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Abstract
Rivers around the world are under increasing pressure from a variety of human activities.
Effective management of riverine landscapes requires an ecosystem approach and one that
recognises the complex interactions between their physical, chemical and biological
components. Perceptions of pattern and process are central to our understanding of riverine
landscapes. Pattern and process operate over multiple scales to produce heterogeneous
mosaics of landscape patches that change over time. Hierarchical patch dynamics provides a
useful approach to unravel pattern and process at multiple scales in riverine landscapes. This
thesis adopts a hierarchical patch dynamics approach to investigate floodplain sediment and
nutrient dynamics within the Barwon-Darling River in South Eastern Australia.
The flow regime of the Barwon-Darling River is highly variable. As a result, it has a complex
channel cross section featuring inset-floodplain surfaces that occur at multiple elevations
within the channel trough. These surfaces formed the focus of this study. The texture of insetfloodplain surface sediments displays a patchy spatial distribution and one that did not reflect
lateral or longitudinal gradients within this floodplain landscape. Rather a sediment textural
patch mosaic was identified. Nutrient concentrations associated with the surface sediments of
the inset-floodplains were also shown to vary significantly resulting in a nutrient patch
mosaic. This spatial nutrient mosaic was enhanced by factors including the surface elevation
of the floodplain surface.
Sediment and nutrient exchange between the river channel and inset-floodplain surfaces was
measured during several flows in 2001, 2002 and 2005. Pin and sediment trap data showed
that significant quantities of sediment were exchanged between the river channel and
floodplain surfaces during inundation with both cut and fill processes occurring. Patterns in
sediment exchange appear to be related to local sediment supply and seasonal sediment
exhaustion, rather than the top down geomorphic constraints considered. These material
exchanges resulted in a change to the spatial configuration of the sediment textural patch
mosaic. Distinct new sediment textural patches were created following inundation, while
other patches were lost post inundation and other patches changed sediment textural character
to move into pre-existing patches. Thus a truly dynamic sediment textural mosaic exists
within this floodplain landscape.
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Nutrient concentrations associated with floodplain sediments also changed over time. While
nutrient concentrations increased after the December 2001 flow event, they generally
decreased after the March 2002 event, highlighting their dynamic nature over time. The
spatial distribution of nutrient concentrations also varied over time, with a 40 percent change
to the nutrient mosaic as a result of the March 2002 flow event. In addition to the influence of
the changing physical template (sediment texture mosaic), nutrient concentrations were
shown to be influenced by rainfall processes on non flooded surfaces, and also a number of
top-down constraints and bottom-up influences operating over multiple spatial scales.
Overall, the inset-floodplains studied in this thesis acted primarily as sediment and nutrient
sinks, and were a source for dissolved nutrients. Nutrient exchange was associated with the
exchange of sediments in this riverine landscape, over both inter-flow and decadal timescales.
It was demonstrated that water resource development within the catchment reduced the
number, magnitude and duration of flow events down the Barwon-Darling River and as a
result reductions in the exchange of sediment, associated and dissolved nutrients between
inset-floodplains and the main river channel were calculated. The greatest reductions were
with the release of dissolved nutrients (42-25 percent) and the exchange of sediment and
associated nutrients from high level surfaces (43 percent).
Effective conservation and management of riverine ecosystems must occur at the correct
scale. This study identified potential nutrient hotspots at several scales in the Barwon-Darling
floodplain landscape that could be targeted by management. The low predictability of the
location of nutrient hotspots at the inset-floodplain scale over time means that environmental
flows should be targeted at high level surfaces (<25 000 MLD-1) that provide long term
sources of carbon to the river channel. Conserving flows of this magnitude will also reinstate
flow variability, an important facet of the Barwon-Darling River’s hydrology that has been
changed by water resource development. The research presented in this thesis highlights the
importance of not only considering pattern and process at multiple scales, but also the way in
which these processes influence landscape patterns over time, leading to the identification of
the appropriate scales that can best be targeted for the conservation of these systems.
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Chapter 1. Introduction

2

Worldwide rivers and their floodplains are displaying signs of stress (Nilsson et al. 2005).
Activities such as dams, water diversions, urbanisation and levees can influence the physical,
chemical and ecological integrity of riverine ecosystems. Over 86 percent of the total length of
rivers within the Murray Darling Basin, Australia, has been either substantially or moderately
modified through direct or indirect human activities since European occupation (Thoms et al.
2007). In the United States of America, large dams and diversions along the Colorado River have
resulted in only 10 percent of the pre-development stream flow reaching the Mexican border
(Schmidt 2007). The need to manage and conserve riverine ecosystems because of such activities
has long been recognised. However, literature abounds with examples of how we have failed to
successfully do so (Knuepfer and Petersen 2002 and references cited within). Excellent science
must underpin management (Cullen, 1990), and many of the failed river management strategies
have been guided by limited one-dimensional conceptual models and studies which fail to capture
the true complexity of river systems. With increasing pressures on our river systems, there is a
need to manage them as ecosystems recognising their complex nature and the interactions
between their physical, chemical and biological components (Thoms and Parsons, 2002).

Perceptions of pattern and process are central to our understanding of the structure and
function of riverine landscapes, and how we manage and conserve them. Traditional
perspectives of riverine landscapes have tended to emphasize a gradational and clinal
perspective of pattern and process (Vannote et al. 1980; Brinson et al. 1983; Junk et al. 1989;
Townsend 1996; Fisher 1997). More recently the structure and function of riverine landscapes
have been portrayed as heterogeneous mosaics, whose configuration changes over time
(Pringle et al. 1988; Ward 1998; Poole 2002; Ward et al. 2002; Thoms 2003; Parsons et al.
2005; Thorp et al. 2006). With this new perspective, has come the recognition of the value of
multidisciplinary approaches to the study of riverine landscapes along with the concepts of
hierarchy, connectivity, complex systems, variability, and landscape change.

These

approaches are now being used to unravel pattern and process in these systems (Thoms and
Parsons 2002; Ward et al. 2002; Thorp et al. 2006; Parsons and Thoms 2007, Dollar, 2007
#691). This thesis combines the fields of geomorphology, ecology and hydrology –
ecogeomorphology (Thoms and Parsons, 2002) - and uses a landscape approach to investigate
sediment and nutrient dynamics within an Australian river floodplain landscape.
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Riverine Landscapes: a result of pattern and process

Riverine landscapes are structurally heterogeneous, being composed of a number of fully
and semi aquatic landforms or physical patches (Tockner et al. 2002). Patches within a
landscape are homogeneous units defined on the basis of land cover, geology, topography,
substrate, habitat type or any other parameter of interest that differs from their surroundings in
nature or appearance (Turner 1989; Johnson and Gage 1997). The character of individual
patches within a riverine landscape is a result of their location within the river valley, the
surrounding landscape, their geomorphic history and disturbance regime provided by flooding
and other factors (Ward et al. 2002). The configuration of structural patches within riverine
landscapes forms the physical template upon which chemical and biological patterns are
placed (Schwarz et al. 1996; Parsons and Thoms 2007). In addition, the physical template
influences the flow of energy and resources through riverine landscapes (Benda et al. 2004;
Thoms et al. 2005). Thus, the physical, chemical and biological aspects of riverine landscapes
are intimately linked.
Patterns within riverine landscapes are driven by processes occurring in four dimensions –
longitudinal, lateral, vertical and temporal (Ward 1989). Early concepts of the structure and
functioning of river systems emphasised their longitudinal dimension, viewing river systems
as having predictable changes in both physical and biological community structure from their
headwaters to the sea (e.g. River Continuum Concept of Vannote et al. 1980). The influential
River Continuum Concept portrayed river systems in a clinal fashion, whereby downstream
communities were reliant on the inefficient processing of energy in upstream reaches. The
Serial Discontinuity Concept of Ward and Stanford (1983) advanced the longitudinal
perspective of river systems and allowed comment on the potential influences of river
impoundments on riverine functioning. While these concepts have received much attention in
the literature, their applicability to larger floodplain river systems has been questioned (Junk
et al. 1989; Puckridge et al. 1998). This prompted the formulation of other concepts that
emphasised lateral connections in the riverine landscape. The most notable being the Flood
Pulse Concept of Junk et al. (1989) which considered lateral linkages between river channels
and their floodplains, in lowland tropical systems. Here, predictable annual ‘flood pulses’,
which inundate floodplain surfaces, instigate the lateral exchange of material across riverfloodplain gradients. The Flood Pulse Concept was extended by Tockner et al. (2000) to
temperate systems with smaller fringing floodplains and recognised the importance of lower
magnitude/higher frequency within channel ‘flow pulses’, which inundated physical features
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such as backwaters, side channels and bench surfaces. Five years after the introduction of the
Flood Pulse Concept, the Riverine Productivity Model of Thorp and Delong (1994) also
stressed the importance of lateral connections. This model suggested the importance of inputs
of organic matter and carbon from the riparian zone and the relative importance of in stream
autochthonous carbon production in driving the productivity of large lowland rivers.
As a collective, these concepts and models have been useful for structuring river research
but they are inadequate in providing a broad conceptual understanding of entire Riverine
Landscapes. There are several reasons for this. First is these concepts and models are
geographically specific, uni dimensional and have only been considered at a limited number
of scales. For example the Riverine Continuum Concept only considers longitudinal trends
within the main channel of upland temperate streams, the Flood Pulse Concept considers
lateral connections between broad floodplains in tropical lowland settings, while the Riverine
Productivity Model considers lateral exchange between riparian zones and the channel of
large lowland floodplains. Second, they are linear in nature, emphasising structural and
functional continua or clinal changes throughout river systems. Questions about what happens
when there are breaks to these continuums remain unanswered. For example, what is the
influence of tributary junctions or local variations in geology or geomorphology to the
longitudinal continua suggested by the Riverine Continuum Concept, or when local
topographic variation disrupts lateral gradients in resources across floodplains? Several
studies have suggested that rivers display discontinuums rather than continuums (Poole 2002;
Benda et al. 2004), and that local hydrologic and geomorphic conditions may be more
important to ecosystem structure and function than location along a longitudinal dimension
(Poole 2002). In response to the limitations of the traditional riverine concepts and models, a
more holistic understanding of riverine landscapes has been advocated which uses a
hierarchical patch-dynamics based framework (Townsend 1996; Thorp et al. 2006; 2008), and
considers patterns and processes over multiple dimensions (Ward 1989).
Over the last 20 years, there has been a growing recognition that river systems can be
viewed as riverine landscapes, composed of a heterogeneous array of spatial elements and
ecological processes that are organised hierarchically (Ward et al. 2002). This view contrasts
to the traditional concepts and models, as it perceives riverine systems as mosaics of
heterogeneous patches at multiple scales and downplays the importance of gradational shifts
throughout the landscape. With this ‘landscape’ view of river systems has come the
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application of many concepts from the terrestrial field of landscape ecology (Pringle et al.
1988; Poole 2002; Tockner et al. 2002; Ward et al. 2002; Wiens 2002; Thoms et al. 2005;
Thorp et al. 2006). In essence, landscape ecology is the study of the interactions between
spatial patterns and ecological processes in the context of spatial heterogeneity across a range
of scales (Turner 1989). Within riverine settings, key tenants of landscape ecology such as
patch dynamics (Pringle et al. 1988; Poole 2002; Parsons et al. 2005; Malard et al. 2006;
Whited et al. 2007), connectivity (Heiler et al. 1995; Ward and Stanford 1995; Tockner and
Schiemer 1997; Galat et al. 1998; Ward 1998; Olden and Jackson 2001; Langhans and
Tockner 2006), fragmentation (Stanley et al. 1997; Thoms and Parsons 2003; Thoms et al.
2005) and scale (de Boer 1992; Middelkoop and Asselman 1998; Foster et al. 2002; Parsons
et al. 2004; Thoms et al. 2007) are receiving attention.
Accompanying this increase in the number of fluvial landscape ecological studies,
concepts and models relating to the physical structure and ecological function of riverine
landscapes have emerged. The Telescoping Ecosystem Model of Fisher et al. (1998)
considered patterns and mechanisms of nutrient movement driven by disturbance in stream
corridors. Building on previous models of nutrient spiralling (Newbold et al. 1981), this
model incorporated views on the spatial heterogeneity of streams and considered nutrient
cycling in four subsystems (surface stream, hyporheic zone, parafluvial zone and riparian
zone), with each subsystem viewed as a cylinder in the ‘telescope’. Nutrient processing was
expressed in this model in units of stream length, similar to spiralling length, with the length
varying over time in response to flood disturbance (Fisher et al. 1998). For any given
disturbance, the influence on the processing lengths would vary for each subsystem,
producing a telescope effect (Figure 5 in Fisher et al. 1998). While this model considers
structural heterogeneity within river systems it is linear and does not take into account the
often branching nature of river systems, something the authors admitted. In contrast, the
Network Dynamics Hypothesis of Benda et al. 2004, provides a physical framework with
which to test how stochastic disturbances (such as flooding) change the physical
heterogeneity of river networks, primarily through the influence of tributaries on the main
river channel. While being confined to the river channel and its tributaries, this hypothesis
successfully combines the theories of disturbance, heterogeneity and hierarchical patch
dynamics (see section 1.2 for description) and represents a step forward in the linkage of
geomorphology and ecology in riverine landscapes.
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The most recent large scale riverine approach to be presented is the Riverine Ecosystem
Synthesis of Thorp et al. (2006; 2008). The Riverine Ecosystem Synthesis blends the
perspectives of previous riverine models to provide a framework for understanding “both
broad, often discontinuous patterns along longitudinal and lateral dimensions of river
networks and local ecological patterns across various temporal and smaller spatial scales”
(Thorp et al. 2006; 2008). Thus it views riverine landscapes as hierarchical patch mosaics that
are dynamic over time in response to disturbances at multiple scales. A series of 14
hypothesis or tenants are presented in the Riverine Ecosystem Synthesis, covering the factors
influencing species distributions, community regulation and processes at the larger ecosystem
and riverine landscape scale. As yet though, few of these tenants have been empirically tested
(Thorp et al. 2006).
Flow is the ‘maestro that orchestrates pattern and process in rivers’ (Walker et al. 1995).
Not only does flow provide a medium for the exchange of resources between landscape
patches (Elwood et al. 1983), but it can also reshape the physical template changing the
nature of the physical patch mosaic within riverine systems (Nanson 1986). Processes driven
by flow maintain the integrity of riverine landscapes, by ensuring the cycling of resources and
the maintenance of physical complexity (Walker et al. 1995). The flow regime of rivers has
been severely modified by human activities (Petts 1980; Thoms and Sheldon 2000). Common
hydrological changes include reductions in the frequency, magnitude and timing of flooding
events (Boulton et al. 2000; Thoms and Sheldon 2000), though quite often this reduction is
not constant over the whole flow range (Maheshwari et al. 1995). For example, the magnitude
of average annual floods in the River Murray in Australia has been reduced by up to 50
percent, whereas larger flooding events have not been affected by river regulation
(Maheshwari et al. 1995). Hydrological change has been shown to restrict connectivity within
riverine landscapes and the movement of material within them (Tockner et al. 1999; Thoms
2003). In addition, the physical complexity of riverine landscapes has also been influenced by
changes to river hydrology. Thoms and Sheldon (1997) reported a loss of inset-floodplain
surfaces on the Barwon-Darling River in Australia with the onset of river regulation. Along
one unregulated reach of the river, inset-floodplains were prevalent at a number of levels
within the channel; however, along a regulated reach downstream they were absent. As these
features contain large stores of organic matter that can be exchanged with the river during
‘flow pulses’ (Francis and Sheldon 2002), reduced geomorphic complexity has the potential
to restrict functioning in this floodplain river system (Sheldon and Thoms 2006). As these
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examples illustrate, changes to the hydrology of rivers have a diverse influence on pattern and
process within them. Before we can hope to restore or conserve riverine ecosystems, patterns
and processes operating within these systems need to be quantified, at a range of scales, along
with the impacts of changing hydrology Viewing riverine landscapes as hierarchical patch
mosaics provides a framework for doing so.

1.2 What is hierarchical patch dynamics and how does it apply to riverine landscapes?
The conservation and management of riverine landscapes requires genuine cooperation
between scientists, managers and the broader society (Rogers 2006). The concept of
hierarchical patch dynamics allows for this to occur (Rogers 1997) by viewing landscapes as
nested patch hierarchies generated by key processes occurring throughout the landscape.
Many river managers have a very limited toolbox with which to work with (Rogers 2006),
and cannot control all aspects of the landscape. Therefore, identifying key processes that form
the structure of the mosaic, and those patches within it which may be of high management
value (for example, the biochemical ‘hotspots’ of McClain et al. 2003) is a critical step in
conserving these landscapes (Harns and Grimm 2008) and can be effectively facilitated by
using the hierarchical patch dynamics approach.
Hierarchical Patch Dynamics is a prominent landscape ecology concept that emphasises
the importance of disturbance, heterogeneity, and multiple spatiotemporal scales within
ecological systems (Wu and Loucks 1995). While originally devised to describe terrestrial
landscapes, it has also been suggested as a useful framework to assess pattern and process
within riverine settings (Poole 2002; Thorp et al. 2006). Inherent within this paradigm is the
view that landscapes are heterogeneous land areas composed of an interacting mosaic of
patches and interconnections (Turner 1989; McGarigal and McComb 1995). Patches within
the landscape display a number of structural and spatial parameters which influence the
distribution of resources and organisms throughout the landscape. For example, Palmer et al.
(2000) found higher abundances of larval Chironomids and adult Copepods in leaf packs as
apposed to sand patches within the stream bed of Goose Creek in Virginia, USA. In addition,
spatial descriptors of patch structure and configuration explained a significant fraction of the
variability in landscape level faunal abundances, suggesting that patch structure (size, internal
structure) was an important factor in faunal distributions (Palmer et al. 2000). Structural
factors such as patch size and shape, the distance between similar patches and the connections
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between different patches, determine the character of the patch mosaic (Fahrig and Merriam
1985; Forman 1995; Bowers and Dooley Jr 1999). Patches and interconnections within the
landscape occur at a number of scales, from a few metres or less to hundreds of square
kilometres (Turner 1989; Wiens 2002). The way in which one views the patch mosaic and
defines patches within it, is dependent on the phenomenon of interest, and the scale at which
that phenomenon operates (Lord and Norton 1990; McGarigal and McComb 1995).
Hierarchy theory has been used to structure the way in which patches in the landscape are
perceived at a range of different organisational levels (eg. Wu and Locks 1995). A central
tenet of Hierarchy theory is that by ‘decomposing’ complex ecological systems into a series
of nested holons or levels of organisation, and identifying patterns and processes operating at
each holon, one can therefore gain a better understanding of patterns and processes operating
within the system as a whole (Wu 1999). Holons can be determined on the basis of either
form or function. For example, the highest or largest holon in a riverine landscape hierarchy
may be a basin, with the next lower holon being a catchment, then functional process zone,
reach, all the way down to the lowest holon of the hierarchy represented by a single sediment
particle. While each holon or level of organisation within a hierarchy can be assigned a
certain spatial and temporal scale, scale and level cannot be considered the same as one level
of organisation may cover several scales (Dollar et al. 2007). The scale of a holon provides a
quantifiable unit of measure with which to compare holons at different levels of organisation.
A holon at any level of organisation within a certain nested hierarchy forms part of a larger
holon at the next level of organisation above and an agglomeration of holons at the level
below. Therefore, when one observes a phenomenon at a particular level in the hierarchy
(usually termed the focal level, or level 0), the next lower level (level-1) will provide insight
into the mechanisms influencing that phenomenon and the significance of that phenomenon
will be recognisable at the next higher level (level +1; Wu 1999). From another perspective,
holons high in the hierarchy can be seen to constrain patterns and processes occurring at
lower holons (top-down constraints) while lower levels in the hierarchy influence processes
and patterns observed at higher levels of organisation (bottom-up influences) (Wu and David
2002); Figure 1.1). By identifying the combined top-down constraints and bottom-up
influences that produce identifiable patterns or processes at a particular focal level, feedback
loops between levels of organisation (trans-scale links) may be identified (Poole 2002). In
addition, to untangle patterns and processes occurring in ecological systems it is necessary to
consider at least three levels of organisation within the nested hierarchy (Gillson 2004).
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The ability of landscape patches to change over time is an important aspect of their
character (Urban et al. 1987; Pickett and Rogers 1997; Pickett et al. 1999; Dyer and Thoms
2006). Early investigations into ecosystem patterns over time, suggested that ecological
systems were in equilibrium and would return to a similar state after a disturbance (the
‘”balance of nature” view, as described in Wu and Loucks 1995). More recently however,
there has been a recognition that in many cases, individual landscape patches change, and as a
result, the entire mosaic of patches will be dynamic and shift over time (Wu and Loucks
1995; Pickett and Rogers 1997; Stanford et al. 2005). The perspective of patch dynamics
considers temporal changes in ecosystem structure, and deals with both changes to individual
patches over time as a result of disturbance, and the resultant change to the entire patch
mosaic (Pickett and Rogers 1997). However, what constitutes a disturbance at one scale or for
one ecological phenomenon may not constitute a disturbance for others (Pickett et al. 1999).
Therefore, to fully understand patch dynamics, and identify the drivers and controllers acting
to influence landscape structure, the landscape must be viewed at a number of spatial scales or
levels of organisation that are relevant to the phenomenon of interest. The hierarchical patch
dynamics paradigm has emerged as a result of the recent linkage between the patch dynamics
perspective and hierarchy theory that emphasises multiple-scale properties of patterns and
process dynamics in ecological systems (Kotliar and Wiens 1990; Kotlier and Wiens 1990;
Wu and Loucks 1995; Poole 2002; Benda et al. 2004; Stanford et al. 2005; Thorp et al. 2006).
Despite the emerging literature on the theoretical and conceptual advantages of the
hierarchical patch dynamics approach, there has been little empirical testing in either
terrestrial or riverine landscapes (van Coller et al. 2000; Gillson 2004). However, several
studies have applied the hierarchical patch dynamics paradigm to vegetation patterns in both
terrestrial and riparian settings. For example, Gillson (2004) investigated vegetation dynamics
in an East African savanna and found that different patterns of vegetation change were
evident at different spatial scales. These findings were also consistent with the shifting mosaic
hypothesis of Stanford et al. (2005) in that, at the smaller scale individual patches changed
from one patch type to another, but the total number of patches in each type stayed the same
so at the larger spatial scale, vegetation remained stable (Gillson 2004). A dynamic vegetation
mosaic was also observed by Parsons et al. (2005) in response to a change to the physical
template of the Sabie River landscape in South Africa, following an extreme flood in 2002.
Here the authors successfully applied a framework dealing with the effect of an agent (in the
case of the Parsons et al. (2005) study, the 2002 flood) on a substrate (the Sabie River
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landscape) to influence landscape heterogeneity and produce an ecological response (the type
of woody riparian vegetation within the Sabie River Landscape). Dyer and Thoms (2006)
used a hierarchical patch dynamics approach to quantify spatial and temporal patterns in
hydraulic diversity along the Cotter River in South Eastern Australia. The presence and
location of surface flow types or hydraulic patches were shown to vary at several scales
during flows of different magnitude. This allowed for the identification of key sections of the
flow hydrograph that could be targeted to maximise hydraulic diversity and hence the
biodiversity of the study reach (Dyer and Thoms 2006).

