diversity assessments and can
provide a foundation for considering geomorphic diversity through a consideration of how rivers

have been classified in the past.

River classification requires the organisation of numerous observations into meaningful groups

based on their similarities and/or differences (Thoms et al. 2007). Thus, it requires us to identify
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different types of features within a landscape. The earliest forms of river classification involved
defining rivers according to their planforms (e.g., straight, meandering, braided or anastomosing).
One such classification was proposed by Leopold and Wolman (1957) which identified three key
river planforms: braided, meandering and straight. However they later stated that meanders were
a prominent feature in all river channels, regardless of size (Leopold & Wolman 1960). Rust
(1978) also developed a river classification scheme which divided river systems into four
different types: single channel or multi-channel systems with low and high sinuosity types
separated by a sinuosity of 1.5 (Gregory 1977). Rivers may also be classified by the surface
waterbodies they have (lotic, semi-lotic or lentic waters) or the type of in-channel structures they
exhibit (e.g., pool-riffle, stepped-bed, cascading channel). Ward et al. (2002) have also
established a way of classifying floodplains (i.e., disequilibrium, equilibrium or low-gradient
floodplains); whilst others (e.g., McKenney et al. 1995; Gurnell 1997) have classified rivers using
the characteristic processes occurring along channels with different energy gradients. For
example, low-gradient (low energy) channels are characterised by unidirectional channel
migration and bar deposition whilst high-gradient (high energy) channels exhibit high levels of
channel avulsion (McKenney et al. 1995).

Each of these geomorphic structures can be thought of, from a biological perspective, as a
species, enabling us to identify the diversity of features within the landscape. For example, a river
system displaying straight, meandering and braided reaches is more geomorphically diverse than
one that is only meandering. Without geomorphic classifications, therefore, it would not be
possible to discuss geomorphic diversity as there would be no distinct geomorphic features or
structures upon which to base the assessment. However, even though river classification still
serves a useful analytical role since end members of the continuum remain morphologically
unique, it is becoming increasingly apparent that transitional patterns and broad sedimentary
forms and processes exist (Rhoads 1992) leading to the possibility of highly geomorphically

diverse river channels.

In summary, geomorphic diversity has been identified in a number of ways, both directly and
indirectly. For example, a direct approach to defining geomorphic diversity is through the
examination of the scale at which the diversity is occurring (e.g., Semeniuk 1997; Rayburg &
Neave 2008), while an indirect approach is through the use of river classification schemes (e.g.,
Leopold & Wolman 1957; Rust 1978). However, although there are an array of techniques to
identify geomorphic diversity (using a wide range of classification schemes for fluvial systems),

few studies have actually examined what constitutes a geomorphically diverse assemblage.



1.1.2 What Determines Geomorphic Diversity

The level of geomorphic diversity in a river reach, and associated biological responses to that
diversity, are believed to be a function of processes operating at a range of scales (Poole 2002;
Yarnell et al. 2006). According to Bartley and Rutherford (2005), there are three scales over
which these processes occur. At the largest scale, a river is controlled by basin planform and
regional geology, both of which affect the channel gradient and determine whether a reach is
erosional or depositional. At the intermediate scale, geomorphic variability is predominantly
influenced by catchment area and hydrology which produce variations in in-channel structures.
Finally, small-scale variations are believed to be influenced by external factors (e.g., woody
debris) and localized geological structures (e.g., rocky outcrops). Bartley and Rutherford’s (2005)
idea of multiple scales over which processes occur supports the widely held view of fluvial
landscapes existing as “multi-scaled nested hierarchies of interactive terrestrial and aquatic
elements (Frissell et al. 1986; Townsend 1996) where elements are defined as the basic, relatively
homogenous units observable within a landscape at a given scale” (Poole 2002, p. 642).
According to these hierarchical principles, the physical nature of river systems at any level or
scale in the hierarchy is restricted by larger scale structures and processes and is influenced by

the processes and structures operating at smaller scales (Thoms et al. 2007).

There are others, however, who argue that the geomorphic features within river systems and their
floodplains reflect complex relationships between climate, catchment geology, topographic relief
and hydrodynamics, mediated by vegetation (Ward et al 2002; Thoms et al. 2007). This means
that under stable climatic conditions, channel geometry must be in equilibrium with streamflow
characteristics, local valley-floor slope and sediment type (Ferguson 1981). In comparison, some
studies indicate that spatial attributes of channel change are driven by discharge and variations in
sediment supply, but are further modified by spatial feedbacks associated with in-channel
structures (Lane et al. 1996; Yarnell et al. 2006). For example, Yarnell et al. (2006) suggest that
reaches with a moderate sediment supply may exhibit the largest geomorphic diversity by
creating channel conditions that contain a variety of geomorphic features and surface textures. In
addition, Sweet et al. (2003) state that variations in sedimentation rates (including sediment
supply) reflect an array of factors including valley floor geometry, channel dimensions, flood

regime and floodplain characteristics.

In-channel structures (also referred to as channel units or bedforms) play a key role in
determining a channel’s geomorphic diversity. In-channel structures are defined as

morphologically distinct sections of a channel, generally one to a few channel widths in length



(Halwas & Church 2002). They have also been defined as any irregularity produced on a channel
bed by the interaction between water flow and sediment movement (Simons & Richardson 1966;
Keller & Melhorn 1973). Many studies have shown that the type and nature of in-channel
structures are dependent upon sediment size (e.g., Keller & Melhorn 1973; Gregory et al. 1994;
Chin 1999). For example, pool-riffle sequences are commonly found in gravel-bed alluvial
channels (Keller & Melhorn 1973) while step-pool morphologies tend to dominate regions with
large bed material (i.e., boulders) and are therefore found mostly in steep mountain streams (Chin
1999). Noble (1989), on the other hand, states that pool-riffle sequences are a basic component of
river channel geomorphology that form independent of sediment type. That is, pool-riffle

sequences have been found to occur in sand bed rivers as well as in gravel bed channels.