Level +1

Higher Level

Top-down constraints

Level 0

Focal Level

Bottom-up influences

Level -1

Lower Level

Figure 1.1. Three levels of organisation in a hierarchy showing the focal level and influences
and constraints imposed by lower and higher levels in the hierarchy respectively (modified
from Wu and David, 2002 and Dollar et al., 2007).
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Operational frameworks provide a basis to investigate the influence of landscape pattern on
ecological process (Thorp et al. 2006). A process based framework for assessing
heterogeneity and patch dynamics was proposed by Picket et al. (2003) and recommends
breaking down ecosystem change through time into quantifiable components (Figure 1.2).
This framework begins with a template (or state) that, to be functionally relevant, should elicit
some form of ecological response. The template is the spatial arrangement of a certain
physical or biological substrate of interest. An agent creates, maintains or transforms the
structural or functional features of a system by acting upon the template. An agent can be
physical, biological or chemical in nature. For example, a biological agent may be a herd of

Template
1

Ecological response
1

Template
2

Ecological response
2

Controller
On substrate
On agent

Agent
Physical
Biotic

Figure 1.2. Framework produced by Picket et al. (2003) representing the generation of
heterogeneity and the ecological response to changing heterogeneity in the landscape. See text
for explanation.
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horses in a grassland that preferentially graze some areas more than others creating new
patches in the landscape, subsequently modifying the existing resource patch mosaic. Physical
agents such as fire and flooding, often have significant influences on ecosystem structure
(Parsons et al. 2005). Controllers affect the action of an agent on a template or the resultant
transition between states of the template. They control the spatial influence of an agent and
also the severity of that agent on the template (Dollar et al. 2007). The resultant actions of an
agent and controllers combine to modify the existing patch mosaic (Template 1) to produce an
altered patch mosaic (Template 2). If changes to the substrate template induce an ecological
response, then they can be considered to be functionally relevant, if there is no ecological
response then they are functionally neutral, and bear no influence to the ecological
phenomenon of interest (Pickett et al. 2003). Frameworks such as these have been used in the
study of landscape dynamics in both terrestrial and aquatic ecosystems (Ludwig et al. 2000;
Parsons et al. 2005; Mills et al. 2006; Dollar et al. 2007).
1.3 Floodplain sediment and nutrient dynamics in a dryland River system and the
application of hierarchical patch dynamics.
Floodplains are an important patch within riverine landscapes (Thoms and Sheldon 2000;
Tockner et al. 2000; Tockner and Stanford 2002). There are many different floodplain forms
(fringing floodplains, inset-floodplains, terminal floodplains; Nanson and Croke 1992) and
each constitutes a distinct patch type based on their geomorphic structure and geomorphic
history. Within floodplains, the texture of stored sediments varies spatially, thus sediment
textural patches occur (Asselman and Middelkoop 1995; Thoms et al. 2000). In turn,
sediment texture has been shown to influence nutrient concentrations stored in association
with floodplain sediments (Pinay et al. 1992; Harns and Grimm 2008), resulting in the
presence of nutrient patches within floodplain surfaces. Therefore, floodplain patch mosaics
can be identified at multiple spatial scales. Floodplains are temporary stores of sediment
adjacent to river channels which form predominantly through the processes of deposition and
erosion during flooding (Nanson 1986; Warner 1992). They also contain stores of organic
material and nutrients which can be liberated back into the river system when these surfaces
become inundated and floodplain erosion occurs (Thoms and Sheldon 1997; Sheldon and
Thoms 2006; Harns and Grimm 2008). These processes of material exchange are both
spatially and temporally variable. As a consequence, floodplain patch mosaics may be
dynamic over time.
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Floodplains can be defined in several ways. Hydrologists and engineers have tended to
define floodplains as the region of land adjacent to the river channel that is inundated by a
flow of a particular magnitude; in Australia this is the 100 year flood (Gordon et al. 1992).
Geomorphologists however, recognise that floodplains are constructed by sediment deposition
as is reflected in Nanson and Croke’s (1992) definition of floodplains as “largely
horizontally-bedded alluvial landforms adjacent to a channel, separated from the channel by
banks, and built of sediment transported by the present flow-regime”.
Many types of floodplain surfaces have been recognised in riverine landscapes, from highenergy, non cohesive floodplains formed in confined headwater streams to medium-energy
non cohesive floodplains, formed by regular flood events in relatively unconfined valleys, to
low energy cohesive floodplains which are reflective of low energy conditions (Nanson and
Croke 1992). There is also recognition that some floodplain surfaces occur within the main
channel trough of rivers. These inset-floodplain surfaces occur along many rivers both in
Australia and around the world as a response to deposition by in channel flow events (‘flow
pulses’ of Tockner et al. 2000), and are often referred to as ‘benches’ (Woodyer 1968; Taylor
and Woodyer 1978; Graf 1988; Erskine and Livingstone 1999; Thoms and Olley 2004).
Erskine and Livingstone (1999) stated that bench surfaces cannot be regarded as floodplains
due to them often being narrow and discontinuous in form, constructed at multiple levels
within the channel and being reworked over decadal timescales. Other authors however, have
shown that these in channel features are formed by essentially the same processes as broader
fringing floodplains (Taylor 1976; Woodyer et al. 1979; Thoms and Olley 2004). In the
Barwon-Darling, Australia for example, where low flows predominate and where flow events
rarely exceed the bankfull level, inset-floodplain surfaces form the main contemporary store
of sediment, and thus connections during flooding form the major river-floodplain
interactions (Thoms and Sheldon 1997; Shi et al. 1999; Sheldon and Thoms 2006). They also
provide an example of floodplain surfaces where river-floodplain exchanges and the influence
of geomorphic constraints operating at a number of spatial scales can be examined, and it
seems feasible to suggest that patterns and processes occurring on these floodplain patches
should be transferable to floodplains developed in both confined and unconfined valley
settings, albeit at a smaller scale.
Being temporary features of the landscape, floodplains undergo the exchange of sediment
and nutrients through the processes of deposition and erosion. The lateral migration of

Chapter 1. Introduction

14

channels in many lowland systems entails the erosion of floodplain sediments on the outer
bank of channel bends and the successive deposition on inner bends forming a new floodplain
surface (Lewin 1992). Consequently, sediment and its associated constituents are transported
from one part of the landscape and deposited in other parts, with floodplains constituting both
sources and sinks of material (Thoms 2003; Adair et al. 2004).
The exchange of material has also been seen to occur over longer time scales in response to
catastrophic flooding events and changes in flooding regimes (Nanson 1986; Warner 1992).
Nanson (1986) documented the gradual (thousand year timescale) vertical accretion of
floodplains on the Clyde and Manning Rivers in NSW Australia, during lower magnitude
overbank flood events, and the successive destruction of these floodplains by one or several
catastrophic flooding events of large magnitude, which effectively stripped the floodplain
back to a basal lag. The variable nature of this floodplain stripping even along the one river
system during the same flow, suggests that local scale factors such as local energy gradients
and valley confinement may be influencing the geomorphic response to these large flooding
events, producing a mosaic of erosion and deposition along the rivers length (Nanson 1986;
Steiger and Gurnell 2002). Similar observations have been made on inset-floodplain and
bench surfaces, where the partial or complete destruction of these floodplain surfaces has
occurred as a result of catastrophic flooding (Erskine and Livingstone 1999; Thoms and Olley
2004). Consequently, floodplains are both a source and sink of sediment and associated
materials and the resultant exchange between them and the main river channel varies in time
and space.
Large scale exchanges of sediment between floodplains and their adjacent river channels
have been reported to occur in response to climatic changes.

Warner (1994) describes

alternating flood (FDR) and drought (DDR) dominated regimes along the east coast of
Australia, with changes between FDR’s and DDR’s being in the order of 50 years long.
FDR’s are characterised by widening of the river channel and floodplain stripping. During
DDR’s however, the floodplain is seldom inundated and there is the formation of in-channel
floodplain surfaces because of sediment accumulation and the relative deepening of the river
channel.
Studies have demonstrated the transfer of sediment and associated nutrients between
floodplains and river channels and vice versa. However, few have considered the
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simultaneous exchange of sediment and associated nutrients over short timescales (i.e. over
individual non catastrophic flow events) even though the occurrence of such exchanges has
been suggested in the literature (Steiger et al. 2003; Adair et al. 2004). Instead, work at the
flow event scale has centred on quantifying the amounts and patterns of sediment and
nutrients deposited onto floodplain surfaces (Walling 1996). Quantifying the exchange of
sediment and nutrients between river channel and floodplain patches within the riverine
landscape would improve our understanding of resource exchanges within river-floodplain
ecosystems (sensu the flood pulse concept of Junk et al 1989) as well as elucidate spatial and
temporal patterns in the distribution of sediment and nutrients on floodplain surfaces.
The distribution of sediment textural character across floodplains does influence biological
and chemical processes within the riverine landscape (Ogden et al., 2002; Thoms, 2003).
Patterns in heavy metal and nutrient concentrations for example, follow that of sediment
texture, as a result of the high affinity of heavy metals and nutrients for fine textured
sediments (Walling et al. 1999; Thoms et al. 2000). In addition, sediment texture influences
the moisture content in sediments which in turn influence vegetation growth and microbial
activity within the sediments (Pinay et al. 1995; Van Oorschot et al. 1998; Baldwin and
Mitchell 2000). Patterns of sediment texture have been shown to reflect lateral and
longitudinal gradients across floodplain surfaces in response to reduced hydraulic competency
in some systems (Pizzuto 1987; Asselman and Middelkoop 1995). Other systems show a
more patchy distribution of floodplain sediment texture (Thoms et al. 2000) being influenced
by large scale factors (such as valley confinement) and local scale factors (such as floodplain
topography and hydraulic inefficiencies) (Middelkoop and Asselman 1998; Thoms et al.
2000). Identifying the patterns of sediment texture on floodplain surfaces and the factors
responsible for these patterns, will not only give us insight into the pattern and process
relationship of floodplain sedimentation, but will also provide a clearer basis with which to
make floodplain management decisions.
While the distribution of nutrients such as carbon, nitrogen and phosphorus across
floodplain surfaces are determined by the spatial distribution of sediment texture (Pinay et al.
1992; Adair et al. 2004; Ogden et al. 2007), there are a number of biological factors which
also affect nutrient concentrations on floodplains (Brunet et al. 1994; Qui and McComb 1995;
Mitchell and Baldwin 1998; Van Oorschot et al. 1998; Robertson et al. 1999). As well as
being exchanged in association with sediments during flooding, nutrient content is also
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influenced by vegetation patterns across floodplains. Floodplain vegetation can take up
nutrients from the sediment to help with growth. This has the potential to reduce nutrient
concentrations in floodplain soils (Ogden et al. 2002). Floodplain vegetation can also increase
soil nutrients by the breakdown of leaf litter, thus increasing nutrient concentrations (Sheldon
and Thoms 2006). Furthermore, the distribution of nutrients and organic matter also
influences the distribution of vegetation growth on floodplains. Many floodplain systems are
either P or N limited, thus the vigour and health of floodplain vegetation will follow patterns
in nutrient concentrations (Ogden and Thoms 2002). This relationship between the spatial
distribution of sediment nutrient concentrations and vegetation on floodplain surfaces is an
example of a feedback loop between form and function within riverine landscapes (Fisher et
al. 2007).
The deposition of nutrient rich fine sediment during flooding increases nutrient
concentrations on floodplain surfaces thereby providing short term nutrient subsidies to these
landscape patches (Pinay et al. 1992; Ogden et al. 2007). Few studies however, have
attempted to quantify this increase, and address whether these subsidies are consistent both
spatially across the landscape and between separate flooding events, and how long these
nutrient subsidies last after the flow events. It is likely that the response of nutrient
concentrations following floods will be variable given that floodplain nutrients can also be
taken up and transformed by microbes within the sediment, changing not only the total
concentrations associated with the sediments (Qiu et al. 2003), but also the chemical form in
which the particular nutrient is stored (Baldwin and Mitchell 2000). The influence of in situ
microbial processing was noted by Ogden et al. (2007) who observed similar increases in soil
nitrogen on floodplains that were both flooded and not flooded within the Lower Balonne
Floodplain in Australia. On non flooded surfaces, microbial activity was driven by moisture
resulting from rainfall. In addition, nitrogen concentration in the flooded floodplain soils
continued to rise on several sampling occasions following the monitored flood event.
Therefore in addition to the physical processes that affect the transport and distribution of
sediment, floodplain nutrient concentrations may also be influenced by biological
transformations during periods not limited to floodplain inundation phases.
The preceding section has provided an overview of the current knowledge surrounding
floodplain sediment and nutrient dynamics and has suggested several areas where further
research is required to fully understand these patterns and processes. These areas include:
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The quantification of short term sediment and nutrient exchange

between the river channel and floodplain surfaces. This includes not only the
quantities and directions of exchange, but also those factors which are operating to
control this and at what scales they are operating.
2.

The influence of these exchanges and transformations on the spatial

and temporal distribution of sediment and nutrients on floodplain surfaces. This
would address questions such as; do patterns in sediment texture reflect
gradational patterns across floodplains or are they patchier; what processes
influence these patterns and are these consistent over time; and are patterns in
sediment nutrient concentrations reflective of patterns in sediment deposition and
texture; or are there other factors which influence nutrient concentration patterns in
space and time?
It is proposed that by using a hierarchical patch dynamics approach, this thesis will address
these knowledge gaps and advance our understanding of floodplain sediment and nutrient
dynamics. The structure of the Hierarchical Patch Dynamics Paradigm allows for the
quantification of how the process of exchange may influence patterns of sediment texture and
nutrient concentration distributions over time. In addition, a hierarchical approach allows for
an assessment of the way in which the process of exchange may differ at different spatial and
temporal scales, and at which scales the major controllers are operating to influence the
exchange and dynamics of sediment and nutrients in this floodplain landscape.

1.4

Aims and objectives

There is a growing recognition that riverine landscapes are complex systems, where pattern
and process interact at a range of scales to determine their overall structure and function
(Ward et al. 2002). Existing riverine models and concepts neither fully capture this
recognition nor the complex relationships between pattern and process in these systems.
Several terrestrial landscape ecological concepts, such as the hierarchical patch dynamics,
have been advocated for untangling the complexity of riverine landscapes (Poole 2002).
However as Gillson (2004) and van Coller et al. (2000) point out, very few studies have
empirically tested such theories in a riverine setting. The aim of this thesis is to apply the
hierarchical patch dynamics approach in a floodplain landscape setting, by using a
hierarchical study design to assess floodplain sediment texture and associated nutrient
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dynamics on inset-floodplains of the Barwon-Darling River in South Eastern Australia.
Furthermore, it proposes that floodplain landscapes can be viewed as dynamic patch mosaics,
with their structure being a function of disturbance, and factors operating a number of spatial
and temporal scales.
There are three main objectives to the study:
1.

To determine the presence of floodplain sediment textural and associated

nutrient concentration mosaics at multiple scales (hierarchical patch mosaics) and the
potential influence of controllers operating at both large (top-down geomorphic
constraints) and small (bottom-up influences) scales.
2.

To determine whether these floodplain sediment textural and associated

nutrient concentration mosaics are dynamic over time (Dynamic patch mosaics) in
response to the exchange of material during flooding.
3.

To quantify the contemporary exchange of sediment and nutrients between the

Barwon-Darling River channel and its floodplains and to determine the influence of
changing hydrology on this exchange.

1.5

Approach used for the study of floodplain sediment and nutrient dynamics on the

Barwon-Darling River
The spatial pattern of patches within the landscape, and how this pattern changes over
time, is a product of interacting processes and controls operating at multiple scales. However,
similar processes and controls can produce markedly different landscape patterns over time
(Ernoult et al. 2006; Phillips 2007). This thesis considers the influence of the process of
sediment and nutrient exchange associated with flooding and a number of geomorphic
controllers (Section 2.2) on the temporal patterns of floodplain sediment texture and
associated nutrients. To achieve this, a framework based on that outlined in Pickett et al.
(2003) was used. The Pickett framework is expanded in this thesis to include several
disturbances (flooding events) over an extended temporal period, and the longer term changes
to the ecological response (nutrient concentration change; Figure 1.3).
Floodplain sediment texture on inset-floodplain surfaces along the Barwon-Darling River
forms the template being investigated. The agent acting to create change to this floodplain
sediment textural template is flooding. Flooding is an important driver of change in riverine
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landscapes, especially for determining patterns in sediment texture, so forms an ideal agent of
study. A number of controllers are considered in this study. The nature of each flooding event
(magnitude and flow timing) is considered to be a potential controller on the influence of
sediment exchange and hence changes to the sediment textural template. The nested
hierarchical design employed throughout the thesis provides a number of potential controllers
at various levels of observation. Top-down constraints (TDC in figure 1.3) are those large
scale levels of observation that potentially imposed constraints on patterns of floodplain
sediment texture over time. Smaller scale bottom-up influences (BUI in figure 1.3) are those
levels of organisation lower in the hierarchy that may provide direct influences on the nature
of the sediment template change over time. The monitoring of several flooding events
provides the extended temporal aspect to assess the dynamic nature of the floodplain sediment
template over time. To assess the ecological relevance of the changing sediment textural
template over time, sediment associated nutrients (carbon, nitrogen and phosphorus), and their
change over time after the flood disturbance were considered.

1.6

Thesis structure

The objectives of this study are addressed in the following five chapters. A description of
the study area along the Barwon-Darling River and the hierarchical study design employed in
the thesis is presented in Chapter 2. Chapter 3 examines the spatial patterns of floodplain
sediment texture and associated nutrient concentrations. Chapter 4 deciphers the temporal
changes in sediment texture and associated nutrients and how these spatial patterns are
influenced by sediment exchange during flooding. Chapter 5 calculates budgets for the
exchange of sediment and nutrients between the river channel and its adjacent insetfloodplains. This chapter also assesses the changes to these budgets as a result of changed
hydrology associated with water resource development in the Barwon-Darling River
catchment. A synthesis of the main findings of this thesis and areas for further study is then
presented in Chapter 6.
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3

Figure 1.3. Operational framework used to investigate floodplain sediment and nutrient
dynamics in the study. Grey dotted box denotes the framework of Picket et al. (2003). TDC
denotes top-down constraints; BUI denotes bottom-up influences.
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The Barwon-Darling River

The Barwon-Darling River is a large dryland river system in South Eastern Australia. It
has a catchment area of 650,000km2 at Wentworth and constitutes 60 percent of the Murray
Darling Basin. The river originates in the relatively temperate western slopes of the Great
Dividing Range and flows for most of its length across a dry landscape before joining the
River Murray near the township of Wentworth (Figure 2.1). From its headwaters to its
confluence with the River Murray, the river undergoes three name changes; the Macintyre
River is that section from the headwaters to Mungindi; the Barwon River is the section from
Mungindi to the confluence with the Culgoa River just upstream of Bourke, and the Darling
River is the lower section of the river, from the Culgoa River confluence to Wentworth. Most
of the tributaries of the Barwon-Darling River (the Border, Condamine–Balonne, Gwydir,
Namoi, Castlereagh and Macquarie Rivers) also drain the relatively well watered western
margins of the Great Dividing Range in northern New South Wales and southern Queensland
and contribute 95% of the runoff. The Warrego and Paroo Rivers however, have their
headwaters in more arid areas to the west of the catchment and are intermittent contributors to
the long term flow regime of the Barwon-Darling River and only provide significant runoff
during intense rainfall (Thoms and Sheldon 2000).