The nature and assemblage of in-channel structures within a river reach also tend to be dependent
on channel slope, with cascades, rapids and chutes generally found in channels with high
gradients, and pools, glides and riffles observed in streams with low to moderate gradients
(Montgomery & Buffington 1997; Halwas & Church 2002). Some studies (e.g., Montgomery &
Buffington 1997) have found channels with gradients less than 0.015 are likely to contain pool-
riffle sequences; reaches with gradients between 0.015 and 0.030 are likely to contain plane bed
structures; channels with gradients of 0.030 to 0.065 are likely to have step-pool sequences; and
reaches with gradients greater than 0.065 should exhibit cascade structures. However, other
studies (e.g., Chartrand & Whiting 2000) have suggested that, due to an overlap in the different
slopes that contain certain channel structures, factors in addition to stream gradient play an
important role in determining channel morphology. These factors include confinement, riparian
vegetation, large woody debris accumulation and debris flows (Montgomery & Buffington 1997,

Chartrand & Whiting 2000).

Two of the more commonly observed bed structures in moderately sloped gravel or larger bed
material streams are pool-riffle sequences and step-pools. These quasi-periodic bedforms are key
components of geomorphic diversity (especially when internal variability is considered) in the
rivers in which they are found. Pool-riffle sequences comprise areas of topographic highs and
lows. Pools are defined as the topographic lows in a river channel that are produced by scour and
generally contain relatively fine-grained sediments (Gregory et al. 1994). In comparison, riffles
are topographic highs that are produced by the accumulation of coarse-grained deposits (Keller
1971). The typical spacing of pool-riffle sequences is measured along the channel from the
deepest point to deepest point of consecutive pools (Keller & Melhorn 1973) and is commonly

reported as five to seven channel widths (Leopold et al. 1964; Keller 1972). This spacing can



vary depending on whether the river is associated with resistant floodplain and valley deposits
(Hudson 2002), the presence of woody debris jams (Noble 1989) or whether or not there are
anthropogenic factors in the vicinity of the river channel (Gregory et al. 1994). However, the
study of a river displaying pool-riffle sequences at a single point in time only provides us with a
static view of the river’s morphology, and does not give any indication of the connections and

changes that occur between the longitudinal and planform morphology (Hudson 2002).

Within step-pool morphologies, there are alternating segments of steeply and moderately sloping
channel bed (Bowman 1977). The steep segments (also referred to as rapids) are classified as step
risers and consist of cobbles and boulders that are transverse to river flow (Chartrand & Whiting
2000). The moderately sloping segments (or regular segments) are classified as pools and are
made up of well-sorted gravel (Bowman 1977; Chartrand & Whiting 2000). Unlike pool-riffle
sequences, step-pool sequences do not exhibit an average longitudinal spacing of five to seven
channel widths (Leopold et al. 1964; Keller 1972); instead, studies suggest an average spacing of
1.4 channel widths for regular segments and 2.2 channel widths for rapids (Bowman 1977). The
alternation of steps and pools produces a characteristic sequence of bedforms that produce a

longitudinal profile resembling a staircase (Chin 1999; Chin 2002).

The structure and complexity (i.e., geomorphic diversity) of river channels, therefore, is
controlled by a hierarchy of processes, with each process being restricted by the larger scale
processes above them and influenced by the smaller scale processes and structures below them.
For example, intermediate scale catchment area and hydrology are restricted by regional geology
and influenced by local variations caused by small-scale external factors (e.g., woody debris).
Bedform structures are one of the scales at which processes occur and are of particular
importance in determining the geomorphic diversity of river channels as they can be influenced
by a myriad of external factors including confinement, riparian vegetation, large woody debris
accumulation and debris flows. However, the exact effects of these factors on the structure and

complexity of different scales within fluvial systems is still poorly understood.

1.2 External factors and the way they influence geomorphic diversity
Disturbances (particularly those created by external factors) are a major contributor to spatial

heterogeneity (or geomorphic diversity) and for creating conditions under which niche overlap
can occur (Ward et al. 2002). As previously mentioned, there are a number of factors that can
influence the morphology, and therefore the geomorphic diversity, of a river channel. These
factors may be physical (e.g., riparian vegetation, valley impingement, woody debris and channel

confluences) or anthropogenic (e.g., impacts from mining and impoundments such as dams, weirs
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and causeways). Each of these factors are known to alter channel morphology and can affect a
channel’s geomorphic diversity in different ways (Church 1992). For example, studies have
shown that features increasing local scour and deposition also increase pool depth and frequency,

thereby increasing channel diversity (Abbe & Montgomery 1996; Yarnell et al. 2006).

1.2.1 Riparian Vegetation

Riparian vegetation is important to river systems as it provides a buffer to lateral flows and limits
the volumes of water, sediment and nutrients entering a river. Additionally, riparian vegetation
moderates ecological processes within river channels by influencing temperature and light
regimes, producing organic matter structuring a river’s physical environment at multiple scales,
and providing habitat/shelter for aquatic, amphibious and terrestrial life forms (Ward et al. 2002).
Riparian vegetation also provides bank stabilisation (Gurnell 1997; Charron et al. 2008) and the
stabilisation of recently deposited floodplain sediments (Martin & Johnson 1987). Ferguson
(1981) states that even a single row of trees along a channel’s banks can have a stabilising effect
on the river. However, vegetation growing on the channel bed (as opposed to the banks) can

increase channel instability and initiate channel migration (Graeme & Dunkerley 1993).

It has been shown that there is a close association between the pattern of riparian vegetation and
the processes affecting the physical nature of the river channel (Gurnell 1997). For example,
riparian vegetation and river valley geology can influence channel morphology by creating
constraints to the river’s movements (i.e., degrees of freedom) (Knighton 2000). Some studies
have indicated that encroachment of vegetation into a channel, including vegetative growth in
abandoned segments of a channel, is accompanied by the contraction of channel width (Hickin
1984; Martin & Johnson 1987). Conversely, Ward et al. (2002) have argued that as a result of
channel migration, a constrained river may begin to undercut the banks in areas where riparian
vegetation is present. If this form of erosion continues, the potential for a slump of bank material
to enter the river increases. In fact, Andrews (1982) discovered that the primary mechanism for
bank retreat was the erosion of a bank’s gravel and sand base, resulting in the undercutting of the
upper part of the bank that then slumped into the river channel. As such, tree root exposure, the
presence of bent tree trunks and the position of trees on river’s banks can be used to identify
eroding banks (Gregory & Davis 1992). If a slump were to occur any riparian vegetation growing
within the overcut bank material will also enter the river, and thereby increase the volume of

large woody debris in the river channel.

The importance of riparian vegetation, due to the role it plays in maintaining healthy river

systems, is well documented and many studies have identified a link between riparian vegetation
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and the processes that shape riverine ecosystems (e.g., Gurnell 1997; Knighton 2000). It is still

unclear, however, as to how riparian vegetation affects the overall geomorphic diversity of rivers.

1.2.2 Woody Debris

There are many types of woody debris accumulations in rivers, all of which can have an impact
on a river’s geomorphology and thus its geomorphic diversity. Forms of woody debris
accumulations, which themselves represent an element of geomorphic diversity, are extensively
described by Abbe and Montgomery (2003). Bank input debris generally consists of tree boles
that have entered the channel directly from their growth locations due to undercutting of banks,
windthrow or mass movement (Abbe & Montgomery 2003). This type of debris tends to have
only local effects on the morphology of the channel although over time it can affect greater
segments of cross-sectional area if additional debris collects on or near the original piece (Abbe

& Montgomery 2003).

Log-steps form when a tree bole crosses a river channel, completely or partially blocking the
channel but still allowing the water to flow over the top. These steps can have a wide range of
orientations, although they most commonly lie normal to flow, and are believed to decay rapidly
thereby having a negligible impact upon a river’s geomorphology (Abbe & Montgomery 2003).
Mao et al. (2008), however, found that all of the log-steps they studied caused a downstream

scour pool for at least for the duration of the log’s presence in the channel.

Large woody debris jams have a significant influence on river channel morphology (Gregory &
Davis 1992; Gregory et al. 1994; Abbe & Montgomery 1996) as they can act as minor
impoundments that directly impinge on the dissipation of stream energy (Gurnell 1997) and
potentially cause scour around the jam. For instance, jams that completely cross the river channel
(e.g., valley jams or debris-flow jams) redirect a large portion of a river’s flow, resulting in bank
erosion, channel widening and local bed scour (Abbe & Montgomery 2003). Local bed scour can
cause a pool to form upstream of the woody debris which in turn can cause pool-riffle sequences
to become more complex than in channels lacking such woody debris structures (Gregory et al.
1994). This phenomenon of complex pool spacing has been found to strongly correlate with the
loading of large woody debris in small to moderately sized gravel-bed rivers (Montgomery et al.
1995; Abbe & Montgomery 1996). Myers and Swanson (1997) found the pools formed by
accumulations of large woody debris are shallower than free-formed pools (i.e., pools formed in
fine material due to oscillations in flow direction) suggesting that deposition or less optimal scour
flow conditions occur around these randomly located features. In contrast, Abbe and

Montgomery (1996) state that, on average, pools related to woody debris jams are deeper and
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display larger variance in depths than free-forming pools. Hence, depending on the nature of the
woody debris jam and the channel character, there is the potential for a complex response to
wood, with forced pools occurring within the channel that may be either deeper or shallower than

those which occur in the same stream but away from the woody obstructions.

Partial damming of a channel (e.g., by flow-deflection jams) may lead to sufficient water build-
up to allow for overbank flow and the creation of a new channel where the bank is least stable
(Keller & Melhorn 1973). Alternatively, instead of creating an entirely new channel, the increase
in overbank flow may either widen (Abbe & Montgomery 2003), sometimes by a factor of two or
more channel widths (Keller et al. 1995), or narrow the existing channel (e.g., Mao et al. (2008)
found that around 36% of the flow-deflection jams they studied produced obvious channel
narrowing). With respect to channel morphology, flow-deflection jams can cause large pools to
form directly upstream of them while slack water or eddies promote deposition that leads to the
development of an arcuate bar downstream of them. Because the sediments that create the arcuate
bar downstream of the woody debris jam come from the erosion of the river banks the surface of

these bars tends to resemble that of the flood plain (Abbe & Montgomery 2003).

Woody debris jams that form at the head of an island or in-channel bar (i.e., bar-apex jams), on
the other hand, have been found to favour one channel over another, eventually closing the least
favoured channel and thus eliminating the original bifurcation (Hickin 1984). There are three
characteristic alluvial conditions that are created by bar-apex jams: an arcuate bar formation
upstream of the jam created by flow divergence and deceleration; a deep crescentic pool formed
around the upstream margin of the jam created by vortex flow, flow convergence and
acceleration into the bed, and lateral acceleration of flow; and a central bar made up of fine
sediments along the bole of the key member created by the deceleration of flow within the flow-
separation envelope in the wake of the accumulated members (Abbe & Montgomery 2003).
These accumulations of large woody debris may also act as nuclei for the development of
vegetated islands (Abbe & Montgomery 1996; Ward et al. 2002) by trapping fine sediments that
are ideal for vegetative growth (Pettit et al. 2005).