2.1.1

Climate

The climate of the Barwon-Darling River is characterized by high variability in rainfall and
discharge, and high daily temperatures. For example, at Bourke, mean monthly maximum and
minimum rainfalls have ranged from 586 to 0 percent of the mean monthly rainfall. To the
north, rainfall predominantly occurs because of high intensity tropical storm events, with
highest monthly rainfalls occurring around January (Table 2.1). Rainfall shows a decreasing
westerly trend across the catchment dropping from a mean annual rainfall of 770mm at
Stanthorpe in the east to 259mm at Wilcannia in the west of the catchment (Table 2.1).
Elevation also decreases across the catchment along an east-west gradient. In contrast,
temperature and evaporation increase to the west, with maximum summer temperatures above
40 oC common, even getting as high as 49oC in some areas. These extreme temperatures
combined with the low rainfall mean that across most of the catchment, rates of evaporation
exceed average rainfall, resulting in the arid landscape that predominates.
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Figure 2.1 The Murray Darling Basin in South Eastern Australia, showing the Darling Basin
in green and Murray Basin in yellow.
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Table 2.1. Climate statistics for selected townships in the Barwon-Darling Basin
Stanthorpe

Mungindi

Walgett

Bourke

Wilcannia

Annual mean

770

504

415

355

259

Highest monthly mean (month)

97 (Jan)

71 (Jan)

59 (Jan)

42 (Feb)

26 (Dec)

Lowest monthly mean (month)

43 (Aug)

31 (Apr)

20 (Aug)

20 (Sept)

17 (Apr)

Mean annual daily maximum

21.6

27.6

27.5

27.6

26.6

Mean annual daily minimum

8.8

12.9

11.9

13

12

Evaporation (mm)

1500

1900

1900

1900

2200

Elevation (m)

792

160

133

106

75

Township
Rainfall (mm)

Temperature(oC)
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Geomorphology

Much of the Barwon-Darling Basin is underlain by Cainozoic alluvial sediments eroded
from the eastern highlands. Outcrops of tertiary basalt are common in the headwaters of the
eastern tributaries, along with sedimentary, low-grade metamorphic and acid to intermediate
igneous rocks (Olley and Caitcheon 2000). In the western regions of the catchment the river
flows predominantly through alluvial floodplain sediments which can be up to 100 metres
deep (Thoms et al. 2004). The contemporary river channel corridor takes a relatively straight
path across the landscape, although it is controlled by the structural alignment of the basement
rocks (Thoms et al. 2004).
The contemporary channel of the Barwon-Darling Basin has been characterised into 7
broad river zones (Thoms et al. 2004). The upper reaches above Goondiwindi are
characterised into pool, constrained, armoured, mobile and meandering river zones whilst
downstream the river has been classified as ‘anabranching’. The Barwon-Darling River within
the anabranching zone flows across a broad low angle alluvial plain which is contained within
a valley up to 60 km wide in some places. The main channel is characterised as a ‘wash load’
system and transporting up to 95% of its sediment in suspension (Olley and Caitcheon 2000).
This reflects the low energy nature of the river and the extremely low stream gradients;
typically around 13x10-5 from Collarenebri to Walgett and 5x10-5 below Brewarrina
(Woodyer et al. 1979) In this zone, the contemporary channel is contained within a much
larger paleochannel trough (Thoms et al. 2004) that has been laterally stable for at least the
last 160 years (Woodyer et al. 1979). The presence of this paleochannel trough has allowed
the development of a series of floodplain surfaces that are inset within this broader channel
trough. The contemporary river channel displays sinuosities between 2-2.5 and is highly
incised into the surrounding landscape (Figure 2.2) with average channel widths of between
30 to 150 metres and channel depths of 10 to 15 metres (Thoms et al. 2004). While large
infrequent floods disperse sediments across wide sections (up to 30-60km wide) of the
alluvial plain that border the paleochannel trough in this zone, significant amounts of
sediment are transported within the channel trough during smaller flow events (Thoms and
Olley 2004).

2.1.3

Inset-floodplains of the Barwon-Darling River

The Barwon-Darling River along its anabranching zone, displays a compound or
‘complex’ cross section (see Woodyer, 1968; Thoms and Olley, 2004). Nested within the
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larger paleochannel trough is a series of inset-floodplain surfaces which border the low flow
channel (Figure 2.3). These are flat, depositional, elongate and often crescentric in plan form,
with ages of up to 13,000 years, and are identified as horizontal sections of a cross section,
excluding the bed area (Thoms and Olley 2004). Similar compound channels have been
reported elsewhere in the Murray Darling Basin (Thoms and Walker 1993) and in other
dryland river systems (Graf 1988). Although the geomorphology of these compound channel
features is not well known, a number of different inset floodplain forms have been suggested.
Four inset-floodplain surfaces were initially described by Woodyer (1968) and Woodyer et al.
(1979) near Walgett and have subsequently been further investigated by Thoms and Olley
(2004) along other sections of the Barwon-Darling River. The two lower-most surfaces were
considered to be formed by suspended-load deposition and are constructed initially as either
point, concave, convex or laterally attached benches or bars. These features are composed of
fine inorganic sediments and enriched organic mud and are laminated in form with individual
laminae ranging in thickness from 0.1 to 14 cm. The two upper-most surfaces are relic
surfaces and part of the present floodplain being inundated about once in every 5-15 years
(Woodyer 1968). Regardless of the type of feature, each inset floodplain surface within the
broader channel trough reflects a response to the highly variable flow regime of the BarwonDarling system (Thoms and Olley 2004).
River Red gum (Eucalyptus camaldulensis) is the dominant riparian tree species bordering
the Barwon-Darling River, and is common on inset-floodplain surfaces higher in the
paleochannel. Ti-tree (Melaleuca linariifolia) is also present on some surfaces, and has been
identified as an important nucleus for the development of some inset-floodplain surfaces
(termed ‘ti-tree benches’ by Woodyer et al. (1979)). Various herbs and grasses grow on insetfloodplain surfaces with the extent of vegetative cover varying seasonally and responding
quickly to flooding (Westbrooke et al. 2004). Understorey species include New Zealand
Spinach (Tetragonia tetragonioides), Common Sneezeweed (Centipeda cunninghamii), Small
Knotweed (Polygonum plebeium), Jersey Cudweed (Pseudognaphalium luteoalbum) and
Small Crumbweed (Chenopodium pumilio). The introduced noxious weed Noogoora Burr
(Zanthium pungens) grows thickly on inset-floodplains following inundation. The seeds of
this species are readily transported by flood waters and are economically detrimental to
graziers, contaminating sheep fleece (Martin and Carnahan 1984).
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The importance of inset-floodplain surfaces for ecosystem functioning along the BarwonDarling River has been highlighted by Thoms and Sheldon (1997) and Sheldon and Thoms
(2006). Dryland rivers like the Barwon-Darling spend extended periods at low flow,
interspersed in time with infrequent large floods that inundate the broader floodplain.
However, dryland rivers experience relatively frequent within channel ‘flow pulses’ (Bunn et
al. 2006) that inundate geomorphic features such as inset-floodplain surfaces. Inset-floodplain
surfaces retain significant quantities of organic material (Thoms and Sheldon 1997) with
consequence for ecological processes. Hence, inset floodplain surfaces are a key physical
component that influences the long term integrity of the Barwon-Darling River ecosystem
(Sheldon and Thoms 2006).

2.1.3

Hydrology and the influence of Water Resource Development (WRD)

For most of its length, the Barwon-Darling River is classified as a ‘dryland’ river (Thoms
and Sheldon 2000), flowing through an arid to semi arid landscape. The hydrology of the
river is characterised by extreme flow variability as a result of variable rainfall (Davies et al.
1994). This variability is displayed by the annual hydrograph of the Barwon River at Walgett
(Figure 2.4a) which has varied from 0.04% to 911% of the long term average (Sheldon and
Thoms 2006). Low flow conditions dominate the Barwon-Darling River with flows less than
15 266 mega litres per day (MLD-1) (or 3.4% of the largest flow recorded in July 1976)
occurring for 90% of the time (Figure 2.4b). Flows in the main channel of the BarwonDarling are generated in the relatively well watered headwaters, predominantly from the
Macintyre-Boomi River and then from the Namoi, Culgoa, Macquarie-Castlereagh and Bogan
Rivers respectively (Short et al. 1996). Local rainfall in the west of the catchment has little
influence on flows down the river, primarily because of the flat terrain and high evaporative
and transmission losses.
The rapid growth of irrigated agriculture in the Barwon-Darling Basin over the last 40 to
50 years has seen many changes to the riverine landscape and the management of river flows
down the main channel of the Barwon-Darling. Centred on the production of cotton, the
predominant areas of irrigated agriculture on the main stem of the river lie in the Border
Rivers between Goondiwindi and Mungindi and further west between Walgett and Bourke.
While only occupying a relatively small portion of the basin, irrigated agriculture accounts for
over half of the total value of agricultural production (Crabb 2004). On-farm infrastructure
required for irrigated agricultural production in the form of levee banks, laser levelled fields
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and farm water storages or ring tanks, has been shown to fragment connections between the
river and floodplain and limit the exchange of organic material (Thoms et al. 2005).
Accompanying this on-farm development has been the construction of dams and weirs to
provide controlled delivery of water down the system. There are nine major headwater dams
in the Darling system, and an additional 15 weirs, that control flows down the river (Thoms
and Sheldon 2000). This water resource development has significantly altered the
hydrological regime of the Barwon-Darling River by reducing the median annual discharge,
dampening the summer flow peaks and has made the timing of flows down the river more
predictable (Thoms and Sheldon 2000).

Figure 2.2. Photo of the Barwon River along the Bourke reach of the study area, showing the
low flow channel deeply incised into the surrounding landscape. The low flow channel is
approximately 20 metres wide in the foreground.
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Broader alluvial plain
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Low flow river channel
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Low flow river
channel
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Figure 2.3. Inset-floodplain surfaces of the Barwon-Darling River. a) Schematic cross section
of the paleochannel trough showing inset-floodplain surfaces and low flow river channel. b)
Series of inset-floodplain along the Bourke reach of the study area. Low flow channel in b)
approximately 15 metres wide, horizontal distance between low flow channel and high level
inset-floodplain approximately 6 metres.
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Figure 2.4. a) Daily flow record for the Barwon River at Walgett (Dangar Bridge gauging
station No. 422001) for the period 1972-2007. Source: NSW DIPNR. b) Flow duration curve
for the Dangar Bridge gauging station for the period 1886-2005. Source: NSW DIPNR. MLD1
represents Mega litres per day.
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2.2
Study design
In order to assess sediment and nutrient dynamics within the floodplain of the BarwonDarling River, a multi-scaled hierarchical study design was employed. This approach allows
for the identification of patterns and processes at a range of spatial and temporal scales
(Parsons and Thoms 2006; Dollar et al. 2007). Eight individual levels of organisation within
the Barwon-Darling Basin were considered in this thesis (Figure 2.5). At the highest level was
the valley level, followed by the channel setting level, river plan form level, surface elevation
level, inset-floodplain level, cut and fill level and finally the sediment texture level.

B-D
level
Valley
level

Channel
setting
level
Channel
Plan form
level

Space

Floodplain
elevation
level
Insetfloodplain
surface
level

Cut and
fill level
Sediment
texture
level

Time

Figure 2.5. Hierarchical study design showing the seven levels of organisation investigated in
the study.
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2.2.1 Valley level
At the highest level of organisation, 48 inset-floodplain surfaces were investigated along
two 15 km reaches of the Barwon-Darling River, one downstream of the township of Walgett
and the other upstream of the township of Bourke (Figure 2.6). These were termed the
Walgett Valley and the Bourke Valley, and were both located in the anabranching river zone.
These reaches were chosen due to the relatively large body of pre-existing data (including
continuous daily flow gauging data for the Dangar Bridge gauging station No. 422001 at
Walgett, and Warraweena gauging station No. 425039 at Bourke and river cross sectional
data), the previous studies that have been undertaken on these reaches (Woodyer 1975; Taylor
1976; Woodyer et al. 1979; Thoms and Olley 2004), and the ease of access to these sites.

Culgoa R

Warrego R

Brierie Ck
Gwyder R

Bourke

Walgett
Bogan R

Namoi R
Macquarie R

Barwon-Darling River

Study reach
Township

N
0

50

100

150

200km

Main channel
Tributary channel

Figure 2.6. The locations of the two study reaches used to investigate sediment and nutrient
exchange along the Barwon-Darling River.
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The location of the two valleys allows for the investigation of longitudinal influences on
sediment and nutrient exchange at two levels. At the smaller scale, downstream comparisons
of exchange along each study reach could be measured. Downstream or longitudinal gradients
have been noted for many variables in river systems around the world (Vannote et al. 1980;
Brunet and Astin 1997). At the larger scale, the comparison between reaches may suggest
patterns governed by location along the main stem of the Barwon-Darling River. Several
studies have noted differences in the distribution of organic matter (Thoms and Sheldon 1997)
and also fish assemblages (Boys 2007) along the Barwon-Darling River.

2.2.2

Channel setting level

For most of its length the Barwon-Darling River flows within a large paleochannel trough
that is up to 30 times the size of the contemporary bankfull channel (Thoms et al. 2004). This
paleochannel trough effectively confines the contemporary active bankfull channel of the
Barwon-Darling River to a relatively narrow section of the broader floodplain. Therefore
most of the geomorphic work of the Barwon-Darling is concentrated within this trough,
although the broader floodplain does have an average recurrence interval of inundation
between 5 to 15 years. The dimensions of the paleochannel trough are not uniform and range
in width from one to five kilometres, resulting in differences in the hydraulic energy of the
bankfull channel (Sheldon and Thoms 2006).
The influence of larger scale geomorphic confinement on the movement of sediment and
associated nutrients along river channels has been previously identified by Warner (1992),
Ferguson and Brierly (1999), Thoms et al. (2000) and Foster and Thoms (2002). Therefore,
within each reach of the present study, inset-floodplains were categorized into unconfined and
confined channel settings (~30% difference in paleochannel trough width), allowing for
investigations into the influence of environmental confinement on inset-floodplain sediment
and nutrient exchange.

2.2.3

Channel plan form level

Water flow through meandering river channels is not uniform, and differences in hydraulic
conditions within the channel cross-section produce areas that favour the erosion or transport
of particulate matter, and others that favour deposition (Carling 1992). The location of
floodplain surfaces relative to different plan form locations has been shown to influence the
character and amount of sediment stored in these areas (Woodyer et al. 1979; Walling et al.
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1996; Steiger et al. 2001). For example, Woodyer et al. (1979) in their description of inchannel benches (termed inset-floodplain in this thesis) along the Walgett section of the
Barwon River, labelled these depositional features depending on their location relative to the
river’s plan form, with point benches occurring on the inside of bends, concave-bank benches
occurring on the outside of the bend just upstream of the bend apex, and ti-tree or unclassified
benches along straight reaches. These studies also highlight the differences in sediment
texture between surfaces in different plan form locations. Thus, the influence of plan form
location on the exchange of sediment and nutrients on inset-floodplain surfaces can be
assessed with this level in the study design.

2.2.4

Inset-floodplain elevation level

Elevation above the active channel bed has been shown to be an important determinant in
the amount and character of sediment deposited onto floodplain surfaces (Pizzuto 1987;
Asselman and Middelkoop 1995; Brunet and Astin 1997; Walling and He 1998; Thoms et al.
2000; Steiger et al. 2003). In many cases increasing floodplain elevation is associated with
increasing distance from the main channel and increasing flow magnitudes, both of which
have also been shown to influence sediment deposition onto floodplain surfaces (Walling and
He 1998; Thoms et al. 2000).
Inset-floodplain surfaces along both the study reaches occur at a range of elevations within
the paleochannel trough cross section, as a response to the highly variable flow regime of the
Barwon-Darling system (Thoms and Olley 2004). Up to seven different inset-floodplain
levels were identified by Thoms and Sheldon (1997), but for the purpose of the current study,
three elevation classes were chosen following Woodyer (1968). Surfaces in the top 1/3 of the
channel trough were classed as high level, surfaces between 1/3 and 2/3 from the top of the
channel were classed as mid level, and surfaces on the bottom 1/3 of the channel trough were
classed as low level surfaces.

2.2.5

Inset-floodplain surface level

Inset-floodplain surfaces along the Barwon-Darling River form discrete and discontinuous
floodplain surfaces, therefore individual inset-floodplains are considered as separate sampling
‘units’ in this thesis. The majority of observations made regarding sediment and nutrient
exchange were made at this level of organisation.
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Cut and fill level

Floodplains are temporary features of the riverine landscape that experience both the
deposition and erosion of sediment and nutrients over a range of temporal scales (Nanson
1986; Warner 1992). While much is known on the quantity and quality of sediment and
associated nutrients deposited onto floodplain surfaces during inundation (Asselman and
Middelkoop 1995; Brunet and Astin 1997), information on the erosion of sediment and
nutrients from floodplain surfaces during individual flow events is scarce. An understanding
of sediment and nutrient floodplain-river exchanges over a range of temporal scales may
provide insight into the patterns of floodplain sediment texture and associated nutrients in
both space and time. Therefore, measures of sediment and nutrients exchange form a major
component of this thesis, and were monitored using both sediment traps and erosion pins.

2.2.7

Sediment texture level

The textural character or particle size distribution of floodplain sediments has been shown
to influence a range of biological and chemical processes occurring on floodplains (Pinay et
al. 1992; Pinay et al. 1995; Steiger and Gurnell 2002). Nutrients such as carbon, nitrogen and
phosphorus readily adsorb to fine sediment particles (Pinay et al. 1992; Robertson et al.
1999); therefore, the distribution of sediment texture strongly influences the distribution of
nutrients on floodplain surfaces. Sediment texture also influences the water holding capacity
of floodplain sediments (Pinay et al. 1995), subsequently influencing microbial processing
and the cycling of nutrients within floodplain soils (Pinay et al. 1995; Mitchell and Baldwin
1998; Baldwin and Mitchell 2000; Pinay et al. 2000). For these reasons, sediment texture was
considered as the lowest level of observation for this thesis.

2.3
Summary
The Barwon-Darling River in South Eastern Australia is a large dryland river characterised
by high climatic and hydrological variability. In its mid reaches, the river displays a complex
river channel cross section, with a number of inset-floodplains contained within a larger
paleochannel trough. These inset-floodplains form a useful template with which to study the
exchange of sediment and nutrients in this riverine landscape.
This study uses a multi-scaled hierarchical study design. Eight distinct levels of
organisation are considered which can be placed along a gradient of increasing spatial and
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temporal scale of influence (Figure 2.6). The study is focused at the inset-floodplain surface
level, with patterns observed at this level being placed into the context of the Barwon-Darling
riverine landscape. The potential effects of the top-down constraints of valley setting, channel
setting, plan form location and surface elevation levels and the bottom-up influences of cut
and fill and sediment texture are considered on the patterns of sediment and nutrient exchange
observed at the inset-floodplain surface level.

Chapter 3. Patterns of sediment texture and nutrient concentrations

3 3. Patterns of sediment texture and associated nutrient
concentrations across multiple floodplain surfaces in a
dryland river system.

37
37

Chapter 3. Patterns of sediment texture and nutrient concentrations

3.1

38

Introduction

Understanding pattern and process has long been a focus of geomorphology and ecology
(Levin 1992; Poole 2002; Parsons and Thoms 2006; 2007). Observed patterns in the riverine
landscape can be used to infer the processes that combine to create them. Similarly, the
identification of processes occurring at a certain scale or level of hierarchical organisation in
an ecosystem may provide explanations of observable patterns at the same, or another level of
organisation. In this way, pattern and process are intrinsically linked and scale dependent
(Wiens 1989), with processes often spanning multiple spatial and temporal scales (Levin
1992). Landscape patterns viewed at a particular scale can then be a result of a combination of
larger scale, top-down constraints, and smaller scale, bottom-up influences. Thus, viewing
floodplain river patterns at a single scale may result in the failure to infer important processes
creating observable patterns (Parsons and Thoms 2007). Multi-scale approaches to the study
of riverine landscape patterns can provide a clearer, more precise picture of the influencing
processes (Wiens 1989; Parsons and Thoms 2006; 2007), because it allows pattern-process
interactions to be deciphered at multiple scales.
Floodplain river ecosystems are physically diverse landscapes, consisting of distinct
physical patches and connecting pathways (Naiman and Decamps 1990; Ward et al. 1999;
Ward et al. 2002). At broader spatial scales, floodplains have been described as ecotones or
aquatic terrestrial transitional zones (Ward et al. 1999). As such, many physical features of
floodplains such as sediment texture, appear to display relatively coarse gradients of change
with distance from the river channel in response to decreasing flow efficiencies and increasing
elevation (Hughes and Cass 1997; Walling et al. 1997; Steiger et al. 2001). Systematic
changes in sediment texture have been shown to occur within floodplains, grading from
relatively coarse material on levees proximal to the river channel, to relatively fine particles in
distal areas (Pizzuto 1987; Asselman and Middelkoop 1995). When viewed at smaller spatial
scales, floodplains are geomorphically heterogeneous landforms representing a mosaic of
patches embedded within the larger floodplain ecotone. Smaller scale variations in
topography can distort longitudinal and lateral observed trends across floodplain surfaces,
resulting in a ‘patchy’ distribution of attributes such as sediment texture (Marriot 1992; He and
Walling 1998; Walling and He 1998; Walling et al. 1998). The physical structure and spatial
arrangement of physical or geomorphological patches within floodplains has the potential to
influence many chemical and biological processes and patterns occurring across them (Thoms
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2003; Naiman et al. 2005).
Sediment character influences a range of processes in floodplain river ecosystems.
Nutrients associated with sediment stored within floodplains play an important role in
regulating the productivity of both floodplains (Spink et al. 1998) and the main river channel
(Junk et al. 1989). The distribution of nutrients on floodplain surfaces has been shown to be
highly dependant on the character of surface sediments, with elevated concentrations of
organic nitrogen, carbon and phosphorus being associated with fine textured sediments
(Asselman and Middelkoop 1995; Schwarz et al. 1996; Brunet and Astin 1997). Thus, the
primary influence on their spatial distribution has been attributed to the textural character of
the floodplain sediments (but see Thoms et al. 2000 for an exception). However, larger scale
factors such as landscape position, topography and floodplain vegetation have also been
shown to influence the distribution of floodplain nutrients (Pinay et al. 1992; Brunet and
Astin 1997; Spink et al. 1998; Thoms et al. 2000). For example, Pinay et al. 1992 noted the
influence of landscape position on the sediment texture of riparian forests and sediment
nutrient concentrations. In their study, erosional type riparian forests had significantly coarser
soils than depositional type riparian forests, and this was associated with significantly lower
levels of total nitrogen, carbon and phosphorus in erosional type riparian forests (Pinay et al.
1992). Consequently, a feedback loop exists between the top-down constraints of landscape
position, vegetation distribution, and the bottom-up influences of sediment texture in
determining the spatial pattern of sediment associated nutrients across floodplain surfaces.
Identifying the nature of such feedback loops is a critical step in understanding floodplain
river nutrient dynamics (Poole 2002; Fisher et al. 2007).
This chapter aims to examine feedback loops from a pattern-process perspective by
investigating patterns of sediment texture and associated nutrients on inset-floodplains of the
Barwon-Darling River. These patterns will form the initial starting point for the sediment
template and nutrient mosaic within the operational framework used in the study (Figure 3.1).
The chapter will then determine the association or influence of top-down geomorphic
constraints (distance downstream, channel setting, plan form location and surface elevation)
on these patterns of sediment texture and associated nutrients and the bottom-up influence of
sediment texture on the nutrient status of inset-floodplain surfaces.
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Figure 3.1. Operational framework used to investigate floodplain sediment and nutrient
dynamics in the study. Orange box represents the components of the framework considered
within Chapter 3 of the thesis.