Finally, there is mobile woody debris that is deposited on the flood plain and along river banks
during floods, and on the tops of bars as the flood waters recede. This form of woody debris tends
to have an insignificant effect on bed texture or geomorphology since they are likely to be moved
further downstream in the next high flow event (Abbe & Montgomery 2003). However, as it
moves downstream, mobile woody debris may get caught on a component of a large woody

debris jam and thus become incorporated into the jam.



In spite of all of these findings, the influence of woody debris on channel morphology has been
found to be strongest in smaller sized, low gradient streams (Beschta and Platts 1986) that are
unable to move the large features, even in times of high flow (Myers & Swanson 1997), although
Chen et al. (2008) found that woody debris in intermediate sized rivers played a greater role in
pool formation than in small or large sized channels. In addition, the level of influence woody
debris will have on pool formation is governed by the ratio of woody debris size to channel size
(Webb & Erskine 2005). The effects woody debris have on channel processes can also be
counteractive, depending on the size, orientation and density of the debris, the scale at which the
effects are observed, and the characteristics of the river (Lisle 1995). There is believed to be a
strong correlation between the distribution, size, number and characteristics of woody debris
accumulations and river geomorphology and flooding frequency (Pettit et al. 2005). Nevertheless,
at the reach scale, stable woody debris jams can decrease depth and slope, increase width, and
create major in-channel obstructions, potentially causing a single-thread channel to take on a

braided form (Abbe & Montgomery 2003).

In summary, the effect woody debris has on a channel’s complexity and structure can be
perceived as being a factor of the type of accumulation or the size of the river channel the debris
has accumulated in. For instance, debris that has entered the channel from the banks directly
opposite an accumulation is more likely to only have localised effects. Log-steps and woody
debris jams, on the other hand, are prone to dam river channels and can cause overbank flows,
channel widening and scour pools both up- and down-stream of the obstruction. However, even
though there have been a large number of studies into the impacts of woody debris on channel
morphology, the influence of this common physical feature on channel geomorphic diversity has

not been expressly considered.

1.2.3 Valley confinement and channel geology

Confined river channels (i.e., channels that are constrained by adjacent valley slope) generally
contain a single-thread channel bordered by a narrow band of riparian vegetation (Ward et al.
2002). Their flow depth is also proportionally greater than that in unconfined channels and these
flows therefore, tend to overwhelm bed features that would remain partially emergent in a wider
channel (Zimmermann et al. 2006). Additionally, if lateral confining valley walls are present
along a river, it will be reflected in the channel form, especially in the planform (Milne 1983).
Meanwhile, a steep and narrow valley profile could be indicative of recent uplift, which creates

changes in the long profile, sinuosity, and valley height relative to valley depth (Rhea 1993) thus,



the geology and geomorphology of a reach strongly influences the nature of sediments entering

the river channel (Bond 2004).

Narrow, deep valleys are known to create limitations on the lateral migration of individual
meanders and the meander belt as a whole which can lead to low sinuosity (Milne 1983). For
example, Ferguson (1981) found that confinement leads to the local restriction or prevention of
“normal” identified processes of meander development (i.e., lateral extension and downvalley
translation). However, confined meander bends have been found to display a variety of
sinuosities depending on the angle at which the channel meets the valley wall while less well-
developed cross-sectional asymmetries have been observed in areas where tight meanders are

imposed due to the coarse sediments introduced from nearby erosion scars (Milne 1983).

Rockslides can be common in confined river valleys and can have major impacts on the river
channel form. Korup et al. (2006) state that catastrophic rock-slope failures (i.e., excessive rock-
falls) can lead to the input of substantial volumes of sediment into the river channel, potentially
causing significant channel instability. In addition, if the river valley is naturally unstable a single
rock-fall event could trigger other rock-falls further downstream by deflecting flow or causing
local channel fill (Nolan & Marron 1995) while the focus of fluvial erosion may shift due to
contact erosion caused by major rock-falls (Korup 2004; Korup et al. 2006). Landslides are also a
major contributor of woody debris into river channels (Young et al. 2006), particularly in areas

with relatively steep valley walls (Keller et al. 1995).

Large cobbles and boulders within the channel are known to control the local gradient of small
streams (Halwas & Church 2002). If channel flow is low, these extremely large pieces of
sediment are unable to be removed from the channel, except through basal undercutting followed
by rolling (Bowman 1977). Thus, they can form steps in the river channel and can ultimately
change the morphological classification of a river channel (e.g., from a pool-riffle river to a step-
pool river for example). Additionally, the combined effect of individual channel constrictions
may dominate reach-averaged channel morphology in bedrock-influenced and gravel-bed (i.e.,
coarse-grained) rivers (Thompson 2001). Wohl and Legleiter (2003) argue that the downstream
spacing of pools along a bed-rock controlled river channel is strongly influenced by, and
correlated to, the downstream spacing of lateral bedrock constrictions, including bedrock
outcrops. This is thought to occur because these random disturbances cause bed resistance to

vary, creating irregular channel geometries (i.e., geomorphic diversity) (Milne 1983).

Valley impinged channels are more likely to be less geomorphically diverse than their unconfined

counterparts because they generally consist of a single thread with little to no lateral migration
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and because their greater flow depths are likely to overpower bedform features and create a more
uniform bed. However, rockslides commonly occur within confined river valleys which can
cause large boulders to enter the river system, creating obstructions to the flow. As a result, it is
hypothesised that a river which only impinges on one side of the valley would be more
geomorphically diverse than a confined river channel as it would still be able to undertake some
degree of lateral migration. Similarly, it is expected that a channel with bedrock outcrops in some
places but not in others would have a greater geomorphic diversity than a river that has little or

no bedrock outcrops.