3.2

Methods

3.2.1

Sediment texture

Sediment samples were collected from 47 inset-floodplain surfaces along the Walgett and
Bourke study reaches (Section 2.2.1). Samples were collected from both 12 low, 11 mid and
12 high level surfaces. On each floodplain surface five sub-samples of sediment were
randomly collected and then pooled to produce one representative sample per floodplain.
Samples were also collected from within the main low flow channel at the top, middle and
bottom of the Bourke reach by taking three sub samples and pooling these at each location. In
all cases sub-samples were sufficiently large to ensure that the weight of the largest particle
was less than 5 per cent of the total weight of the sample, as recommended by Mosely and
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Tindale (1985).
Sediment textural analysis was carried out whereby samples were initially oven dried at
50oC, disaggregated and passed through a series of graded Wentworth sieves. A series of
standard textural statistical measures (Pettijohn 1949) were then calculated from these data.
The sediment data were also analysed using the multivariate statistical procedure Entropy, as
outlined in Forrest and Clark (1989). Entropy analysis is a non-parametric clustering
technique that allows the identification of groups of sediment samples with similar grain size
distributions (entropy sediment groups). Individual sediment samples are represented as a
distribution of phi units, and the analysis classifies the samples into groups with which they
share common grain size distribution characteristics. The optimum number of groups or
classes is obtained when the between class entropy increases at a significantly decreasing rate
with the addition of more classes (Forrest and Clark 1989). Within Entropy analysis, grouping
of samples of similar sediment character is based upon the entire grain size distribution and
thus offers advantages over methods that commonly use only summary statistics of individual
samples.
Differences in the mean grain size of individual surfaces and surfaces located in different
channel settings were determined using Analysis of Variance (ANOVA) calculated in the
SPSS software package. The influence of floodplain elevation and plan form location on the
distribution of entropy sediment groups was determined graphically. To assess the influence
of channel setting on inset-floodplain sediment texture, individual Entropy analyses were
carried out on floodplains in confined and unconfined settings with the similar entropy
sediment groups compared between settings using chi-square tests.

3.2.2

Associated nutrient concentrations

Sediments were collected from 48 inset-floodplain surfaces along the Walgett and Bourke
study reaches for nutrient analysis in the same manner as outlined in the previous section
(Section 3.2.1). Total Carbon (TC), Nitrogen (TN) and Phosphorus (TP) concentrations were
determined for three sub-samples taken from each pooled floodplain surface sediment sample.
These sub-samples were crushed using a Rocklabs ring mill before being analysed with a
LECO CNS-2000 Carbon, Nitrogen and Sulphur Analyser to determine TC and TN
concentrations. TP concentrations were determined on sub-samples using a HF-HNO3- HclO4
acid digestion and HCL leaching, before being analysed with an Inductively Coupled Plasma
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Emission Spectroscopy (ACP-AES).
To assess the influence of distance downstream on nutrient content, regression analyses
were undertaken on data from each reach. To assess the influence of the other top-down
geomorphic constraints, TC, TN and TP data were analysed using an Analysis of Variance
(ANOVA) followed by Tukeys post hoc tests to elicit patterns of inset-floodplain nutrient
content. To assess the influence of sediment texture on nutrient concentrations, floodplain
surfaces were grouped according to the entropy sediment group as determined in section 3.3.1
and ANOVA and Tukeys post hoc tests were used to compare the nutrient concentrations
between the different entropy sediment groups.

3.3

Results

3.3.1

Sediment texture

River-bed surface sediments and those on different inset-floodplain surfaces were
dominated by a range of sand and silt-clay mixtures. Median grain sizes (D50) ranged from
0.100 to 0.293 mm. There was no significant difference between the D50 of individual insetfloodplain surfaces when grouped by elevation class (ANOVA, F = 1.77; d.f. = 3, 51; p >
0.05), however, D50 decreased slightly from the river channel (0.205 mm) to the uppermost
inset-floodplain surface class (0.164 mm) (Figure 3.2). Entropy analysis identified five
distinct grain-size distribution groups (Figure 3.3) which accounted for 71.8% of the total
variation between individual samples. Median grain sizes for each class were: 0.100 mm for
Group 1; 0.118 mm for Group 2; 0.153 mm for Group 3; 0.156 mm for Group 4; and, 0.217
mm for Group 5.
The five entropy sediment groups were present across most of the three inset-floodplain
elevation levels in the two study reaches (Figure 3.4a). The lower level inset-floodplain
surfaces contained all five entropy sediment groups whereas the mid and upper insetfloodplain surfaces had only four groups (Figure 3.4a). River channel sediments were found
in only two of the entropy sediment groups. Entropy sediment groups were relatively evenly
distributed between straight sections of the study reaches and the inner and outer section of a
river bend (Figure 3.4b), thus no association between the sediment entropy group of a
morphological unit and its plan form position was observed, as has been identified by others,
e.g. Walling et al. (1996).

Chapter 3. Patterns of sediment texture and nutrient concentrations

43

No statistical difference in median grain size was found between the confined and
unconfined channel settings along the Barwon-Darling River (ANOVA, F = 0.017; d.f. =
1,51; p = 0.895). However, entropy analysis of the sediment from different channel settings
revealed six groups of sediment texture for each channel setting and this accounted for
79.14% and 83.75% of the total variation in the confined and unconfined settings,
respectively. In confined settings entropy sediment groups had median grain sizes ranging
from 0.101 to 0.219 mm. River channel sediments were represented by three of the entropy
groups in confined settings whilst the different inset-floodplain surfaces contained four
groups in each (Figure 3.5a). By comparison, the six entropy groups in unconfined channel
settings had average median grain sizes ranging from 0.094 to 0.222 mm. In unconfined
settings, river channel sediments fell into one entropy group, with the low and medium insetflood plain surfaces being represented by four groups; and the high level inset-floodplain
surfaces having three entropy sediment groups (Figure 3.5b). Grain-size distributions of each
entropy sediment class between the different channel settings were similar in texture, as
confirmed by chi-square tests (Class 1 χ2 = 2.54, p > 0.05; Class 2 χ2 = 3.84, p > 0.05; Class 3
χ2 = 7.4, p > 0.05; Class 4 χ2 = 1.28, p > 0.05; Class 5 χ2 = 9.92, p > 0.05; Class 6 χ2 = 10.32,
p > 0.05). This indicates that there are no differences in sediment texture between the
unconfined and confined channel settings for any of the observed entropy sediment classes
observed.
0.4

0.3

D50

0.2

0.1

00.0
Channel

Low Level

Mid Level

High Level

Figure 3.2. Box and whisker plot of Median grain size (D50) for the river channel and
floodplain levels of the Barwon-Darling River.
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Figure 3.3. Average grain size distributions for the five entropy sediment groups found in the
study
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Associated nutrient concentrations

Concentrations of TC, TN and TP varied between the floodplain surfaces. Concentrations
of TC ranged from 1.6 – 53.7 mg of carbon per gram of sediment (mg g-1) with a median of
10.5 ug g-1. Concentrations of TN ranged from 0 – 3200 ug g-1 (median of 400 ug g-1) and TP
concentrations ranged from 110 – 520 ug g-1 (median of 350 ug g-1). Concentrations of all
three nutrients displayed poor relationships with distance along both study reaches (Figure
3.6). The R2 values for the least squares regression analysis between TC and distance
downstream were 0.134 and 0.0412 for the Walgett and Bourke reaches respectively; with TN
R2 values being 0.159 (Walgett) and 0.006 (Bourke) and the R2 values for TP and distance
downstream were 0.174 and 0.001 for Walgett and Bourke reaches respectively.
There were no significant differences between the nutrient concentrations from confined
and unconfined channel settings (Carbon, log10 data ANOVA p=0.813; Nitrogen, ANOVA
p=0.709; Phosphorus, ANOVA p=0.619; Figure 3.7a). Similarly, there was no significant
difference in nutrient concentrations between the different plan form groups of straight, inner
or outer bank for the three nutrients (ANOVA p=0.348 for TC; ANOVA p=0.354 for TN;
ANOVA p=0.833 for TP; Figure 3.7b). Significant differences were identified for both TC
(Log10 data ANOVA p<0.001) and TP (ANOVA p<0.005) among elevations of the insetfloodplain above the active river channel bed. Both variables displayed elevated nutrient
concentrations with distance from the main low flow channel (Figure 6c). Post hoc tests
revealed that all surfaces were significantly different with respect to TC (Mean±SE for low,
mid and high levels; 6.39±0.6 mg g-1, 13.2±01.4 mg g-1 and 22.30±03.7 mg g-1 respectively).
For TP, low level surfaces (250±20 ug g-1) were significantly different to mid level (340±20
ug g-1) and high level surfaces (390±20 ug g-1); however, mid level and high level surfaces
were not significantly different. There was no significant difference in TN between the
different surface elevations although low level inset-floodplain surfaces appeared to contain
slightly less TN than surfaces higher in the channel (LL: 330 ± 100 ug g-1; ML: 800 ± 200 ug
g-1; HL: 820 ± 200 ug g-1; Figure 3.7c).
Grouping the nutrient data-set with respect to the bottom-up influence of sediment texture
revealed statistically significant differences among Entropy sediment groups for all three
nutrient variables (Table 3.1). With the exception of group 2 sediments (mean 9.63 ± 1.4 mg
g-1), TC showed a decreasing trend in concentration with increasing sediment texture, from a
mean of 20.67 ± 03.8 mg g-1 for group 1 sediments, to a mean of 4.55 ± 2.9 mg g-1 for group 5
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sediments (Figure 3.7d). TN and TP showed more variable trends with sediment texture.
Class 3 sediments displayed the highest mean TN content (1310 ± 400 ug g-1), with class 5
sediments the lowest (130 ± 100 ug g-1). Similarly, group 3 sediments also had the highest TP
mean concentration (440 ± 20 ug g-1), and group 5 the lowest TP mean concentration (160 ±
50 ug g-1).

(a)

(b)
30

18

25

14

Sample number

Sample number

16
12
10
8
6
4

Group 1
Group 2

20

Group 3

15

Group 4
Group 5

10
5

2
0

0

Channel

Low Level

Mid Level High Level

Inner

Outer

Straight

Figure 3.4. Distribution of entropy groups relative to: (a) river channel and floodplain level,
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Table 3.1. ANOVA results for total carbon, total nitrogen and total phosphorus based on
Entropy grain size groups.
Variable

ANOVA Result

Tukey’s Post Hoc test significant
results

F=3.334; d.f.=4,42; p<0.05

Group 1 different to Group 2

Nitrogen

F=4.323; d.f.=4,42; p<0.005

Group 2 different from Group 3

Phosphorus

F=14.849; d.f.=4,42; p<0.001

Group 1 different to Group 2,4,5

Carbon
(Log10 transformed
data)

Group 2 different to Group 3
Group 3 different to Group 4,5

Chapter 3. Patterns of sediment texture and nutrient concentrations

3.4

50

Discussion

It is shown here that there are variations in sediment texture between different insetfloodplain surfaces and also between these surfaces and the river-bed of the main channel.
Such variations in sediment texture between different inset-floodplain surfaces along the
Barwon-Darling have also been described by Woodyer et al. (1979) and Thoms and Olley
(2004). In this chapter, the five sediment textural groups identified by entropy analysis form a
gradient of sediment texture in terms of the median grain size of each group at the floodplain
surface scale. However, this gradient was not reflected spatially across the landscape of the
two reaches. The spatial arrangement of inset-floodplain surfaces and their distinct sediment
texture results in a patchy distribution of sediment character across the channel and different
inset-floodplain surfaces. Thus, a sediment textural patch mosaic exists at the reach scale
along the Barwon-Darling River (Figure 3.8).
Inset-floodplain elevation and distance from the main channel appear to have a poor
association with sediment texture, suggesting flow magnitude may not be a dominant factor
determining inset-floodplain sediment composition. This contrasts to the studies of Pizzuto
(1987), Marriot (1992) and Asselman and Middlekoop (1995), amongst others, who have
reported textural gradients, laterally, with distance from the main channel. In addition,
patterns of sediment texture were not associated with the top-down constraints of channel
setting or floodplain position relative to the river channel plan form. In the case of the
Barwon-Darling, the inset-floodplain sediment textural mosaic may reflect several factors,
including variable sediment supply, and local scale sediment redistribution within the channel
trough. The Barwon-Darling River is a suspended load channel (Olley and Caitcheon 2000)
characterized by high flow and sediment transport variability both between and during
individual flow events (Woodyer et al. 1979). This variability in the sediment regime was
confirmed by Thoms & Olley (2005) who inferred the sediment transport regime of the
Barwon-Darling River from the stratigraphy of various floodplain surfaces. The presence of
several grading configurations was interpreted to reflect spatial and temporal variations in
sediment supply during depositional events in this study (Thoms and Olley 2004). Pulses of
sediment with varying textural composition are thought to be supplied to different floodplain
surfaces thereby contributing to the patchy distribution of sediment character. Patterns of
inset-floodplain sediment character may also be influenced by local conditions. Bank erosion
is a feature of the Barwon-Darling River (Woodyer et al. 1979) that may influence the
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Figure 3.8. A schematic of the mosaic of sediment textural groups along the two study
reaches of the Barwon-Darling River
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redistribution of sediments between inset-floodplain surfaces after flooding events.
Unconformities in the sediment record of a number of inset-floodplain surfaces along the
Barwon-Darling River were reported by Thoms and Olley (2004). These were interpreted as
periods of partial stripping, erosion and removal of sediment from these surfaces. Thus, local
bank erosion may not only provide a source of sediment for deposition onto inset-floodplain
surfaces, but may also cause the removal of material from surfaces, potentially exposing
sediment of different textural character.
The spatial distribution of carbon, nitrogen and phosphorus concentrations across multiple
floodplain surfaces of the Barwon-Darling River are not strongly associated with any of the
tested top-down constraints of distance downstream, channel setting or floodplain position
relative to the river channel plan form. However, there is some association between the
elevation of the floodplain surface (a surrogate for the frequency of inundation) and carbon
and phosphorus concentrations, with significantly lower concentrations of both nutrients on
low level surfaces than surfaces higher in the channel trough. The frequency of inundation has
been demonstrated to influence nutrient concentrations of deposited sediment in several
European Rivers. Maximum rates of deposition were found along a narrow band at the
interface between within-bank and over-bank locations in the River Severn UK (Steiger et al.
2001). Similar patterns were found along the River Garonne, UK, and here concentrations of
total organic phosphorus were strongly related to the quantity of sediment deposited, with
total organic carbon and total organic nitrogen being jointly controlled by the amount and
texture of sediment deposited during flooding (Steiger and Gurnell 2002). For the floodplain
surfaces of the Barwon-Darling River the textural composition of the floodplain surface
sediment appears to have a strong association with sediment nutrient concentrations. Five
groups of distinct textural character were recognised along the study reaches and these in turn
had statistically different concentrations of carbon, nitrogen and phosphorus. Thus the
bottom-up influence of sediment texture is imparting a stronger control on the distribution of
inset-floodplain nutrient concentrations than larger scale top-down geomorphic constraints
along the Barwon-Darling River.
Environmental patterns in hierarchically organised ecosystems are a product of top-down
constraints and bottom-up influences (Wu and Loucks 1995). Observable patterns at a
particular level of organisation are attained via a feedback loop between adjacent higher and
lower levels of organisation. The application of multiscalar studies therefore allows for the
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identification of linkages (feedback loops) between different levels of organisation, and their
relative importance in explaining observable patterns and processes. The pattern of nutrient
concentrations across the multiple floodplain surfaces of the Barwon-Darling River were
found to be associated with two different levels of organisation - floodplain elevation above
the channel bed and sediment texture. The dual controls of landscape position (in this case
floodplain elevation) and sediment texture on nutrient concentrations found in this study
raises the possibility of a feedback loop existing between these two levels of organisation in
producing patterns of nutrient concentrations across the different floodplain surfaces.
Relationships between nutrient concentrations, sediment texture and landscape position have
been demonstrated in other studies of floodplain nutrients (Pinay et al. 1992; Pinay et al.
1995; Brunet and Astin 1997); however, these studies demonstrate the direct control of
landscape position on sediment texture, suggesting the presence of a strong feedback loop
between these two variables. This contrasts with that found in this study where no association
was found between floodplain elevation and sediment texture, thus only a weak feedback loop
can be inferred between these two levels of organisation in determining pattern of nutrient
concentrations.
The lack of strength in the supposed feedback loop between landscape position and
sediment texture in determining patterns of floodplain nutrient concentrations may reflect
other processes operating as levels of organisation not considered in this study. Sediment
supply during over bank flows, for example, influences nutrient concentrations and their
spatial distribution in floodplain environments (Asselman and Middelkoop 1995; Walling and
He 1998; Thoms et al. 2000). Sediment transport along the Barwon-Darling River is highly
variable in time and space (Thoms and Biggin, in press). Indeed, sediment supply to insetfloodplain surfaces during overbank flows is also spatially and temporally complex and this
may have an influence on the pattern of nutrient concentrations along the study reaches
through the control that sediment texture has on nutrient dynamics. Using detailed
stratigraphic information obtained from a series of inset floodplains, Thoms and Olley (2005)
noted unconformities in the sediment record of these surfaces at several scales. First, distinct
cut and fill sequences were recorded in many of the inset floodplains and dating of these
components ranged from 7 to 100 years and suggests reworking of these sediments over time.
Using information of the morphology of the inset floodplains and the age of the reworked
surfaces they estimated that 55,600 m3 of sediment was reworked over a 20 year time span
from the lowermost floodplain surfaces in the Walgett reach. At this scale, the character of the
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reworked sediment differed between surfaces – some were coarser than others. Second,
graded bedding was common within each inset floodplain deposit and three different grading
configurations were recorded: a simple grading from either sand to silt-clay or silt-clay to
sand; a complex grading of sand to silt-clay to sand or silt-clay to sand to silt-clay; and,
multiple grading in which there was several sequences of complex grading. The presence of
graded fine laminations suggests the supply of different sediment textures during flood
events. These two facets of the sediment stratigraphy of the inset floodplains illustrates the
complex nature of sediment transport along the Barwon-Darling and its potential to influence
not only the amount of sediment supplied to adjacent floodplain environments but also the
physical and chemical character of deposited sediments in time and space. A more thorough
understanding of the nature of sediment transport to and from inset-floodplain surfaces in the
study area, may indeed strengthen the observed feedback loop between surface elevation and
sediment texture in influencing nutrient patterns across inset-floodplain surfaces in this
system.
Recent models of river ecosystem structure and function (Thorp et al. 2006; Dollar et al.
2007) emphasise the patchy nature of riverine landscapes. Whilst physical, chemical and
biological gradients do occur within floodplain ecosystems, they may not always be spatially
explicit (Spink et al. 1998; Thoms et al. 2005). Sediment texture along both of these reaches
of the Barwon-Darling River shows a patchy distribution that does not reflect geomorphic
constraints imposed by higher level factors such as channel setting and floodplain elevation
above the river channel bed. Given the close association between sediment texture and
nutrient concentrations found in this study, it is feasible to suggest that the pattern of nutrient
concentrations across the multiple floodplain surfaces of the Barwon-Darling resembles a
mosaic – a mosaic of nutrient patches. The secondary influence of elevation may enhance the
patchy distribution of nutrients across the floodplain surfaces of the Barwon-Darling River
(Figure 3.9).
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Figure 3.9. Processes acting upon the distribution of nutrients in the study area. Width of
arrows indicate the strength of influence.
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Conclusion

Distinct sediment textural groups are associated with different floodplain surfaces resulting
in a textural mosaic of inset-floodplain surface sediments. While these groups, determined by
entropy analysis, could be placed on a gradient of median grain size, this gradient was not
expressed spatially in association with any of the top-down geomorphic constraints tested. It
is suggested that a combination of factors including variable sediment supply and local
redistribution of sediment may be influencing sediment character in this system.
Nutrient concentrations appear to be closely associated with sediment texture on insetfloodplains of the Barwon-Darling River. Thus a floodplain nutrient mosaic has also been
observed. The patchy nature of this nutrient mosaic appears to be enhanced by the secondary
influence of floodplain elevation. The feedback loop between landscape position and
sediment texture in determining nutrient concentration patterns does not appear to be as strong
in the case of the Barwon-Darling River as has been found in other rivers, possibly because of
the variable supply of sediment to these floodplain surfaces overriding the weak control of
landscape position. The floodplain nutrient mosaic observed in this study raises the possibility
that ‘hotspots’ of activity or productivity existing on these inset-floodplain surfaces as some
patches within this floodplain landscape display significantly higher nutrient concentrations
than others. Their identification and the recognition of the mosaic of sediment texture and
nutrient patches will have implications for understanding the functioning and management of
these river ecosystems.
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Introduction

Riverine landscapes are spatially diverse entities, being composed of a number of fully and
semi aquatic landscape elements or patches (Tockner et al. 2002). The spatial arrangement of
these patches forms the physical template by which the biological and chemical components
of riverine landscapes are governed (Poff and Ward 1990). Floods are a disturbance that have
the ability to change the nature of both the physical and ecological patch mosaic within these
systems (Pringle et al. 1988). Essentially, this is driven by erosional and depositional
processes during high flow events whereby landscape patches such as floodplain surfaces can
be created, modified or removed (Warner 1992). Patterns of erosion and deposition within
riverine landscapes have been shown to be variable in both space and time, leading to a
mosaic of sediment patches accumulating or eroding at different rates, thus modifying the
physical template of the riverscape (Nanson 1986; Steiger and Gurnell 2002). A dynamic
patch mosaic exists in terms of the physical character of riverine landscapes as a result of
these partially stochastic processes.
Readjustment of the physical template following a flow disturbance influences the nature
and structure of resources of the patch mosaic on floodplains (Gurnell and Petts 2002; Ward
et al. 2002). For example, in the Sabie River, South Africa, Parsons et al. (2005) note that
following an extreme flooding event in 2002, a heterogeneous imprint of remnant and newly
created patches based on their physical and vegetative character was created. In response to
this, the composition and abundance of riparian vegetation differed among patches with
different histories of change. Therefore, spatial changes to the physical structure of the Sabie
River landscape mosaic following disturbance produced a reciprocal ecological response in
the form of changes to the riparian vegetation patch mosaic (Parsons et al. 2005).
Sediment texture forms the physical template for many chemical and biological processes
within floodplain surfaces. Floodplain surface sediment texture influences a range of
floodplain attributes, including soil nutrient concentrations, sediment moisture content and
floodplain vegetation patterns (Pinay et al. 1995; Walling et al. 1997; Richards et al. 2002;
Steiger and Gurnell 2002). Strong correlations between potassium and nitrogen and the clay
content of sediments in 30 floodplain wetlands along the Iowa and Cedar Rivers in the United
States of America were reported by Schwartz et al. (1996). Similarly, Walling et al. (1997)
found that levels of organic matter and
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were closely related to the grain size composition of the floodplain surface sediment.
Consequently, knowledge of the distribution of floodplain sediment texture may elucidate
patterns in other chemical and biological aspects of floodplain surfaces.
Existing studies of contemporary floodplain sediment texture can be placed into two broad
groups: those which deal with spatial patterns of in-situ floodplain sediment or the nature of
the sediment textural mosaic (Schwarz et al. 1996; He and Walling 1998; Thoms and Olley
2004), and those that deal with quantities and the nature of sediment deposited on floodplain
surfaces during inundation (Asselman and Middelkoop 1995; Simm 1995; Brunet and Astin
1997; Middelkoop and Asselman 1998; Walling et al. 1999; Dezzeo et al. 2000; Thoms et al.
2000; Steiger et al. 2003). While these two groups provide valuable insights, information on
the potentially dynamic nature of sediment textural patch mosaics over shorter time scales in
response to the exchange of material between the channel and floodplains during individual
inundation events is lacking. Identifying dynamic textural mosaics on floodplain surfaces can
provide insights into the geomorphic dynamics of these features and also allows for the
linking of disturbance, landscape diversity and ecological pattern and process.
Nitrogen, carbon and phosphorus form the basis of many food webs in riverine ecosystems
and their spatial distribution influences both in stream production and the productivity of
riparian areas and floodplains adjacent to the river channel (Ogden et al. 2007). The
distribution of nutrients on floodplain surfaces adjacent to the main river channel is controlled
by many factors. Soil moisture afforded by rainfall and inundation by floodwaters can
stimulate both microbial and vegetative growth, influencing soil nutrient cycling (Baldwin
and Mitchell 2000). In addition, the high affinity of carbon, nitrogen and phosphorus for fine
sediments and organic matter, means that the exchange of this material during flooding may
influence both spatial and temporal patterns in the nutrient content of floodplain soils (Pinay
et al. 1992). A large proportion of these nutrients are found in river systems in particulate
form (Robertson et al. 1999; Adair et al. 2004). Therefore, many of the larger scale
constraints such as valley and channel setting and smaller scale factors such as local sediment
supply that have been shown to influence the exchange of fine sediments during flooding,
should also influence the exchange of nutrients from these patches of the landscape, in turn
determining the nature of the nutrient mosaic on floodplain surfaces (Fisher et al. 1998;
McConnachie and Petticrew 2006). Few studies have investigated the exchange of nutrients
between floodplain surfaces and river channels (Robertson et al. 1999; Tockner et al. 1999)
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and the resultant change to the distribution of nutrients on those surfaces (but see Ogden et al
(2007) for an exception). However, the identification of such processes and the relationship
between nutrient dynamics and geomorphic structure and change have been identified as an
important area for future study in riverine ecosystems (Fisher et al. 2007).
Changes to resource patch mosaics induced by disturbance directly affect the long term
trajectories of patches within the mosaic (Wu 1999). For biological communities, the main
factors determining how a community will respond after a disturbance; that is, its trajectory
over time, include: the relative magnitude of the disturbance, the abundance and type of
surviving organisms, the distribution of organisms after the disturbance and the size and
timing of successive disturbances (Platt and Connell 2003). For nutrients stored in association
with floodplain sediments, information on the long term concentration trajectories is scarce
(Adair et al. 2004). For floodplain surfaces, the nature of their long term nutrient trajectories
will be influenced by nutrient subsides or stresses experienced during flooding (Thoms et al.
2000), and also other in-situ processes occurring between flooding events such as sediment
microbial activity (Baldwin and Mitchell 2000). The nature of nutrient concentration
trajectories over time has implications for nutrient cycling through river floodplain systems
and also floodplain productivity over time.
The previous chapter of this thesis identified the presence of sediment textural and
associated nutrient mosaics in the Barwon-Darling floodplain landscape. This chapter
examines the potentially dynamic nature of these spatial mosaics, therefore, assessing the
potential change to the sediment template over time, and the associated nutrient response to
this change (Figure 4.1). The influence of a number of top-down constraints and bottom-up
influences on these changes is also investigated. To do this, the following three objectives are
addressed:
1. To determine how the distribution of inset-floodplain sediment texture varies
over time as a result of sediment exchange during flooding;
2. To determine how the concentration of sediment associated carbon, nitrogen
and phosphorus on floodplain surfaces of the Barwon-Darling River change
over time as a result of flow disturbance; and,
3. To

determine

floodplain

sediment

trajectories over a seven month period.

associated

nutrient

concentration
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Figure 4.1. Operational framework used to investigate floodplain sediment and nutrient
dynamics in the study. Grey box represents the components of the framework considered
within Chapter 3 of the thesis. Orange box represents components considered within Chapter
4 of the thesis.
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Methods

Surface sediments were sampled from 45 inset-floodplain surfaces on five occasions from
late 2001, to mid 2002 (29th November 2001, 14th January 2002, 10th February, 10th April
2002 and 14th June 2002). During this period, two flood events occurred, one in December
2001 and the other in March 2002 (Figure 4.1a). The December 2001 flow event was the
smaller with a flood peak of 2 009 Megalitres per day (MLD-1) in Walgett, and 880 MLD-1 at
Bourke which inundated eight low level inset-floodplain surfaces in the Walgett reach and
seven low level inset-floodplain surfaces in the Bourke reach (Table 4.1). The March 2002
event resulted from rainfall in the Bogan River catchment, a tributary catchment, that flows
into the main river channel downstream of the Walgett reach. Therefore, only 8 low level
surfaces in the Bourke reach were inundated and thus sampled for sediment and nutrient
exchange during this flow event. Rainfall data for the townships of Bourke and Walgett over
the sampling period is presented in Figure 4.1b. In order to assess changes to the sediment
textural and nutrient mosaics, sediment samples from inundated surfaces were compared
before and after each flow event. Thus samples from sampling times one, two and four were
compared (Figure 4.2).
Erosion pins and sediment traps were employed to measure sediment exchange during
flooding. Erosion pins provide information on the change to the floodplain surface elevation
while sediment traps provide data on the actual material deposited on the floodplain surfaces
during an inundation event. In addition to the 2001 and 2002 flows, two flows in 2005 were
monitored for sediment exchange. The February 2005 event was the largest of the four floods
peaking at 61 607 MLD-1 and 27 640 MLD-1 in Walgett and Bourke respectively (Table 4.1).
This event inundated surfaces all along both reaches. For logistical reasons, only several high
level surfaces were monitored in the Walgett reach during the February 2005 flow in addition
to those sampled along the Bourke reach. The July 2005 event peaked at 14 782 MLD-1 at
Bourke and while both study reaches were inundated only surfaces along the Bourke reach
were sampled for logistical reasons.
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Figure 4.2. (a) River flow and (b) rainfall data experienced along the study reaches of the
Barwon-Darling River during the study period. Arrows indicate sampling times of the study.
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Table 4.1. Descriptive statistics for the four monitored flooding events. MLD = megalitres
per day

-1
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Field and laboratory protocol

Surface sediment samples were collected on each of the five sampling occasions. For each,
five sediment sub-samples were randomly collected from the top ten centimetres of each
inset-floodplain surface and pooled. The total of each pooled sample was greater than five
kilograms as recommended by Thoms (1992) to give a representative sample for each site.
These samples were then transported back to the laboratory for sediment textural and nutrient
analyses.
Sediment exchange was measured using erosion pins, which were deployed on each insetfloodplain surface. These were 4mm diameter steel rods approximately 30 cm in length that
were partially driven vertically into each floodplain surface. A pair of pins was placed on each
floodplain surface before each flow event. The length of rod exposed was measured before
each flow event and compared to that measured after the event. This provided a measure of
the net change of the floodplain surface elevation and hence the net deposition or erosion of
sediment from inset-floodplain surfaces during flooding (Pickrill 1979). For the 2005 flow
events, steel washers were placed over the pins and the distance between the top of the pin
and washer was recorded before and after the flow event in addition to the measures taken
over the 2001 and 2002 flow events. An increase in the distance between the washer and top
of pin after a flow event indicated some degree of erosion or ‘cut’ of the floodplain surface
during the flow event. Sediment deposited over the top of the washer indicated sediment
deposition or ‘fill’ during flooding. In this way, the movement of the washer gave an
indication of cut and fill processes occurring during individual flow events (Ogden et al.
2007). Trends in the erosion pin data were investigated using Students ‘t’ tests and Analysis
of Variance (ANOVA) where appropriate.
Sediment traps were placed on all floodplain surfaces to monitor sediment deposition
during flooding. These consisted of squares of artificial grass (Astroturf; 2001 and 2002
flows) and carpet (2005 flows) that were 50cm x 50cm in dimension and similar in texture.
Each mat was attached to the floodplain surface prior to each flow using metal pegs. A single
mat was placed on individual surfaces for the 2001 and 2002 flows, and two mats were placed
on each surface to monitor the 2005 flows. The use of artificial sediment traps such as these is
a common and widely used technique to assess floodplain sedimentation (Asselman and
Middelkoop 1995; Simm 1995; Steiger et al. 2001; Steiger et al. 2001; Steiger et al. 2003).

Chapter 4. Resource shifts in a dryland floodplain river system

66

After each flow event, the mats and accumulated sediment were placed into plastic bags for
transport back to the laboratory. Here they were then placed in a drying oven at 50oC for
approximately 7 days. Once dry, any large organic material (seeds, twigs, leaves etc.) was
removed and the mat and sediment were weighted, with the weight of the mat being
subtracted to produce the mass of sediment deposited during the flood event. A sub-sample of
the deposited sediment from each surface was analysed for texture. Trends in the sediment
trap data were investigated using Students ‘t’ tests and ANOVA tests where appropriate.
Sediment textural analysis was carried out on surface sediment samples collected in the
field and on the sediment deposited on the sediment traps. Each sample was oven dried at
50oC, disaggregated and then passed through a series of graded Wentworth sieves. Standard
sediment textural statistical measures were calculated for each sample as per the methods
outlined in Pettijohn (1949). The sediment data were also analysed via Entropy analysis, a
non-parametric clustering technique that allows for the identification of similar groups of
samples based on their full grain size distributions (Forrest and Clark 1989);(Southwell and
Thoms 2006).
To determine temporal changes in sediment-associated nutrient concentrations and the
resultant change to the nutrient mosaic, Total Carbon (TC), Nitrogen (TN) and Phosphorus
(TP) concentrations were determined for three sub-samples taken from each pooled surface
sediment sample collected. These sub-samples were crushed using a Rocklabs ringmill before
being analysed with a LECO CNS-2000 Carbon, Nitrogen and Sulphur Analyser to determine
TC and TN concentrations. TP concentrations were determined on sub-samples using a HFHNO3- HCLO4 acid digestion and HCL leaching, before being analysed with an Inductively
Coupled Plasma Emission Spectroscopy (ACP-AES).
Temporal changes in sediment associated nutrient concentrations were determined by
comparing TC, TN and TP concentrations of floodplain surface sediment collected before and
after the December 2002 flow event and after the March 2002 flow event. To elucidate the
influence of flooding, data were split into those surfaces which were flooded in the two flow
events during the study period (flooded dataset), and those which were not flooded during the
study period (not flooded dataset). For each dataset, the influence of the geomorphic
constraints of valley, channel setting, plan form location, elevation and the bottom up
influence of sediment texture was determined. A different measure of sediment texture was
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used for each dataset analysed. For the flooded dataset, surfaces were placed into two groups:
those in which sediment texture changed post flow, and those in which texture did not change.
For the not flooded dataset, textural groupings were based on the sediment entropy groups
reported in Chapter 3. The effects of each of these factors on nutrient concentrations was
determined using linear mixed models based on the Restricted Maximum Likelihood (REML)
method. Effects of each factor and possible interactions between factors were explored, with
significant results reported graphically.
To assess the influence of flooding on the nutrient mosaic, dissimilarity matrices were
constructed for each sampling occasion within the PRIMER6 software package using the
Gower association measure, as recommended for non-biological data (Belbin 1991). These
matrices were based on TC, TN and TP values from the 45 inset-floodplain surfaces sampled
on each occasion. Association matrices for each sampling period were compared using the
RELATE routine in PRIMER6. This analysis is akin to the Mantel procedure for comparing
two similarity matrices, and produces a Rho value and a significance value for this
relationship. Rho values near 1 suggest the two multivariate patterns are highly similar and
near 0 if they bear no relationship to each other (Clarke and Warwick 1994). To assess the
influence of individual geomorphic constraints on the change in the nutrient mosaic over time,
individual similarity matrices were constructed for each separate constraint and then
compared between the sampling times. Constraints showing larger differences between
similarity matrices over time were considered to be more influential.
In order to investigate possible trajectories of change in floodplain surface sediment
nutrient concentrations over time, the concentrations of TN, TC and TP for each of the
individual surfaces were zeroed in relation to the concentration of the first pre flood event
sampling occasion and then plotted against time. From the resultant graphs, a set of six
variables was devised to describe the nature of the nutrient concentration response curves over
time for each nutrient considered (Figure 4.3). The first variable described the number of
weeks a variable showed a nutrient subsidy (in this case, subsidy refers to an increase in
nutrient concentration relative to the first sampling time). Conversely the second variable
described the number of weeks a variable showed a nutrient stress or a reduction in nutrient
concentration relative to the first sampling occasion. The third variable represented the total
range of a nutrient over the five sampling events (Figure 4.3). As it was possible for
floodplain surfaces to display multiple highs or lows in nutrient concentrations over time, the
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fourth and fifth variables represented the maximum and minimum subsidy and stress
respectively. The last variable described the concentration measured at the fifth sampling
occasion relative to the first sampling time, thus was a measure of the overall subsidy or
stress. This produced a total of 18 variables (six for TN, six for TC and six for TP) with which
to describe the pattern of sediment nutrient change over time. Canonical Correspondance
Analysis (CCA) was performed on the nutrient trend data to assess the influence of a number
of geomorphic variables on the patterns observed in the nutrient trend data over time (ter
Braak and Smilauer 2002). The geomorphic variables used were the top-down constraints of
valley (Bourke reach v’s Walgett reach), channel setting (confined v’s unconfined), planform
location (inner bank v’s outer bank v’s straight), surface elevation (low level v’s mid level v’s
high level), distance down each study reach, and the bottom-up influence of sediment texture.
Sediment textural groups were those reported in Chapter 3. Three data sets were used for the
CCA. The first included all the data (45 surfaces, 18 variables, 6 geomorphic variables), the
second included only those surfaces not inundated by flood water (dry only; 32 surfaces, 18
variables, 5 geomorphic variables) and the third included only those that were inundated by
flood water during the study period (flooded only; 13 surfaces, 18 variables, 4 geomorphic
variables). Forward selection of the geomorphic variables was employed to determine which
of these variables contributed significantly to the model’s capacity to explain the variation in
the nutrient trend data.

TC, TN, TP concentration
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3 – Range of concentrations
Figure 4.3. Variables used to describe nutrient trends over the 5 sampling times in the study.
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One hundred and seventeen erosion pins were surveyed over the four flow events and of
these 108 (92 percent) recorded change in the elevation of the floodplain surface. Of these
108, 82 pins (76 percent) showed a net increase in surface elevation, corresponding to a net
deposition of sediment. Conversely, 26 pins (24 percent) showed a net decrease in surface
elevation, or a net erosion of sediment. During the two 2005 flows when washers were
employed to measure cut and fill processes, 24 of the 51 (47 percent) pins that showed net
deposition also experienced cut and fill during flooding. In addition, 11 of the 18 (61 percent)
pins that experienced net erosion, also showed evidence of cut and fill during the flood event.
Net exchange of sediment recorded by individual pins was highly variable, ranging from
73mm of erosion to 80mm of deposition (Figure 4.4). The mean net sediment exchange of all
pins was 6.25mm of deposition. The highest mean exchange of 16.70±4.08mm (±SE) was
experienced during the February 2005 flow event, followed by 7.14±2.86 mm in December
2001, 1.11±4.08 mm in July 2005 and 0.06±2.24 mm in March 2002. To investigate the
influence of flow magnitude on exchange, pin data from the Bourke reach were compared for
the four flow events. Results from an Analysis of Variance (ANOVA) showed that there were
no significant differences between the flood events at the 0.05 confidence level (Figure 4.5),
with the exception of the February 2005 flow, which experienced significantly higher
exchange than the July 2005 flow (p<0.05). The amount of sediment exchange during the four
flow events did not appear to be influenced by the distance along the two study reaches (R2
values ranged from 0.02 – 0.30). Similarly, no significant differences were detected in the
amount of sediment exchanged in different channel settings, plan form locations or surface
elevations.
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Figure 4.5. Box and whisker plot’s are depicted showing sediment exchange on floodplain
surfaces as detected by erosion pins during four flow events studied.
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Sediment trap data

The mean sediment deposition on individual mats during the four flow events was
11.12±1.06 kg/m2 (±SE), with deposition ranging from 1.05 kg m-2 to 105.33 kg m-2 (Figure
4.6). Highest deposition was seen during the February 2005 flow (18.31±5.35 kg m-2)
followed by December 2001 (11.49±1.85 kg m-2), July 2005 (7.63±0.99 kg m-2) and then
March 2002 (7.06±1.33 kg m-2). No significant differences were observed in the amount of
material deposited on surfaces from the Bourke reach during the four individual flow events
(Figure 4.6), with the exception of the February 2005 flow which had significantly higher
levels of deposited sediment than the July 2005 flow (p<0.05). The amount of sediment
deposited on mats showed a moderate relationship with distance downstream in the Bourke
reach during the March 2002 flow event (R2 = 0.64), however, all other flows showed poor
associations with the amount of sediment deposited and distance downstream (R2 values
ranging from 0.00 to 0.12).
Significant differences were detected in the amount of sedimentation on mats in varying
plan form locations and channel settings during the July 2005 flow. Surfaces located on the
outside of bends had significantly less sediment deposited on them than surfaces located on
the inside of bends (f=7.730; df=2,26; p<0.005). Deposition on surfaces located on straight
reaches was intermediate between inside and outside bend locations (Figure 4.8a). Surfaces in
confined settings had higher deposition than surfaces in unconfined settings during the July
2005 flow (t=2.127, df=1,27, p<0.005; Figure 4.8b). No other significant results were
detected between surfaces located in differing channel settings, plan form locations or surface
elevations during any of the other flow events.
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Figure 4.6. Deposition recorded on the sediment traps located on floodplain surfaces of the
Barwon-Darling River during the (a) December 2001 flow event; (b) March 2002 flow event;
(c) February 2005 flow event and (d) July 2005 flow event. Sediment trap codes represent the
study reach (B= Bourke, W= Walgett) followed by the floodplain surface then the pin number
after the underscore
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Figure 4.7. Box and Whisker plots are depicted showing sediment deposition on the
floodplain surfaces of the Barwon-Darling River over the four flow events.
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Figure 4. 8. Sediment deposition on floodplain surfaces of the Barwon-Darling River located
in different (a) plan form locations and (b) channel settings
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Sediment texture

Inset-floodplain surface sediments on the floodplain surfaces along both reaches were
dominated by a combination of sand, silt and clay sized particles. The median grain size (D50)
of particles ranged from 0.093 to 0.253 mm, and sediments were very well sorted with values
ranging from 0.047 to 0.215. Entropy analysis undertaken on surface sediment samples
collected before and after the December 2001 flow event, as well as those collected from the
sediment traps, identified six distinct sediment textural groups (Figure 4.9). These six groups
explained 76.55 percent of the total variation between the individual samples. Sediments
collected before the December 2001 flow event were present in five of the six groups while
all six groups were present after this flow event. Ten of the sixteen surface samples (62
percent) stayed in the same entropy group before and after the flow event. Three (19 percent)
moved to another sediment group after the flow event while another three (19 percent)
changed character completely, forming a new entropy group after the flow event (i.e. group 6;
Figure 4.9).
When the character of the material deposited on the traps was taken into account, eight of
the sixteen surface samples (50 percent) remained the same group before, during and after the
December 2001 flow event. Three surfaces (19 percent) had sediment of a different textural
character (group) deposited on them during the flood and their character reflected this
deposited sediment in the post flow sediment grouping. Three (19 percent) had sediment
deposited on them which was similar in character to that before the flow event but changed
into another entropy group, while the remaining two surfaces (12 percent) had sediment of a
different character deposited on them, however remained in the same sediment textural group
as before the flow event (Figure 4.9).
Entropy analysis undertaken on surface sediment samples collected before, during (trap
samples) and after the March 2002 event identified 6 entropy groups, which explained 74.94
percent of the total variation between individual samples. For this flow event, five groups
were present both before and after the event, however a new group was formed and one
existing group lost following the event (Figure 4.10). Four of the seven surfaces (57 percent)
remained in the same group after the flow, while one (14 percent) moved into an existing
group, identified before the event. The remaining two surfaces (29 percent) moved into a new
entropy group (group 3) after the flow event (Figure 4.9). Considering the nature of the
deposited sediment, two of the seven surfaces (29 percent) stayed in the same group before,
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Figure 4.9. (a) The average grain size distributions for the six entropy groups determined
over the December 2001 flow event. (b) Sediment textural mosaics before, during and after
the December 2001 flow event along the Walgett and Bourke reach. Each symbol represents a
single inset-floodplain surface arranged downstream from left to right.
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Figure 4.10. (a) The average grain size distributions for the six entropy groups determined
over the March 2002 flow event. (b) Sediment textural mosaics before, during and after the
March 2002 flow event along Bourke reach. Each symbol represents a single inset-floodplain
surface arranged downstream from left to right.
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during and after the March 2002 flow event (Figure 4.10). Another two (29 percent) had
sediment of a different character deposited on them and stayed in that textural group while
two (29 percent) had sediment of a different character deposited on them but stayed in their
pre-flow group. The single remaining surface (14 percent) had sediment of a different
character deposited, but went to a different textural group altogether.