1.2.4 Channel confluences

Channel confluences are observed in drainage basins worldwide (Best 1988). They can be areas
where one river meets another or more simply, where branches of the same channel converge
after an obstruction, such as an island or woody debris. Channel confluences are sites that cause
considerable changes in downstream hydraulic geometry to occur (Best 1988). For instance,
studies have revealed channel width adjustments (Richards 1980; Roy & Roy 1988) and changes
in sediment size occurring downstream of river confluences (Best 1988). The overall effect that
channel confluences have on channel morphology, however, is a product of the angle at which

the convergence occurs (Best 1988).

The backwater effect (where water from one tributary branch backs up into the other tributary
branch) is relatively common in rivers with very gentle slopes, as is the case where two rivers
converge on a wide floodplain (Roy and Roy 1988). This could lead to a reduction in channel
capacity below a confluence and the storage of flow above the confluence. Best (1988)
hypothesised that some sediment movement may be inhibited due to slower velocity flows in the
backwater region at the upstream junction, in addition to the increased flow depth-to-particle size

ratios at the channel mouth, causing both channels to have similar particle sizes.

To summarise, channel convergences not only occurs at the confluence of two rivers, but at the
junction of a main and secondary channel after an island. Backwater effects may occur upstream
of channel convergences, leading to reduced channel capacity. It is therefore theorised that a river
that has channel confluences occurring after obstructions, such as islands, would exhibit channel
changes downstream from the confluence. It is also suspected that possible backwater effects

may be observed directly upstream of the convergence of the channels.

11



1.2.5 Anthropogenic impacts

Human activities can influence channel morphology through the construction of artificial
channels or weirs and causeways (direct structural interference) or through impacts on runoff
and/or sediment fluxes due to regional land uses (Burnett & Schumm 1983; Kellerhals & Church
1989; Church 1992; Price & Leigh 2006). Our ability to detect the effect of human activities on
fluvial ecosystems depends upon our ability to quantify a river’s natural diversity (Li & Reynolds
1994; Palmer et al. 1997), although it is well known that anthropogenic activities on or along
river channels can lead to a simplification of the physical, or geomorphological, structure of a
river system (Bartley & Rutherford 2005) and thus a reduction in geomorphic diversity (Parsons
& Gilvear 2002).

It is expected that changes in valley floor vegetation and habitat diversity may occur in areas
where human activity has altered the fluvial dynamics or the connectivity between a channel and
its floodplains (Parsons and Olivier 2002). In addition, Park (1995) states that anthropogenic
factors often create channel instability and promote rapid and complex channel changes. Dam
construction, urban sprawl, and many other anthropogenic activities can disrupt the natural
equilibrium of a river system whose catchment has been impacted upon and this may lead to
changes, possibly even drastic ones, within the channel (Ferguson 1981) while the diversion of
river water, channelisation, impoundment and inundation of upstream channels inevitably
changes runoff patterns and fluxes to downstream segments and removes distinctive habitats

(Freeman et al. 2007).

Agricultural practices, particularly cattle grazing, can drastically impact the riparian zone, mainly
by reducing the level of vegetation and by the trampling of the banks (Magilligan & McDowell
1997). The introduction of European agricultural practices in Australia has resulted in an increase
in runoff due to the elimination of catchment vegetation (Gordon & Meentemeyer 2006) leading
to drastically increased levels of upland erosion, increased sediment supply (Rhoads 1992) and
floodplain aggradation (James 1989). Magilligan and McDowell (1997) found that channel
narrowing of both bankfull and low flow widths occurred after the removal of cattle from the

riparian zone.

In-stream mining directly alters the channel geometry and bed elevation as it involves the
removal of sediment from a riverbed (Sandecki 1989). Many studies have documented the
consequences of in-stream mining which include: 1) channel incision, ii) flood reduction and iii)
channel degradation (Rovira et al. 2005). In other words, in-stream mining can lead to the

deterioration of channel structures and water quality. James (1989) observed that, after the
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closure of in-stream mines within the Bear River Basin in America, channels had aggraded,
migrated southward and incised through the sediment produced during mining operation into the
pre-mining substrate. In addition to the large number of open shafts and tailings accumulations,
erosion by river channels is the most noticeable geomorphic consequence of mining (Graf 1979).
Although some may expect that mining undertaken adjacent to the river channel will have little to
no effect as there is no dredging of the river bed (as is the case for in-stream mining), it has been
documented that this type of practice still significantly increases sediment load (Park 1995).
Although this increase may only be temporary it can trigger a series of channel changes that can
continue for more than a century after mining operations cease (Rhoads 1992). Consequently,
gold mining of fluvial sediments, both in-stream and on the banks, has been known to trigger

significant channel instability and change (James 1989, 1991).

The construction of roads, commonly built during mining operations, has been associated with
the destabilisation of slopes (Reid & Dunne 1984; Price & Leigh 2006) and the rapid
development of gullies (Neller 1989, cited in Park 1995). Graf (1979) states that some gullies
became stable sixty to seventy years after they began forming. However, gullies containing

constrained channels have been known to remain unstable for more than 100 years (Graf 1979).

Humanmade impoundments are known to influence channel morphology by impeding river flows
and reducing the supply of sediment to downstream channels (Gaeuman et al 2005; Thoms et al.
2007). The trapping of sediment behind dams lowers the downstream sediment load which is
likely to encourage channel incision (James 1991; Gordon & Meentemeyer 2006) and possibly
remove gravel-based features (Parsons & Gilvear 2002). The accelerated erosion caused by
sediment retention behind reservoirs can extend for hundreds of kilometres below the
impoundment and may continue to occur for more than a century (Williams and Wolman (1984)
cited in James 1991) although such impacts are less obvious in coarse-grained reaches with well
vegetated banks (Ferguson 1981). In addition, channel incision and widening immediately below
a dam may be no more important than that occurring further downstream due to the far-reaching
influence of the dam structure (Assani & Petit 2004) and some river channels have been found to
be narrower than their original channel width downstream of impoundments (Rovira et al. 2005).
This variety in responses to dams reflects differences in factors such as the regional environment,
location, substrate and the system of sediment and water release (Petts 1980; Brandt 2000; Assani
& Petit 2004). For example, in semi-arid rivers, impoundments often result in downstream

degradation because of the lack of large, flushing flows.
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A wide array of anthropogenic impacts on riverine environments has been identified including
increased run-off caused by the trampling of riparian vegetation, increased erosion and gully
formation created by mining and the construction of roads, and channel incision downstream of
humanmade impoundments. It is difficult to determine, however, what the resultant morphology,
and thus geomorphic diversity, of a river channel would be if all of the aforementioned
anthropogenic activities had taken place within or alongside a particular river channel at some

point in time, since each activity has a different influence on the channel.

1.3. Channel response to external factors
River channels across the globe have different characteristics and behaviours. For example, a

channel’s width, depth, slope, planform and flow velocity are all influenced by sediment load,
sediment type, valley slope and discharge (Hey 1976). Furthermore, Ferguson (1981) identifies
that differences in channel slope are likely to occur because rivers vary in size, geology and
hydrology. As such, different rivers are bound to respond to disturbances (external factors) in
varying ways (Thoms et al. 2007). These responses can be both biological (e.g., increases in
vegetation and thus create resistance to flow in the riparian zone) and physical (e.g., adjustments
in channel morphology) (Magilligan & McDowell 1997). Some of these responses are subdued
and look similar to those that occur within the natural range of river system functions whereas
others are more obvious and result in major changes to the character and functioning of the river
(Thoms et al. 2007). For example, downstream changes in channel morphology are generally
more noticeable in ephemeral rivers, due to factors such as infrequent flooding, flow transmission
losses and typically few tributary inflows beyond those observed in the headwater regions (Tooth

2000).

Knighton (2000) suggests that natural rivers have four degrees of freedom in adjusting their
channel morphology to external controls. These include cross-sectional form, bed configuration,
channel pattern and channel slope. These changes in channel morphology and longitudinal profile
(i.e., changes in a channel’s geomorphic diversity) can have major impacts on bank stability and
riparian corridors (Charron et al. 2008). Therefore, once we have acquired a better understanding
of the mechanics and consequences of channel adjustments, it will be possible to model these

adjustments using simulation methods (Gregory 1980).

1.3.1 Cross-sectional change

There are two main types of cross-sections used in the study of rivers. The first, known as the
valley floodplain cross-section, consists of the channel bed, channel bars, the channel shelf, the

floodplain, and terraces (Figure 1(a)) (Hupp & Osterkamp 1996; Gurnell 1997). The second,
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known as the in-channel cross-section, simply contains the channel bed and channel bars. The
channel bed is defined as the part of the channel that is under water at mean discharge, while
channel bars are found at the level of approximately 40% flow duration and can support
herbaceous plants (Hupp & Osterkamp 1996; Gurnell 1997). The channel shelf is located at
around 5-25% flow duration and is covered by riparian shrubs; the floodplain occurs at the level
of the 1-3 years flood frequency and supports floodplain woodlands; and terraces are
representative of past floodplains (Hupp & Osterkamp 1996; Gurnell 1997). Channels exhibit
three distinct zones within their in-channel cross-sectional topography: a point-bar platform along
the inner bank; a relatively deep thalweg located along the outer concave cut bank; and the point-
bar slope, which makes up the central portion of the channel and connects the other two segments

(Figure 1(b)) (Leopold & Wolman 1960; Anthony & Harvey 1991).

Floodplain cross-sections are generally thought to result from existing and previous transitions
between fluvial geomorphological processes (governed by the discharge and sediment regime)
and hillslope processes (dominated by the relative importance of overland and subsurface flows)
and morphological adjustments to these regimes (Gurnell 1997). Conversely, in-channel cross-
sections reflect the consequence of morphological adjustments to fluvial processes (Knighton
1982). Anthony and Harvey (1991), for example, report that the most significant effect on cross-
sectional adjustment was variations in flow level. In times of high flow (i.e., bankfull and
overbank flow), the thalweg is at its maximum depth, the point-bar is at its maximum capacity
(i.e., at its steepest) and channel cross-sections display a high asymmetry (Anthony & Harvey
1991). In comparison, during low flows cross-sections tend to be more symmetric. This concept
of cross-sectional morphology being dependent on flow frequency and discharge is supported by
Tooth (2000) who states that areas where there are little or no tributary inflows, and in the
absence of splays, downstream decreases in the in-channel cross-sectional area are likely to

reflect decreases in flow frequency and discharge.
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Figure 1: Schematic diagrams of the two main types of cross-sections used in studies of fluvial systems.
(a) The valley floodplain cross-section, where AB = channel-shelf bank, AS = channel shelf, CB =
channel bed, DB = depositional bar, FB = flood-plain bank, FP = flood plain, HL = hillslope, T, = lower
terrace, T, = upper terrace (Source: Hupp & Osterkamp 1996). (b) In-channel cross-section (Source:
Anthony & Harvey 1991)

Channel widening and narrowing is another form of cross-sectional change. If a channel is too
narrow for the given sediment and flow conditions, the rate of bank material erosion will be
greater than the rate of deposition due to the high levels of shear stress placed on the banks
(Andrews 1982). As a consequence of this, the channel will widen. In comparison, if a river
channel is too wide for the given sediment and flow conditions, the rate of suspended sediment
deposition will be greater than the rate of erosion, resulting in channel narrowing (Andrews
1982). Gregory (1979) reports that regional climate may also play an important role in the
widening and narrowing of river channels. Channels in temperate regions that have been widened
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by floods with recurrence intervals of between 50 to 200 years may return to their former width
in a manner of months or years, compared to rivers in semi-arid regions that may take decades to

recover (Wolman and Gerson 1978).