4.4.4

Nutrient concentrations on floodplain surfaces

Nutrient concentrations were highly variable between different floodplains surfaces over
the five sampling occasions. The mean TN concentration over the five sampling times was
891±47.7 ug of N per g-1 of dry sediment (ug g-1) (±S.E.) and ranged from 0 to 3520 ug g-1.
The mean TC concentration was 16.57± 0.86 mg g-1 and ranged from 1.49 to 86.68 mg g-1
while mean TP concentration of inset-floodplain sediment was 360 ± 7.54 ug g-1 and ranged
from 113 to 646 ug g-1.
4.4.5

Nutrient response over individual flow events.

For the December 2001 flow event, most of the inundated surfaces displayed a nutrient
subsidy or an increase in nutrient concentration: 86 percent of surfaces for TN; 79 percent for
TC and 93 percent for TP (Table 4.2). This produced an overall significant increase in TN
(p<0.005), TC (p<0.005) and TP (p<0.05; Figure 4.11). Similarly, the majority of surfaces
that were not flooded also displayed subsidies in nutrient concentration: 77 percent of surfaces
for TN, 77 percent for TC and 70 percent for TP (cf Table 4.2), though these increases were
not as large as for the inundated surfaces. Here TN was the only nutrient that showed a
significant increase (p<0.005), with marginal mean concentrations rising from 651±158 ug g-1
before the flow to 974±158 ug g-1 post flow.
The nutrient concentration response on the various floodplain surfaces to the March 2002
flow event was quite different in comparison to the December 2001 event. While 83% of the
surfaces again showed a subsidy of TP, only 50% showed a subsidy for TC and 83% showed
a nutrient stress or reduction in TN concentration (Table 4.2). Overall, none of the three
nutrients studied showed an overall significant change after the March 2002 event. For
surfaces that were not inundated, the majority of these surfaces displayed a reduction or stress
of nutrients: 83 percent of surfaces for TN, 67 percent for TC and 53 percent for TP. These
changes produced an overall significant reduction in TN (p<0.005), with marginal mean
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concentrations dropping from 974±133 ug g-1 before to 663±133 ug g-1 after the flow, but no
significant change for TC or TP.

4.4.6

Spatial differences in response over individual flow events.

Surfaces that were flooded during the December 2001 flow along the Bourke reach showed
significantly larger increases in TN than flooded surfaces along the Walgett reach (p<0.005;
Figure 4.12a). Temporal differences in sediment textural character appeared to be
significantly associated with the change in TC concentrations of the inset-floodplain
sediments. Those surfaces that changed textural character displayed a greater increase in TC
content than surfaces that were not associated with a change in textural character (p<0.05;
Figure 4.12b). Changes in TP concentrations for surfaces flooded by the December 2001 flow
event were not associated with changes in sediment texture. For surfaces that were not
flooded during the December 2001 event, the response of surfaces within different sediment
textural groups was significantly different between sampling times one and two (p<0.05;
Figure 4.13a). Here sediment classes one to three showed an increase in TN content, and
group four showed a decrease in sediment TN content.
Over the March 2002 flow event, the response of flooded surfaces was uniform for all
nutrients studied. No significant differences were detected in relation to any of the top-down
constraints considered. Surfaces that were not flooded during the March 2002 flow again
showed a significant difference between the response in TN and sediment textural group
(p<0.05; Figure 4.13b). Over this period responses were opposite to those observed over the
December 2001 flow, with the TN content of sediment textural groups one to three decreasing
over time, and textural group four increasing in TN concentration over time.

4.4.7

Changes to the nutrient mosaic

Results of the mantel tests show that there was a significant difference between the
similarity matrices calculated using associated nutrient concentration data for the surfaces
during each sampling occasion. Thus, there was a difference between each sampling occasion
with Rho values of 0.695 for time one compared to time two; 0.68 for time one compared to
time four; and 0.59 for time two compared to time four (Figure 4.14). This difference was
greatest between sampling times two and four, with around 40 percent dissimilarity between
the two matrices. This suggests that the spatial distribution of nutrients on inset floodplains
changed over time, hence the nutrient mosaic was dynamic over time. Factors operating at a
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range of scales appeared to be associated with this change in the nutrient mosaic. Flooded
surfaces showed a greater change, with matrices being 73 percent dissimilar from the second
to the fourth sampling time. Surfaces in the Bourke reach showed a higher degree of change
than surfaces in the Walgett reach, as did mid level surfaces and surfaces located on the
outside of bends (Figure 4.14).

Table 4.2. Response of individual inset-floodplain surfaces that were flooded and not flooded
during the December 2001 and March 2002 flow events monitored in the study

Nitrogen
Carbon
Phosphorus

Subsidy
Stress
Subsidy
Stress

Flooded
Dec 2001
12 (86%)
1 (7%)
11 (79%)
3 (21%)

Flooded
March 2002
1 (17%)
5 (83%)
3 (50%)
3 (50%)

Not flooded
March 2002
23 (77%)
7 (23%)
23 (77%)
7 (23%)

Not flooded
March 2002
4 (13%)
25 (83%)
10 (33%)
20 (67%)

Subsidy
Stress

13 (93%)
1 (7%)

5 (83%)
1 (17%)

21 (70%)
8 (27%)

13 (43%)
16 (53%)
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Figure 4.11. Marginal means for nutrients at sampling time 1 and 2 for flooded surfaces. (a)
Nitrogen, (b) Carbon, (c) Phopshorus. Bars represent one standard deviation from the mean
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Figure 4.12. Marginal means for selected nutrients of flooded surfaces and geomorphic
variables between sampling times 1 and 2. a) Nitrogen and valley b) Carbon and textural
change. Bars represent one standard deviation from the mean.
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Figure 4.14. Mantel comparisons between similarity matrices constructed using insetfloodplains grouped by individual geomorphic constraint over sampling time one (T1), time
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Nutrient trajectories over time

For the 45 inset-floodplain surfaces studied, the majority (69 percent for TN; 67 percent
for TC and 71 percent for TP) showed an overall increase in nutrient concentration from
sampling times one to five (Table 4.3). Trends for this time period were, however, quite
variable, with at least 43% of surfaces showing both nutrient subsidy and stress (Table 4.3).
CCA analysis on the entire data set showed that 98.8% of the total variation in nutrient
concentrations overtime could be explained by the first four axes of the model. At this level,
geomorphic variables explained 28.4% of the variation within the nutrient trend data and of
these variables, valley (P<0.01) and channel setting (p<0.01) contributed significantly,
explaining 9.7 percent and 7.2 percent of the total variation in the trend data respectivly
(Table 4.4).
For the flooded only dataset, the first four axes of the CCA explained 100% of the total
variation in the data with the five selected geomorphic variables explaining 35% of the
variation in the nutrient trend data. Once again, valley (p<0.05) contributed significantly,
explaining 24.6% of the variation (Table 4.5). While this analysis points towards the influence
of valley location, the influence of multiple flooding events cannot be ruled out as surfaces in
the Bourke reach experienced two flooding events whereas Walgett surfaces were only
inundated once. The first four axis of the CCA analysis on the dry only dataset explained
99.8% of the total variation in the data and for this the geomorphic variables explained a total
of 34.8% of the variance in the nutrient trend data. The two most influential variables were
valley (p<0.05) and channel setting (p<0.001) explaining 12.3% and 12.1% of the total
variation in the nutrient trend data respectively (Table 4.6).
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Table 4.3. Response of individual inset floodplain surfaces over the study period.
Overall Subsidy
total

Overall Stress

Subsidy

Mixed

only

response

total

Stress

Mixed

only

response

Nitrogen

69%

58%

43%

31%

7%

93%

Carbon

67%

57%

43%

33%

20%

80%

Phosphorus

71%

47%

53%

29%

15%

85%

Table 4.4. Results of forward selection of the first four geomorphic variables for the CCA
analysis on the nutrient trend dataset including all inset-floodplains sampled.
% Variance explained

Variable

F ratio

P-value

Inertia

Valley setting

4.66

0.0040

0.0031

9.7%

Channel setting

3.73

0.0080

0.0023

7.2%

Flooding

2.03

0.0980

0.0012

3.8%

Distance downstream

1.73

0.162

0.0010

3.1%

Plan form location

1.29

0.284

0.0008

2.5%

Surface elevation

1.04

0.354

0.0006

1.9%

after selection
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Table 4.5. Results of forward selection of the first four geomorphic variables for the CCA
analysis on the nutrient trend dataset including only inset-floodplains that were flooded during
the study (flooded only).
% Variance explained

Variable

F ratio

P-value

Inertia

Valley setting

3.96

0.0460

0.0064

24.6%

Channel setting

0.87

0.372

0.0014

5.4%

Plan form location

0.50

0.57

0.0008

3.1%

Distance downstream

0.19

0.956

0.0003

1.2%

after selection

Table 4. 6. Results of forward selection of the first four geomorphic variables for the CCA
analysis on the nutrient trend dataset including only inset-floodplains that were not flooded
during the study (dry only)
% Variance explained

Variable

F ratio

P-value

Inertia

Valley setting

4.40

0.0120

0.0042

12.3%

Channel setting

5.12

0.0020

0.0041

12.1%

Distance downstream

2.06

0.1

0.0016

4.7%

Surface elevation

1.43

0.232

0.0011

3.2%

Plan form location

1.17

0.314

0.0009

2.6%

after selection
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Discussion

Disturbances such as flooding, have the potential to modify the spatial arrangement of
physical patches present within riverine landscapes over time (Pringle et al. 1988; Parsons et
al. 2005; Latterell et al. 2006). The diverse geomorphic character of these landscapes (Ward
et al. 2002) coupled with variations to the magnitude of flood events, mean that the changes
to the physical mosaic and resultant ecological response will vary in space and time (Fisher et
al. 1998; Romme et al. 1998; Sparks and Spink 1998). This chapter has quantified the
exchange of sediment and nutrients over several flow events, and displayed the dynamic
nature of both the sediment textural and associated nutrient mosaic within the BarwonDarling floodplain landscape. The following sections explore these findings further.

4.5.1 Sediment exchange
Inset–floodplain surfaces of the Barwon-Darling River are dynamic features of the
floodplain landscape over the time scale of a single flow event (inter-event scale). Ninety two
percent of erosion pins placed on floodplain surfaces showed some degree of change as a
result of flooding with net deposition of material onto the floodplain surfaces being the
predominant trend. While both net deposition and erosion were observed over the four
flooding events, fifty percent of the erosion pins that experienced change in the 2005 flows
also displayed cut and fill of material during these flow events (intra-event scale). This may
be a result of the initial entrainment or erosion of sediment from these surfaces into the water
column during the rising limb of the flow events and then the successive deposition of this
material as the flow velocities decrease on the falling limb of the flood event (Asselman
1999). These cut and fill processes highlight the variable nature of the delivery and removal
of sediment to and from floodplain surfaces over time.
These findings add to the existing knowledge on the geomorphic dynamics of insetfloodplains along the Barwon-Darling River, which has shown the exchange of material over
longer time scales. Stratigraphic records obtained from cores taken on a number of insetfloodplain surfaces by Thoms and Olley (2004) demonstrated unconformities in the sediment
record, indicative of cut and fill sequences that were in the order of 7 –100 years in age. These
authors, who studied 98 inset-floodplain surfaces along 20 kilometres of the Barwon-Darling
River estimated that 55 600 m3 of sediment is reworked over a 20 year timeframe from these
surfaces, 181,440 m3 is reworked over a 20-100 year timeframe, 214, 560 m3 over a 100-400
year timeframe and 735 000 m3 of sediment is made available over time periods of up to 2000
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years. By averaging the pin results for each inset-floodplain surface and multiplying it by the
estimated surface area of each inset-floodplain, an estimation of the amount of material
exchanged over the four flow periods of this study can be made. While it is recognised that
the potentially high level of within surface variation in deposition and erosion may not be
fully captured with one or two pin measurements per surface, these calculations do provide a
useful idea of the short-term exchange of material from these surfaces as a whole. Over the
four flow events, a total of 174.82 m3 of sediment was exchanged from the 34 inset-floodplain
surfaces studied, with individual flood exchanges ranging from 9.61 m3 during the March
2002 flow (8 surfaces) to 75.62 m3 in the February 2005 flow event (23 surfaces). Scaling the
Thoms and Olley (2004) 20 year estimates down to allow comparison with this study gives a
value of 1929 m3 of material exchanged over a two year period. This figure is over an order of
magnitude larger than that observed in this study and suggests that catastrophic events may be
a dominant factor influencing the exchange of material to and from inset-floodplain surfaces
over longer timescales (Nanson 1986; Erskine and Livingstone 1999; Thoms and Olley 2004).
There appears to be little influence of the top-down geomorphic constraints of distance
downstream, channel setting, surface location in the river plan form or surface elevation on
the exchange of sediment to and from inset-floodplain surfaces. This is in contrast to many
other studies that have noted the influence of large scale controls on riparian and floodplain
sedimentation (Walling and He 1998; Thoms et al. 2000; Foster and Thoms 2002; Steiger and
Gurnell 2002), and may be a reflection of the relatively narrow range of grain sizes found
along these reaches of the Barwon-Darling River, as shown by the low sorting values, and the
ability of the river to transport the majority of this sediment in suspension during flooding
(Woodyer et al. 1979). Comparing the two successive flows in each flood season, it can be
seen that the first flow of 2005 was in effect twice the magnitude of the second flow of that
year (July 2005) with an associated 16-fold decrease in sediment exchange from the first to
the second flow. In contrast, the December 2001 was only two thirds the magnitude of the
March 2002 flow, yet a similar decrease (116 fold) in sediment exchange was detected. These
trends suggest that while flow magnitude may play a part in determining the rate of exchange,
the timing of the flow events appears to be having a greater influence on sediment exchange
to and from the inset-floodplain surfaces of the Barwon-Darling River. Similar trends were
noted by Steiger et al. (2001) who found decreased sedimentation in the channel margins of
the Garonne River during two successive flow events two months apart in 1999. These
authors suggest this was a result of the relatively brief recovery time between the two floods,
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which may have limited the availability of sediment for transport. Given the five month time
period between the two flows monitored during 2005 in this study, it appears that there may
be seasonal exhaustion of suspended sediment occurring along the Barwon-Darling River
(Webb and Walling 1982; Asselman 1999).
Patterns in sedimentation measured on the sediment traps along the study reaches were
consistent with those observed for the erosion pin data. Sedimentation was highly variable
between traps placed on different inset-floodplain surfaces as well as between traps on
individual surfaces. Of particular interest were the reductions in sediment deposited in the
second flow event of each season, again suggesting the influence of sediment exhaustion over
the summer flooding season. For the first three flow events, no significant trends were
detected between top-down geomorphic constraints and the amount of sediment deposited on
the sediment traps. During the July 2005 flow, however, significant differences were detected
based on plan form location and channel setting. Studying the data, it can be seen that these
significant results were heavily influenced by increased deposition (up to 3 times more than
other traps) on two inset-floodplains, which were located in confined channel settings on the
inside of bends. Field observations indicate that in both instances, relatively severe bank
slumping was evident post flow on the bank in close proximity of both surfaces with this
material being deposited onto the inset-floodplain. On one of these surfaces (B19) the bank
erosion was enough to effectively destroy at least half of this inset-floodplain feature. While
an extreme example, this highlights the importance of local sediment sources in influencing
both the amount and character of sediment being deposited on these inset-floodplain surfaces
during relatively low magnitude flow events.

4.5.2

Sediment texture

Entropy analysis conducted in this chapter suggests that the spatial distribution of sediment
textural character on the floodplain surfaces of the Barwon-Darling River is not static over
time. As a result of the December 2001 flow event, thirty eight percent of the flooded surfaces
changed textural character and could be placed into a new sediment textural group. Over the
March 2002 flow event, another forty three percent of floodplain surfaces changed character
to fall into a new sediment textural group. Thus a dynamic physical patch mosaic exists on
floodplain surfaces of the Barwon-Darling River in terms of surface sediment texture.
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In addition to the spatial configuration of the mosaic changing over the two monitored flow
events, the character of patches in the mosaic also changed. For example, as a result of the
December 2001 flow event, an additional sediment textural group was created, producing a
textural mosaic that was more heterogeneous in character. In contrast, as a result of the March
2002 flow event, one of the existing textural groups was eliminated and replaced by a new
textural group, so while the number of textural patch types did not change, there was a
turnover of one textural group. This highlights the truly dynamic nature of the sediment
textural mosaic on the floodplain surfaces of the Barwon-Darling River.
Such varaitions in floodplain sediment texture over time have not previously been
described. Studies of floodplain sediment texture have focussed either on spatial patterns of
in-situ sediment texture (Schwarz et al. 1996; He and Walling 1998; Thoms and Olley 2004)
or on the mass and texture of sediment deposited during flooding (Asselman and Middelkoop
1995; Simm 1995; Brunet and Astin 1997; Middelkoop and Asselman 1998; Walling et al.
1999; Dezzeo et al. 2000; Thoms et al. 2000; Steiger et al. 2003). By combining these two
approaches, the current study provides a more complete picture of floodplain sediment
textural dynamics. Recognition that floodplain sediment texture is dynamic over time has
implications for both research and management. If patterns in sediment texture change over
time, then sampling on a single occasion (snapshot sampling) will only provide information
on patterns at that time, as a result of sediment exchange during the last flood event. In
addition, as sediment texture has been shown to influence many chemical and biological
attributes on floodplains (Pinay et al. 1992; Baldwin and Mitchell 2000), information on the
patterns and drivers of sediment textural change over time would aid in the management of
floodplain river systems.

4.5.3

Nutrient dynamic patch mosaic

Temporal patterns of sediment associated nutrient concentration on floodplain surfaces
appear to be associated with the quality and quantity of sediment exchanged during
inundation. Sediment deposited during the December 2001 flow, which originated from
rainfall in the upper catchment above the Walgett reach, was rich in N, C and P compared to
the nutrient concentrations on the inset-floodplain surfaces, and a reciprocal increase was seen
in the nutrient content of inset-floodplain surface sediments. In addition, surfaces where
sediment textural character changed as a result of this event showed significantly greater
increases in TC than surfaces where sediment texture did not change. Sediment deposited on
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surfaces in the Bourke reach during the March 2002 flow that originated from the Bogan
River tributary, was relatively nutrient poor, with concentrations of N and P lower than that
found on the inset-floodplain surfaces prior to the flow event. During this event, floodplain
surfaces showed no significant change in nutrient content. This not only highlights the
importance of flood derived sediments and associated nutrients in controlling the nature of the
nutrient stores on floodplain surfaces (Pinay et al. 1992; Steiger and Gurnell 2002), but also
shows the influence of flow origin (main stem or tributary flows) on the nature of sediments
supplied to floodplain surfaces during flooding.
While surfaces that experienced flooding showed larger nutrient subsidies than those that
did not, significant variations in nutrient concentration were also seen on non flooded surfaces
over time. The magnitude and trajectory of these variations where associated with the texture
of the floodplain surface sediments. From sampling time one to two, surfaces falling into
sediment textural groups one to three showed overall increases in TN concentrations. Surfaces
from textural group four, however, showed a reduction in TN over this time. A similar trend
was observed from sampling time two to four with the response in TN for surfaces from
textural group four were opposite to those from textural groups one to three. The texture of
floodplain sediments can influence their moisture holding capabilities with fine textured
sediments holding moisture for longer periods than coarser sediments (Pinay et al. 1992). As
moisture is a major factor determining sediment microbial activity (Baldwin and Mitchell
2000; Austin et al. 2004), for a given rainfall event, the microbial response within sediment of
different texture may be quite different, influencing the nutrient dynamics within them.
The changes to the nutrient content of inset-floodplain sediments over the two flow events
monitored in this study resulted in a change to the spatial arrangement of the nutrient mosaic
over time. Thus, a dynamic nutrient mosaic exists on inset-floodplains of the Barwon-Darling
River. The multivariate approach used suggests that flooding, valley location, plan form
location and inset-floodplain elevation, are all imparting some influence on the distribution of
nutrients over time. As these larger top-down constraints were not associated sediment
exchange patterns, it appears that it is not just disturbance alone determining changes to the
nutrient mosaic over time, but also patterns in rainfall distribution and vegetation operating at
higher levels of organisation that are co-controlling nutrient dynamics. Large infrequent
disturbances have been shown to reset, or restructure the physical template of riverine
landscapes in turn influencing biological communities present within the landscape (Biggs et
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al. 2005; Parsons et al. 2005). The current study adds to this knowledge, suggesting that
relatively minor disturbances (in this case several relatively small flow events) may also have
implications for the distribution of resources within the landscape. Recognition of the
dynamic nature of resource mosaics in riverine landscapes, and those factors are driving this
change is essential to the effective management of these landscapes.