1.3.2 Bed Configuration

Bed configuration refers to the type, structure and spacing (which is usually expressed in units of
channel width) of bedforms along a channel (Chin 1999). The relative spacing of bedform
structures is thought to maximise flow resistance and hence, moderate bedload transport rate
(Richards & Clifford 1991). Anthony and Harvey (1991) suggest that bed configuration is stage-
dependent because at low flows pool-riffle spacing bore no relationship to channel planform and
little resemblance to high flow morphology. Rhoads (1992) supports this view, reporting that
bedforms change with flow depth and respond rapidly to changes in discharge.

In addition, Keller (1972) states that the number of bedform elements within rivers increases with
increased channel sinuosity to preserve the average spacing. Ferguson (1981) also argues that
these induced channel changes may simply be accelerated versions of adjustments that could
occur naturally, provided the same changes in sediment supply, channel slope or hydrologic
regime occur. Bowman (1977) also noted changes in channel slope (often believed to cause
changes in bed configuration) are often not accompanied by cyclic alternation in channel form,

indicating that channel steps do not relate to changes in channel morphology.

As previously mentioned, a river may respond to external influences by altering its bed
configuration. A good example of this is when an obstruction, such as woody debris or bedrock
outcrops, impedes river flow upstream causing local scour and resulting in the formation of a
pool. Numerous studies have been undertaken into the occurrence of such forced bedforms.
Keller and Tally (1979), for example, report that accumulations of woody debris can influence
the spacing, development and characteristics of pool-riffle sequences in woodland channels.
Similarly, Abbe and Montgomery (1996) observe that woody debris jams influenced the
formation of scour pools and bars in large rivers while Gregory et al. (1994) found that some
channelized rivers have lower interriffle spacings in proportion to channel width than non-

channelized rivers.

1.3.3 Channel Pattern

Channel pattern, also known as a channel’s planform, is believed to be controlled by bank
stability, by reduced sediment transport, and, in low to medium order rivers, by locally enhanced

overbank flows created by woody debris dam sites (Gurnell 1997). However, planform may also
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be controlled by discharge, bed and bank sediment composition, sediment load, and valley slope
(Knighton 1987; Park 1995). Timar (2003), for example, concludes that the sinuosity of the Tisza
River correlates strongly with the position of subsidence anomalies and faults (i.e., changes in
slope). Likewise, flume experiments performed by Schumm and Khan (1972) demonstrated that
the sinuosity of the thalweg increased with increasing gradient until it reached a maximum
beyond which the sinuosity quickly fell and braiding began to occur. As a result, it is likely that a
straight river stretch will transform to a meandering planform as slope increases and the
maximum thread of velocity (thalweg) runs alongside one of the riverbanks, allowing selective
bank erosion to occur (Richards 1978). Additionally, anabranching may occur when flow is

concentrated near the margin of the floodplain (Rhoads 1992).

Some studies (e.g., Vandenberghe 1995; Timar 2003) have even suggested that channel pattern
can change in response to historical climatic changes. Gilvear and Bravard (1996) have found
that much lower lateral migration rates occur in temperate rivers, but this is believed to reflect, at

least in part, the suppression of natural dynamics by human-built structures (Ward et al. 2002).

1.3.4 Long profile and channel slope

Essentially, a stream’s long profile is seen as a long-term form element, reflecting the diverse
influences of basin geology, watershed evolution, and water discharge and sediment load
conditions operating over long periods of time (Knighton 2000). In spite of this, the long profile
of a river can change over a period of years and, therefore, can reflect recent adjustments made
by the river (Keller et al. 1995) in response to tectonic, geologic and climatic conditions
(Cherkauer 1972). Hence, long profile characteristics are believed to be the result of spatially-
distributed feedbacks between a variety of form and process variables operating over a range of
spatial and temporal scales (Harmar & Clifford 2007). As such, the stream long profile can
provide information about short- and long-term aggradation and degradation and, therefore, river

stability (Mossa & Kowinski 1998).

Fluctuations observed within long profiles may be caused by the distribution of in-channel
structures, particularly pools and riffles. A regular pattern of fluctuations would be expected to be
seen in the long profile of a river containing freely formed pools (i.e., rivers exhibiting natural
pool-riffle sequences) whereas a random pattern of bed topography would be expected in a

stream with many forced pools (Madej 1999).

It is believed that the long profiles of ephemeral streams are no different to perennial streams in

that they also adjust to changes in sediment load, roughness and discharge (Cherkauer 1972).
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However, Schumm (1961) reported that rivers located in semi-arid areas often exhibit straight or
convex long profiles due to downstream decreases in discharge resulting from infiltration and
evaporative losses (cited in Goldrick & Bishop 2007). It has also been found that a steep
longitudinal gradient can reduce the effects of lateral bedslope with momentum effects governing

topographic controls (Lane& Richards 1995).

A channel’s slope can vary depending upon the river’s planform. For example, a stable, straight
channel may have a larger slope than a stable, sinuous channel (Keller & Melhorn 1973).
However, the slope of a channel, along with channel area, represents a first-order approximation
of the physical conditions at which processes are active (Brardinoni & Hassan 2006). Channel
slope is most strongly correlated with discharge, decreasing at a rapid rate as discharge increases
(Knighton 2000). In addition, a sharp change in slope may be the result of the river flowing over
a region of uplift but could also be caused by flow across a lithologic boundary or an inactive

fault (Rhea 1993).