4.5.4

Nutrient trajectories over time

How landscape patches respond over time after disturbance is central to the heirarchical
patch dynamics approach (Wu 1999). In the case of biological communities, flooding
effectively resets succession to earlier stages and alters the biological trajectories of landscape
patches (Michener and Haeuber 1998). From the preceeding sections of this chapter, it can be
seen that for floodplains of the Barwon-Darling River, short term changes to nutrient
concentrations are co-controlled by flooding as well as changes stimulated by rainfall on non
flooded surfaces. Variations in both these facets between the two study reaches were also
highlighted by the significant influence of valley in the CCA analysis of nutrient trajectories
over time. The significant influence of channel setting on nutrient trajectories is harder to
explain given the lack of association between channel setting and both sediment deposition
and nutrient concentrations during the study.
Over the seven month study period, around 70 percent of surfaces showed a subsidy of
nutrients from sampling time one to five. However, of these, at least 43 percent showed both
subsidies and stresses between individual sampling occasions. This proportion of mixed
response was much larger for the surfaces that showed a total stress or reduction in nutrient
concentrations from the first to the last sampling time. For these surfaces, at least 80 percent
showed short term variability in nutrient concentrations. The highly variable nature of nutrient
concentration change on individual floodplain surfaces between sampling periods may be the
result of the high number of both top-down constraints and bottom-up influences operating at
many scales, as well as the influence of the changing physical template provided by the
sediment textural mosaic. Even with this short term variation, it appears that the majority of
surfaces show positive nutrient trajectories over a seven month time scale, suggesting that in
the long term, these floodplain surfaces are acting as sinks for sediment associated nutrients.
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Conclusion

This chapter clearly demonstrates that the sediment textural mosaic on floodplain surfaces
of the Barwon-Darling River is dynamic over time. Not only did some floodplain surfaces
change textural character to move into pre existing textural groups over the two flow events
surveyed, but new groups were formed and others lost following inundation. Pin and sediment
trap data showed that significant amounts of sediment were exchanged between the river
channel and floodplain surfaces during inundation with both cut and fill processes occurring
during inundation. Patterns in sediment exchange appear to be related to local sediment
supply and seasonal sediment exhaustion, rather than the top down geomorphic constraints
considered in this chapter. These temporal changes to the sediment textural mosaic were
reflected in the changing sediment associated nutrient mosaic over time. In addition to the
influence of the changing physical template (sediment texture mosaic), nutrient concentrations
were shown to be influenced by rainfall stimulated processes on non flooded surfaces, and
also a number of top-down constraints and bottom-up influences operating over multiple
spatial scales. Thus, on floodplain surfaces of the Barwon-Darling River dynamic patch
mosaics exist in terms of both sediment texture and associated nutrient concentrations, with
floodplains acting as an overall nutrient sink in this system.
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Introduction

Models describing the functioning of river ecosystems emphasise the importance of lateral
exchanges of water, sediment, organic matter and biota between the river channel and
adjacent floodplains. These exchanges maintain the integrity of the entire riverine landscape
(Vannote et al. 1980; Junk et al. 1989; Thorp and Delong 1994; Tockner et al. 2000; Thorp et
al. 2006). Mediated by flood waters that connect the river and floodplain, these exchanges
allow the transfer of material from the river channel onto floodplains as flows increase as well
as the subsequent transfer of material back into the river channel as flows recede (Brinson et
al. 1983; Junk et al. 1989; Tockner et al. 1999; Tockner and Stanford 2002). The preceding
chapter in this thesis revealed that considerable quantities of sediment are exchanged over
single flow events between the Barwon-Darling River channel and its floodplains (Chapter 4).
These data are used in the current chapter to quantify exchanges of sediment and nutrients at
the reach scale and, when combined with long term flow data for the Barwon-Darling,
estimate sediment and nutrient exchange budgets for the Walgett and Bourke study reaches.
The exchange of materials between river channels and adjacent floodplain water bodies has
been documented in several studies. Tockner et al (1999) investigated the exchange of
organic matter and nutrients between the Danube River in Austria and an adjacent floodplain
side channel over an annual flood pulse. Here, the floodplain side channel acted as a sink for
suspended sediments, particulate carbon and nitrogen, but a source for dissolved organic
carbon, algal biomass and coarse particulate organic matter. In a similar study Mitsch et al.
(1979) investigated the exchange of phosphorous between the Cache River and an adjacent
floodplain cypress swamp in Illinois, and found a net particulate phosphorus input by a single
flood, with a recurrence interval of 1.13 years, that was over 10 times greater than the amount
of particulate phosphorus transferred from the swamp back to the river channel. While these
studies show the exchange of material between the river and aquatic floodplain patches, few
studies have attempted to quantify the simultaneous exchange of material between the river
channel and floodplain areas that are only periodically inundated, even though the potential
for the exchange of sediment, associated nutrients and organic material between these areas
and the river channel during flooding events has been suggested (Steiger et al. 2003; Adair et
al. 2004).
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Floodplains are dynamic landforms being subjected to catastrophic stripping events which
partially (Thoms and Olley 2004) or fully erode floodplain surfaces (Nanson 1986). This
exchange of material has been reported for time scales of years to decades, in response to
alternating hydrological regimes (Warner 1994). Over shorter time periods of individual flow
events, research has tended to focus on the one way transfer of sediment and nutrients either
from the river channel onto floodplain surfaces during flooding (Asselman and Middelkoop
1995; Middelkoop and Asselman 1998; Walling and He 1998; Walling et al. 1999; Thoms et
al. 2000; Steiger et al. 2001; Steiger and Gurnell 2002; Adair et al. 2004), or from the
floodplain back into the river channel (Qui and McComb 1994; Neilsen and Chick 1997;
Mitchell and Baldwin 1998; McGinness and Thoms 2002; Thoms 2003; Thoms et al. 2005).
The potential for exchange to and from these areas of the landscape, however, has largely
been ignored (Tockner et al. 1999). Thus, quantitative data on the exchange of material
between rivers and floodplains is scarce (Robertson et al. 1999; Tockner et al. 1999; Thoms
2003; Evans et al. 2004).
The exchange of sediment and nutrients during flooding not only influences the nature of
floodplain sediment textural and associated nutrient mosaics over time (Chapter 4), but also
redistributes this material throughout the floodplain landscape (Thoms 2003). An
understanding of the direction, quantities and patterns of material exchanged between the
river channel and adjacent floodplain surfaces is required in order to advance our knowledge
of sediment and nutrient cycling in riverine landscapes and to provide further evidence for the
importance of lateral connections for the integrity of river floodplain ecosystems. This
information is also needed as it provides a basis with which to assess the influence of changes
to the hydrology and hence connectivity in these systems imposed by influences such as water
resource development (Harns and Grimm 2008).
This chapter of the thesis has three objectives. First, the exchange of sediment, associated
nutrients and dissolved nutrients between the river and floodplain surfaces of the BarwonDarling River is quantified for a 98 year period. Second, the influence of a range of
geomorphic factors on these exchanges is then considered. Finally, the effects of changing
hydrology on reach scale sediment and nutrient exchange in this river floodplain landscape is
determined.
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Methods

Three separate methods components were required to investigate the exchange of material
between the river channel and inset-floodplain surfaces during flooding. Initially, sediment
and associated total carbon (TC), nitrogen (TN) and phosphorus (TP) that were deposited on
inset-floodplain surfaces were considered to provide insight into the import of material to
inset-floodplain surfaces during flooding. Then, the amount of sediment and associated TC,
TN and TP that was eroded or exported from inset-floodplains was considered. Finally, the
release of dissolved total organic carbon (TOC), dissolved TN and dissolved TP was
considered and compared to the removal of sediment associated nutrients. Sections 7.2.1 –
7.2.3 outline the field and laboratory methods for these three components. Section 7.2.4
outlines the methods used to determine the influence of changing hydrology on reach scale
sediment and nutrient exchange. This combines estimates of the total amount of insetfloodplain surface along both study reaches, modelled hydrological data used to assess
changes to the hydrology of the Barwon-Darling River, and the amount of sediment and
nutrients exchanged along each reach.

5.2.1

Sediment and related nutrient deposition during flooding

Sediment deposition was monitored during four flow events which occurred in December
2001, March 2002, February 2005 and July 2005. Sediment traps were employed following
the same procedures described in Chapter 4. Deposited sediment on each trap was collected
after each flow event and the total mass of deposited sediment was measured. Sediment loads
for each inset-floodplain surface were estimated by multiplying the total mass of sediment
deposited on the sediment traps by the total surface area of each inset-floodplain surface
following the methods described in Section 5.2.4.1. This was then tallied to give a reach scale
estimate of sediment deposition during each flow event. Sediment textural character and the
nutrient content of the sediment were also determined. Sediment textural analysis was
determined for a selection of trap sediment samples from the Bourke reach during the 20012002 flows, whereby the sediment was oven dried at 50oC, disaggregated and passed through
a 63 um Wentworth sieve to calculate percentage silt/clay (<63um).
Concentrations of sediment associated TC, TN and TP were determined for three subsamples taken from each trap sample from the 2001-2002 flow events. Sediment sub-samples
were crushed before being analysed with a LECO CNS-2000 Carbon, Nitrogen and Sulphur
Analyser to determine TC and TN concentrations. TP concentrations were determined on sub-
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samples using a HF-HNO3- HclO4 acid digestion and HCL leaching, before being analysed
with an Inductively Coupled Plasma Emission Spectroscopy (ACP-AES). Linear regressions
were used to assess relationships between the total amount of nutrients deposited and
sediment deposition, as well as nutrient concentrations and sediment texture (percentage
silt/clay). Students ‘t’ tests and Analysis of Variance (ANOVA) were used to assess the
potential influence of the top-down constraints of flow event, valley, channel setting, plan
form location, surface elevation within the channel and the bottom-up influences of sediment
texture and mass of sediment deposited on both deposited sediment loads and sediment
related nutrient concentrations (Table 5.1).

5.2.2

Sediment and related nutrient erosion during flooding

The erosion of sediment from the various inset-floodplain surfaces was monitored using
erosion pins during the four flow events following the methods described in chapter 4. As two
pins were employed per inset-floodplain surface, the total volume of sediment eroded from
each inset-floodplain was calculated by halving the surface area of each inset-floodplain and
multiplying this by the vertical height of sediment eroded around each erosion pin. Thus it
was assumed that each of the two pins employed on individual surfaces was representative of
the erosion that occurred on half the individual inset-floodplain surface area. Total erosion of
each half was then summed to give the total erosion for each inset-floodplain surface. To
calculate the total mass of sediment eroded from floodplains in the study reaches, the average
density of inset-floodplain surface sediment was calculated by weighing a known volume of
dried sediment from 10 floodplain surfaces and taking the average. Average density of insetfloodplain surface sediment was 1.515 grams per cubic centimetre (g cm-3).
To calculate loads of TC, TN and TP eroded from the inset-floodplain surfaces during
flooding, the average nutrient concentration of individual inset-floodplain surface sediments
was multiplied by the total mass of eroded sediment over each flow event. For the 2001- 2002
flow events, nutrient concentrations of surface sediment collected directly prior to inundation
were used. For the 2005 flows, nutrient concentrations were averaged over the 5 sampling
occasions sampled in Chapter 4. Students ‘t’ tests and ANOVA’s were used where
appropriate to assess the influence of the top-down geomorphic constraints of flow event,
valley location, channel setting, plan form location and surface elevation in the channel on the
erosion of sediment and related nutrients (Table 5.1).

Chapter 5. Sediment and nutrient exchange and the influence of changing hydrology

5.2.3

102

Nutrient release from inundated inset-floodplain sediments

To assess the release of dissolved nutrients from the inset-floodplain surface sediment,
sediment from the top 10 cm of seven inset-floodplain surfaces along the Bourke reach and
nine surfaces along the Walgett reach was collected. Two replicate samples were taken from
each surface. The sampled inset-floodplain surfaces were chosen based on their textural
character and surface elevation as described in Chapter 3. This produced 15 possible sampling
options in each reach (five sediment entropy groups x three inset-floodplain elevation groups).
As not every sediment group occurred in each elevation class, not every option was present in
the landscape, resulting in seven surfaces being sampled in the Bourke reach and nine
surfaces sampled in the Walgett reach. In the laboratory, sediments were dried at room
temperature before a 450g sub sample was placed into a plastic container and flooded with
distilled water under controlled temperature conditions (25oC). 100 ml water samples were
taken at 2, 6, 12, 24 and 72 hours from each flooded sample with replacement of distilled
water. Water samples were then frozen before laboratory nutrient analysis. Total organic
carbon (TOC) was analysed using a TOC1010 carbon analyser. TN and TP oxidised using
alkaline persulphate and recovered using microwave digestion, before being analysed using a
Lachat flow injection analyser (Maher et al. 2002). All flooded soils were kept in the dark to
limit biological processes. Linear mixed models using restricted maximum likelihood
(REML) analysis were then performed to determine the influence of geomorphic constraints
and sediment texture on TOC, TN and TP release over time (Table 5.1).

Table 5. 1. Top-down constraints and bottom-up influences considered in the study. A tick
represents their consideration in each individual method component.
Parameter

Sediment and associated
nutrient deposition

Sediment and associated
nutrient erosion

Top-down constraints
Flow event
Valley setting
Channel setting
Plan form location
Surface elevation

√
√
√
√
√ (sediment only)

√
√
√
√
√

Bottom-up influences
Sediment texture
Amount of sediment deposited

√
√

Dissolved
nutrient release
√
√
√
√
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Reach scale sediment and nutrient exchange and the influence of changing
hydrology

5.2.4.1 Inset-floodplain distribution
Inset-floodplain surfaces were mapped using a combination of aerial photography and field
surveys along both the Walgett and Bourke study reaches. At each inset-floodplain surface,
the overall length and width were recorded. Three width measurements were taken spaced
equally along the surface’s length and these were averaged to give one representative measure
of width for each inset-floodplain surface. Length and width measurements were used to
estimate the surface area of each inset-floodplain surface and an overall surface area of insetfloodplains along each study reach. In addition, the inundation level of each inset-floodplain
surface was calculated. This was achieved in the field by driving the river channel in a boat
and measuring the height from the observers ‘eye level’ to the edge of the inset-floodplain
surface (he; Figure 5.1), using a Haglof Vertex Laser VL400 Hypsometer. By noting the angle
of measurement (a; Figure 5.1), the hypsometer uses trigonometry to calculate the height of
the inset-floodplain edge above the ‘eye level’ of the observer (i.e. the instrument). This is
then automatically added onto a predefined offset height (i.e. the height of the instrument
above water level) to give the sill height of the inset-floodplain surface above the current
water level (hw; Figure 5.1). The stage height (hs) of the river on the day of survey was
obtained from the nearest gauging station, and when added to hw gave the total sill height of
the inset-floodplain surface above bed level. The sill height, in metres, was then turned into a
flow height or inundation level, using the known height/discharge curve for the nearest
gauging station. Thus a final inundation level was obtained for each inset-floodplain surface
in megalitres per day (MLD). Based on a visual assessment of cumulative frequency plots of
inset-floodplain inundation levels in each reach, individual inset-floodplains were grouped
into low level, mid level and high level inundation groups for each study reach. The upper
limit of each inundation group was used as the flow threshold for spell analysis as it ensured
100 percent connection for inset-floodplain surfaces in that group.
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Figure 5.1. Schematic of measurements used to calculate the sill height of inset-floodplains
along the Barwon-Darling River. See text for full description of measurements.

5.2.4.2 Assessing the influence of changing hydrology
The hydrology of the Barwon-Darling River has been significantly modified as a result of
water resource development, constructed to support a growing irrigated agricultural industry
along the main river and tributaries (Thoms and Sheldon 2000). To assess the influence of
hydrological changes on the exchange of sediment and nutrients between the river channel
and floodplain surfaces, simulated daily data from the New South Wales Department of
Environment and Conservation (NSW DEC) Integrated Quantity/Quality Model (IQQM) was
used. This model allows for the calculation of flows at various levels of water resource
development, by representing the river and associated structures as a series of nodes and links
which can be turned on or off depending on the level of development required (Black et al.
1997). For this study, simulated ‘natural’ flows were compared to simulated ‘current’ flow
conditions over a 78 year period (1922-2000). Simulated ‘natural’ conditions assumes no
influence of water diversion structures, water abstraction or development, while simulated
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‘current’ conditions uses land and water development conditions as they were in the year
2000.
In order to quantify the periods of river/floodplain connection available for exchange, a
‘Spell’ analysis was used (Gordon et al. 1992). Predetermined flow thresholds were set for the
spell analysis based on the upper limit of each inset-floodplain elevation class along each
study reach (Table 5.2). These thresholds were then passed over the ‘natural’ and ‘current’
flow scenarios to produce statistics such as the number of individual events or spells above
the relevant threshold, the duration of each flow event, total days wet and dry, mean days wet
and the total volume of water for flows above the threshold.

5.2.4.3 Reach scale estimates of sediment and nutrient exchange
Estimates of sediment and nutrient deposition at the reach scale were calculated using a
number of sequential steps. For the Walgett reach the mean mass of sediment deposited per
flow event was calculated by averaging the mean mass of sediment deposited during each of
the December 2001 and February 2005 flow events. For the Bourke reach the mean mass of
sediment deposited during each of the December 2001, March 2002, February 2005 and July
2005 flow events was averaged. As the amount of sediment deposited onto inset-floodplains
is not associated with variations in surface elevation (Chapter 4), the same mean deposited
sediment mass value was used for all elevation classes. The mean mass of sediment deposited
was then multiplied by the mean nutrient content of the deposited sediment to give a mean
mass of TC, TN and TP deposited per flow. This was then multiplied by the surface area of all
the inset-floodplains in each reach to give a total amount of TC, TN and TP deposited per
flow. This figure was then multiplied by the number of flow events that occurred over the 78
year period from 1922-2000 for the ‘current’ flow modelling scenario (Section 7.3.4.1) giving
an estimation of the total sediment and associated nutrient loads deposited onto insetfloodplains during this period.
To estimate the total amount of sediment eroded from inset-floodplain surfaces, the
percentage of the total inset-floodplain surface area surveyed in each flow event that
experienced erosion was calculated. On average, 28 percent of the total surface area of insetfloodplains inundated experienced erosion during the four flow events monitored (Chapter 4).
Thus it was assumed that 28 percent of the total inset-floodplain surface area inundated in
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both reaches would experience erosion during individual flow events. To estimate the volume
of sediment eroded per flow, the average depth of material eroded was multiplied by 28
percent of the total area in each elevation class and this was then multiplied by the average
density of inset-floodplain sediment (1.515 g cm-3). The total mass of eroded TC, TN and TP
was calculated by multiplying the amount of eroded sediment per flow by the average nutrient
content of each elevation class. This was then multiplied by the number of flow events
experienced for each elevation class to get the total mass of sediment related nutrients eroded
over the 78 year study period using the ‘current’ IQQM flow scenario.
Estimates of reach scale nutrient release in each study reach were calculated by initially
using mean release rates from each elevation class to get a mean amount of nutrients released
per metre square of surface sediment. The 24 hour release rate was used as this is the point at
which concentrations stabilised over the experimental period (Figure 5.2). This rate was then
multiplied by the surface area of inset-floodplains in each reach to give the total amount of
nutrients released from inset-floodplains in each reach per megalitre of water. This figure was
then multiplied by the total amount of water that flowed over the surfaces in each elevation
class during the ‘current’ flow scenario to give a total amount of TOC, TN and TP released
over the 78 year study period.