The concavity of a long profile can be affected as a result of lithologic variability, tectonic uplift
or downstream decreases in discharge (Morisawa 1968). An uplift of a few millimetres per year
may cause minor changes in valley floor slope, which is known to cause significant changes in
channel pattern (Burnett & Schumm 1983). However, a river channel may maintain its gradient
with gradual increasing valley slope by increasing sinuosity. On the other hand, if the change is
more drastic, a meandering river channel may braid with accompanying river channel

metamorphosis and possible channel incision (Burnett & Schumm 1983).

1.4 Purpose of study
Although numerous studies have investigated how the aforementioned external factors influence

channel morphology (e.g., Abbe & Montgomery 1996, Bartley & Rutherford 2005, Chen et al.
2008) few have looked at more than one external factor at a time. A notable exception to this is
the work of Brainwood et al. (2008) who looked at the influences of geologic setting (i.e., valley
confinement and channel geology) and impoundments, although their work focused on the
influences of these factors on mussel populations rather than geomorphology. In addition, few
studies have attempted to measure geomorphic diversity and at present, few studies have looked
for the potential controlling factors which influence geomorphic diversity. It is intended that the
methods used in this study may be applied to studies of other rivers to further increase our
understanding of geomorphic diversity within channels. It is also anticipated that this study will

identify surrogates for the biodiversity and overall health of this and other study sites.
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1.5 Study objectives
The overall aim of this study is to determine how physical and anthropogenic factors, acting at a

range of spatial scales, influence geomorphic diversity within a river reach. This will be done by
determining the key external factors that affect channel morphology and investigating how these
factors influence variations in the shape and in-channel structure of a river at the cross-sectional,
longitudinal and bedform scales. As such, the study questions are: 1) what is the river’s
geomorphic diversity; 2) how do external factors influence the size, shape and diversity of river

systems; and, 3) how do these factors influence changes within the river system?
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2 Site description

2.1 Site location, physiography and size

Geomorphic diversity was assessed for the Turon River in the Central West of New South Wales,
Australia. The Turon River begins in the hills near Portland and flows in a north-west direction to
its convergence with the Macquarie River, near Hill End (Figure 1; Walker 1998). It exhibits
traditional pool-riffle morphology (Figure 2), has a mean annual flood of 9,798 ML and a record
high flood of 96,191 ML (recorded on 6 August 1986; Figure 3). A considerable number of
entrenched meanders occur along the length of the Turon River, allowing for thick deposits of
alluvium to build up on the inside banks of the meander bends (Marshall 1969). The Turon River
Basin, located to the west of the Great Dividing Range, has an area of approximately 651 km®,
experiences an average annual rainfall of 633 mm with no discernible monthly pattern (Figures
4a & b), and has mean minimum and maximum temperatures of approximately 6.8 and 20.1°C,

respectively (Figure 5).

The physiography of the Turon River has been largely determined by regional lithology and
geologic structure. In its upper reaches, the Turon River flows through steep sided, V-shaped
valleys characterised by razorback ridges, scree-covered slopes and numerous graded tributaries
(Marshall 1969). These features are created by the river eroding steeply into Silurian strata (c.f.
Marshall 1969). Where the river passes through the Sofala Volcanics, the valleys are wide and U-
shaped and it is in these wider valley regions that extensive clearing has taken place to make land

available for agricultural purposes.

Rocky outcrops occur along the length of the Turon River, the majority of which consist of large
rounded boulders that have been formed by water seeping into their cracked surfaces and freezing
(Walker 1998). The other outcrops that can be observed along the river channel are likely to be
the remains of historic water races (discussed in section 2.2). Rockfalls are also common along

the length of the river.

The study site examined for this investigation is situated on a short reach of the Turon River
(Figure 6), approximately 6.5 km east of the town of Sofala (250 km North-West of Sydney).
More specifically, the study site is located between latitude and longitudes of 33° 6* 17’S, 143°
45’ 1”7 E and 33° 6’ 137 S, 143° 45’ 14”E. The study reach has a meandering planform with
several mid-channel bars and islands present (Figure 7) and consists of confined and unconfined
stretches, vegetated and un-vegetated gravel bars, a large woody debris jam (Figure 8) and a
causeway (Figure 9). The banks of the study reach are heavily vegetated by Casuarina or grass

and reeds although some areas have been overgrown with blackberries. The study reach is
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approximately 600 m long and has a sinuosity (meander wavelength) of 1.7, a radius of curvature

of 705 m and an overall channel gradient of 0.0015.
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Figure 2: Map of the Bathurst-Orange-Mudgee region showing the location of the Turon River (Source:
Higgins 1990).

22



23

*(1) sopggut pue (d) sjood Jo uoneoo[ oy Sunordop IATY uoIn] 9y} Jo o[goid [eurpmisuo € 3In3ig

(w) weansumop asuelsig

009 00% 00% 00¢ 00¢ 00l 0
L | | 1 | | D.N
d
; d - G2
: d

g 4 ; rY.
I ] n_ -
J 1 d I .n_l,..r
v : G'C o
J ] ! 5
N : it
. I O 8
. .._ S

J - S




100000 - *

+ .
e * ®
10000 - o
o
=) il
— ‘0
= 1000+ ¢
@
=) P4
s >
T 100 -
0
(o]
10 4
1 T 1
1 10 100
a Recurrence Interval
120000 -
100000 ~
=)
3 80000 -
=
[}
S 60000 -
o
i
@ 40000 -
[}
20000 -
0
[an] w (o] ol [T} cQ -~ =TI I~ (an] [ap] w (w)]
L= = b= o) o« 2] 2] & = <=2 o= =) =2
o o o od o o o o o o o o o
= = = = = =2 =] = =2 = = =2 =
L] Lo Lar] (3] Lar] Lep] Lar] (3] lan] [ap] o Lo (3]
b Date

Figure 4: Hydrographs for the Turon River at Sofala depicting a) the recurrence interval for yearly peak
discharges (red line denotes the mean annual flood) and b) the daily discharge since the construction of the
gauge station.
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