5.3

Results

5.3.1

Sediment and related nutrient exchange during flooding

A total of 162.86 tonnes (t) of sediment was estimated to have been deposited onto the
inset-floodplains over the four flow events. The February 2005 flow experienced the highest
deposition with 82.7 t being deposited or a median deposition rate of 1.8 t per floodplain
surface (t surface-1) (range; 0.2-14.9 t surface-1). December 2001 had the second highest
deposition with 45.9 t being deposited followed by the July 2005 event with 20.7 t then the
March 2002 event with 13.56 t of sediment being deposited. In terms of sediment erosion, a
total of 58.83 t of sediment was estimated to have been eroded from inundated insetfloodplain surfaces over the four monitored flow events. This equated to a median mass of
sediment eroded over each flow event of 1.27 t surface-1 (range; 0.12 – 15.93 t surface-1). The
largest amount of sediment was eroded during the February 2005 flow event (30.52 t)
followed by the March 2002 event (10.64t), December 2001 event (9.31t) and July 2005 flow
event (8.36t). No statistical differences were noted between flow events, valleys, channel
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settings, plan form locations, or surface elevations for either sediment deposition or erosion of
sediment per inset-floodplain surface at the 0.05 significance level. Overall, the insetfloodplains in the study area acted as sediment sinks at the scale of individual flow events.
In terms of nutrient deposition, 433.2 kg of TC, 22.5 kg of TN and 17.7 kg of TP were
estimated to have been deposited onto the inundated inset-floodplain surfaces during the
December 2001 event. Median deposition rates for TC, TN and TP were 12.88 kg surface-1
(range; 6.09-74.11 kg surface-1), 1.12 kg surface-1 (range; 0 – 4.04 kg surface-1) and 0.58 kg
surface-1 (range; 0.22 – 1.8 kg surface-1) respectively. Sediment associated nutrient deposition
during the March 2002 event was less than the January event, with 179.9 kg of TC, 6.2 kg of
TN and 5 kg of TP being deposited. However, mean rates of nutrients deposition per surface
were not statistically different between the two flow events at the 0.5 confidence level. Mean
deposition rates of N on inset-floodplains located in different areas of the river plan form were
significantly different with deposition highest in straights being 2.17 kg surface-1 (range; 1 4.04 kg surface-1), intermediate on inner bends being 1.61 kg surface-1 (range; 0.22-5.08 kg
surface-1), and lowest on outer bends being 0.32 kg surface-1 (range; 0 – 0.86 kg surface-1).
Mean deposition of TC and TP were similar at the channel plan form scale. No significant
differences were identified in mean nutrient deposition per surface at the valley or channel
setting scales. Regression analysis showed significant positive relationships between the TC,
TN and TP concentrations of deposited sediment and the amount of sediment deposited in the
December 2001 flow at the 0.05 confidence level. There was some scatter around these
relationships with R2 values of 0.27 for TC, 0.30 for TN and 0.47 for TP (Figure 5.2). No
significant relationships were seen between nutrient content and sediment deposition for the
March 2002 flow (Figure 5.2). Similarly, no significant relationships were seen between the
nutrient content and sediment texture (percentage of silt and clay) of sediment deposited on
inset-floodplains during either the December 2001 first or March 2002 flow event.

Chapter 5. Sediment and nutrient exchange and the influence of changing hydrology

108

TC (mg g-1)

(a)
35
30
25
20
15
10
5
0

Flow2001
1
Dec
Flow 22002
March

R2 = 0.2676

R2 = 0.1556

0

5

10

15

20

25

30

-2

mean sediment weight deposited (kg m )

TN (ug g-1)

(b)
4000

Flow
1
Dec
2001

3000

Flow 22002
March

2000
1000

R2 = 0.3008

R2 = 0.0107

0
0

5

10

15

20

25

30

-2

mean sediment weight deposited (kg m )

(c)

TP (ug g-1)

1000

Flow
1
Dec
2001

800

Flow 22002
March

R2 = 0.4721

600
400
R2 = 0.4246

200
0
0

5

10

15

20

25

30

-2

mean sediment weight deposited (kg m )

Figure 5.2. Relationships between sediment associated nutrients and the amount of sediment
deposited on inset-floodplain surfaces along the Barwon-Darling River during two flows in
2001-2002. (a) TC, (b) TN and (c) TP
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By comparison, over 333.99 kg of TC, 28.52 kg of TN and 13.97 kg of TP were eroded
from inundated inset-floodplain surfaces over the four flow events monitored. The median
mass of sediment related TC, TN and TP eroded from inset-floodplains was 7.58 kg surface-1
(range; 0.73 – 95.48 kg surface-1), 0.65 kg surface-1 (range; 0 – 8.98 kg surface-1) and 0.36 kg
surface-1 (range: 0.02 – 3.88 kg surface-1) respectively during individual flow events. No
statistical differences were detected between flow events, valleys, channel settings, plan form
locations or surface elevations in terms of average nutrient erosion off individual surfaces.

5.3.2

Nutrient release from inundated inset-floodplain sediments

After 72 hours, inundated sediments had released an average of 20.4 mg l-1 (Range; 4.352.9 mg l-1) of TOC, 0.4 mg l-1 (range; 0.1-1.1 mg l-1) of TN and 2.1 mg l-1 (range; 0.6-5.3 mg
l-1) of TP. Concentrations and release rates were significantly different over the 5 time periods
studied for all three nutrients (Table 5.3). For TN and TP, release rates were greatest in the
first two hours, however for TOC a secondary release spike was seen between 9 and 18 hours
(Figure 5.3). For all three nutrients, average release rates appeared to stabilise after the 24hour period (Figure 5.3), hence these rates were chosen to calculate reach scale nutrient
release estimates and the influence of changing hydrology.
The influence of valley location, channel setting, surface elevation and sediment texture
were observed on the release of nutrients from flooded sediments. Significant interactions
were seen between valley location and time for both TOC and TN. For TOC this was due to a
secondary release spike that was observed after 12 hours in the samples from the Walgett
reach. Walgett samples also released significantly more TN than samples from the Bourke
reach, which showed a considerable lull in TN release at 6 hours (Figure 5.4c, d).
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Table 5.2. REML analysis on the influence of top-down and bottom-up influences on nutrient release data gathered from inundated insetfloodplain surfaces of the Barwon-Darling River
Influence

Total Organic Carbon

Total Nitrogen

Concentration Release rate

Concentration

Release rate

Concentration

Release rate

(log10 data)

(log10 data)

(log10 data)

(log10 data)

(Log10 data)

(4th root data)

Time

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.01)

Sig (p<0.001)

Valley

N/S

N/S

N/S

N/S

N/S

N/S

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.05)

Sig (p<0.05)

N/S

N/S

Channel

N/S

N/S

Sig (p<0.05)

Sig (p<0.05)

Sig (p<0.01)

Sig (p<0.01)

Channel*time

N/S

Sig (p<0.05)

N/S

N/S

N/S

Sig (p<0.001)

Elevation

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.01)

Sig (p<0.01)

N/S

N/S

Elevation*time

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.001)

Sig (p<0.001)

N/S

N/S

Sediment

N/S

N/S

N/S

N/S

Sig (p<0.05)

N/S

Sediment*time

N/S

Sig (p<0.01)

Sig (p<0.05)

Sig (p<0.05)

N/S

Sig (p<0.05)

Valley*time

Total Phosphorus
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Figure 5.3. Release rates for (a) TOC, (b) TN and (c) TP from inset-floodplain surfaces on
the Barwon-Darling River. Error bars represent minimum and maximum values.
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Figure 5.4. Concentrations and release rates of TOC and TN over time grouped by valley
location along the Barwon-Darling River. (a) TOC concentration, (b) TOC release rate, (c)
TN concentration, (d) TN release rate. All data Log10 transformed.
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The influence of channel confinement on nutrient release was observed for all three
nutrients studied (Figure 5.5). Sediments released TOC at a similar rate at 2 and 6 hours,
however from 12 hours onwards sediments from unconfined channels released significantly
more TOC (Figure 5.5a). Unconfined channel sediments released significantly more TN and
TP than confined channel sediments (Figure 5.5c,e). Surface elevation within the channel
trough influenced patterns of TOC and TN release from inset-floodplain sediments (Figure
5.6). In all cases high level sediments released significantly more TOC and TN than mid level
or low level surfaces. The bottom-up influence of sediment texture was shown to effect the
concentrations and release rates of all three nutrients studied over time (Table 5.3; Figure 5.7).
In all cases, surfaces with sediments from group 5 (relatively course texture) showed the
lowest concentrations and release rates.
A comparison of 24 hour release rates indicated that channel setting influenced the release
of TN, and floodplain surface elevation influenced the release of both TOC and TN. The
mean 24 hour TN release rate for confined channel settings was 21.16±2.7 ug l-1 hour-1 (S.E.),
which was significantly lower than in unconfined channel settings with rates of 34.45±4.65 ug
l-1 hour-1 (S.E.) (Figure 5.8a). Bonferroni post-hoc tests revealed that the release rate of TOC
after 24 hours was significantly higher in high level than mid and low level surfaces (Figure
5.8b). After 24 hours, high level surfaces released significantly more TN than mid level
surfaces which in turn released significantly more TN that low level surfaces (Figure 5.8c).
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Figure 5.5. Concentrations and release rates for dissolved nutrients released from inundated
sediments from inset-floodplains, grouped by channel confinement; CC = confined channel,
UC = unconfined channel. (a) TOC release rate. (b) TN concentration (c) TN release rate (d)
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Reach scale sediment and nutrient exchange and the influence of changing
hydrology

Two hundred and fifty six individual inset-floodplain surfaces were recorded along both
15-kilometre study reaches with a total surface area of 79 620 m2 (Table 5.3). Along both
reaches inset-floodplains were located at a range of elevations within the paleochannel trough
(Figure 5.9). Based on the cumulative frequency plots of inset-floodplain inundation level,
three elevation classes were determined along each reach. Along the Walgett reach, surfaces
with inundation levels between 0 and 2000 MLD were placed in the low level class, surfaces
inundated between 2 000 and 5 000 MLD were placed in the mid level class and surfaces
inundated between 5 000 and 20 000 MLD placed in the high level class. Along the Bourke
reach surfaces inundated between 0 and 5 000 MLD were placed in the low level class,
surfaces inundated between 5 000 and 10 000MLD were placed in the mid level class and
surfaces inundated between 10 000 and 30 000 MLD were placed in the high level class.
Along the Walgett reach the majority of inset-floodplains were in the low level class and
displayed the greatest total surface area (18 153 m2). By contrast, along the Bourke reach, the
majority of inset-floodplains were high in the channel (high level class) and these covered an
area of 12 479 m2.
A total of 189 612 tonnes of sediment containing 2179 tonnes of TC, 192 tonnes of TN and
79 tonnes of TP would have been delivered to the inset-floodplains along both study reaches
over the 78 year period from 1922 – 2000 as estimated for the ‘current’ land and water
development scenario (Table 5.4). More than twice the amount of sediment and associated
nutrients were deposited along the Walgett reach compared to the Bourke reach, with lowlevel surfaces showing the highest rates of deposition along both reaches. The total amount of
sediment and associated TC, TN and TP eroded from inset-floodplain surfaces was less than
that deposited onto these surfaces, with 87 173 tonnes of sediment containing 710 tonnes of
TC, 38 tonnes of TN and 18 tonnes of TP estimated to have been eroded from both reaches
over the 78 year period under current land and water development levels (Table 5.5). More
than double the amount of TC, TN and TP was eroded from along the Walgett reach than the
Bourke reach, with low level surfaces displaying the greatest amounts of eroded sediment, TN
and TP and mid level surfaces eroding the most TC. Comparison of the amount of sediment
associated nutrients deposited and eroded from inset-floodplain surfaces reveals several trends
in the data. The percentage mass of eroded to deposited nutrients dropped with decreasing
surface elevation class for all three nutrients studied. High level surfaces showed more
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erosion of TC than deposition of TC, suggesting surfaces in this class are acting as a source of
sediment associated TC at the reach scale over the 78 year time period. This trend was
consistent along both study reaches examined.
Reach scale estimates of the total amount of dissolved TOC, TN and TP released from
inset-floodplain surfaces over the 78 year period were three orders of magnitude lower than
that seen for the movement of sediment related nutrients (Table 5.6). Total amounts of
dissolved nutrients released, assuming 2000 levels of land and water development, were 302
kg of TOC, 9kg of TN and 62kg of TP. Overall, inset-floodplain sediments along the Walgett
reach released 18% more TOC, 20% more TN and 10 % more TP than sediment along the
Bourke reach. In addition, high level surfaces released the most TOC (136 kg), whereas mid
level surfaces released the most TN (3.36 kg) and low level surfaces released the most TP
(20.6 kg; Table 5.6)
Changes to the hydrology of the Barwon-Darling River have reduced the number of times
and total duration inset-floodplain surfaces were connected to the river channel (Table 5.3).
Along the Walgett reach, the number of connection events has been reduced by 7, 45 and 48
events for low, mid and high level floodplain inundation groups respectively. This has
resulted in a reduction in wet days of 2904, 2279 and 951 days between ‘natural’ and ‘current’
flow scenarios for the low, mid and high level inundation groups respectively. Along the
Bourke reach, reductions in river channel/floodplain connections are greater. Over the 78 year
period studied, the number of wetting events has decreased by 98, 86 and 49 individual events
for the low, mid and high level inundation groups respectively. Similarly the number of wet
days has been reduced by 4969, 3606 and 1278 days for the low, mid and high level
inundation groups respectively.
These reductions to the connection of inset-floodplains have reduced the amount of
sediment deposited on them by 20% (Table 5.4). As a result, reductions to sediment
associated TC and TN of 21% have occurred as well as a reduction in sediment associated TP
of 20%. Along the Walgett reach, the largest changes were seen to the high level surfaces
with an overall 39% reduction in deposition, compared to 18% and 2% for mid level and low
level surfaces respectively. Reductions were more uniform in the Bourke reach with respect to
surface elevation, with reductions of 49%, 35% and 34% for high, mid and low level surfaces
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respectively. Combining elevation classes, the Bourke reach showed more than double the
reductions in deposition (37%) than the Walgett reach (13%).
Hydrological changes caused a 21% reduction in the amount of sediment eroded from
inset-floodplain surfaces over the 78 year period studied, and with this a 26% reduction in the
erosion of sediment associated TC and TN, and a 22% reduction in the erosion of associated
TP (Table 5.5). Reductions over individual elevation classes were similar to that seen in the
deposition of sediment and associated nutrients for both study reaches. The Bourke reach
showed the greatest reduction in sediment and nutrient erosion (37% for sediment and
associated TP, 40% for associated TC and TN,) and these reductions were over twice the
magnitude of the Walgett reach (13%, 19%, 18% and 14% for sediment, TC, TN and TP
respectively). Changing hydrology appears to have had a more uniform effect on dissolved
nutrient release than that observed for sediment related nutrients, with overall reductions in
TOC, TN and TP loads of around 43% (Table 5.6).

Table 5. 3. Summary statistics of the distribution of inset-floodplain surfaces along the
Barwon-Darling River, and their hydrology under ‘natural’ and ‘current’ flow scenarios.
Walgett
LL

Bourke
ML

HL

LL

ML

HL

5 000 –

10 000 –

10 000

30 000

2 000 –

5 000 –

5 000

20 000

67

46

36

38

28

41

18153

17250

13044

10628

8066

12479

Number of Events

332

256

122

291

244

101

Time Wet (days)

10232

6704

2471

11576

7806

2910

Time Dry (days)

18439

21967

26200

17095

20865

25761

Total Flow (GL)

177502

152990

93686

261352

214119

117036

Number of Events

325

211

74

193

158

52

Time Wet (days)

7328

4425

1520

6607

4300

1632

Time Dry (days)

21343

24246

27151

22064

28241

27039

Total Flow (GL)

105060

882834

51551

148380

121747

68778

Flow range (MLD)

0 – 2 000

Number of surfaces
Surface area (m2)

0 – 5 000

Natural flow scenario

Current flow scenario
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Figure 5.9. Cumulative frequency plots of inset-floodplain inundation levels along the (a)
Bourke and (b) Walgett study reaches of the Barwon-Darling River. Inset-floodplain elevation
classes circled with respective flow ranges stated.
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Table 5.4. Reach scale sediment and associated nutrient deposition onto inset-floodplain
surfaces over the 78 year period from 1922 - 2000. ‘nat’ is loads under the natural flow
scenario, ‘cur’ is loads under the current flow scenario. The percentage column is the
percentage reduction in loads from natural to current flow conditions.
WALGETT
Sediment

C

N

P

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

HL

21642

13127

-39

238

144

-39

22

13

-39

9

6

-39

ML

60059

49502

-18

661

545

-18

60

50

-18

25

21

-18

LL

81968

80239

-2

902

883

-2

82

80

-2

35

34

-2

total

163669

142868

-13

1800

1572

-13

164

143

-13

69

60

-13

cur (t)

(%)

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

BOURKE
Sediment
nat (t)

C

N

P

HL

14823

7632

-49

193

99

-49

16

8

-49

6

3

-49

ML

23146

14988

-35

301

195

-35

24

16

-35

9

6

-35

LL

36373

24123

-34

473

314

-34

38

25

-34

15

10

-34

total

74342

46743

-37

966

608

-37

78

49

-37

30

19

-37

cur (t)

(%)

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

nat (t)

cur (t)

(%)

COMBINED
Sediment
nat (t)

C

N

P

HL

36466

20759

-43

431

244

-43

37

21

-43

15

9

-43

ML

83205

64490

-22

962

739

-23

84

65

-23

35

27

-22

LL

118340

104363

-12

1374

1196

-13

120

106

-12

49

44

-11

total

238011

189612

-20

2767

2179

-21

242

192

-21

99

79

-20
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Table 5.5. Reach scale sediment and associated nutrient erosion from inset-floodplain
surfaces over the 78 year period from 1922 - 2000. ‘nat’ is loads under the natural flow
scenario, ‘cur’ is loads under the current flow scenario. The percentage column is the
percentage reduction in loads from natural to current flow conditions.
WALGETT
Sediment

C

N
cur

P
nat

cur

(t)

(t)

3

-39

(%)

(%)

nat (t)

cur (t)

(%)

198

-39

17

10

-39

4

508

419

-18

28

23

-18

11

9

-18

383

375

-2

20

20

-2

13

13

-2

1218

992

-19

65

53

-18

29

25

-14

nat (t)

cur (t)

(%)

nat (t)

HL

9580

5811

-39

327

ML

26587

21913

-18

LL

36285

35520

-2

total

72452

63244

-13

(t)

BOURKE
Sediment
nat (t)

C
cur (t)

(%)

nat (t)

N
cur
(t)

P

(%)

nat (t)

cur (t)

(%)

nat

cur

(t)

(t)

(%)

HL

7588

3907

-49

259

133

-49

13

7

-49

3

2

-49

ML

11849

7673

-35

227

147

-35

13

8

-35

5

3

-35

LL

18620

12349

-34

196

130

-34

10

7

-34

7

4

-34

total

38058

23929

-37

682

410

-40

36

22

-40

15

9

-37

COMBINED
Sediment
nat (t)

C
cur (t)

(%)

nat (t)

N
cur
(t)

P

(%)

nat (t)

cur (t)

(%)

nat

cur

(t)

(t)

(%)

HL

17169

9718

-43

586

332

-43

30

17

-43

8

4

-43

ML

38436

29586

-23

735

566

-23

41

31

-23

16

12

-23

LL

54905

47869

-13

579

505

-13

31

27

-13

20

17

-13

total

110510

87173

-21

1900

1402

-26

102

75

-26

44

34

-22
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Table 5.6. Reach scale dissolved nutrient loads estimated to have been released from insetfloodplain surface sediment over the 78 year period from 1922 - 2000. ‘nat’ is loads under the
natural flow scenario, ‘cur’ is loads under the current flow scenario. The percentage column is
the percentage reduction in loads from natural to current flow conditions.
WALGETT
TOC

TN

TP

nat(kg)

cur(kg)

(%)

nat(kg)

cur(kg)

(%)

nat(kg)

cur(kg)

(%)

HL

126.57

69.65

-45

3.26

1.79

-45

ML

88.52

51.08

-42

3.20

1.84

-42

13.67

7.52

-45

21.46

12.38

-42

LL

76.10

45.04

-41

2.72

1.61

-41

21.24

12.57

-41

total

291.19

165.77

-43

9.17

5.25

-43

56.37

32.48

-42

BOURKE
TOC

TN

TP

nat(kg)

cur(kg)

(%)

nat(kg)

cur(kg)

(%)

nat(kg)

cur(kg)

(%)

HL

113.04

66.43

-41

2.38

1.40

-41

5.31

3.12

-41

ML

55.36

31.48

-43

2.67

1.52

-43

14.43

8.21

-43

LL

67.24

38.18

-43

2.31

1.31

-43

31.91

18.11

-43

total

235.64

136.08

-42

7.35

4.22

-43

51.65

29.44

-43

nat(kg)

cur(kg)

(%)

nat(kg)

cur(kg)

(%)

nat(kg)

cur(kg)

(%)

HL

239.60

136.07

-43

5.63

3.19

-43

18.98

10.64

-44

ML

143.88

82.56

-43

5.86

3.36

-43

35.90

20.59

-43

LL

143.34

83.22

-42

5.03

2.92

-42

53.15

30.69

-42

total

526.82

301.85

-43

16.52

9.47

-43

108.02

61.92

-43

COMBINED
TOC

TN

TP
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Discussion

Change to the natural hydrology of many rivers has occurred as a result of human activity
(Petts 1996; Thoms and Sheldon 2000). These changes have been shown to reduce landscape
connectivity (Maher and Jungwirth 1998; Ward 1998; Thoms 2003), and the cycling of
resources throughout the landscape (Tockner et al. 1999; Thoms et al. 2005). Connectivity
between various patches in the landscape is spatially variable, thus, the influence of changing
hydrology on these connections will also be variable (Thoms et al. 2005). This chapter
quantified the exchange of resources in the Barwon-Darling floodplain landscape driven by
hydrological connection at several scales, and assessed the influence of changing hydrology
on this exchange.
The exchange of sediment and nutrients within floodplain river ecosystems is primarily
mediated by water (Wiens 2002) with inundation during flooding providing the main
connection between the river channel and adjacent floodplain surfaces (Thoms 2003). During
hydrological connection the Barwon-Darling River’s floodplains form a sink for sediments
and associated nutrients and a source of dissolved nutrients to the river channel at several
temporal scales. The main avenue for the exchange of C, N and P appears to be associated
with sediments, with loads of sediment associated nutrients being 3 orders of magnitude
larger than those of dissolved nutrients. Similar findings were noted by Richey et al. (1991)
who showed that levels of particulate phosphorus associated with inorganic particles
transported down the Amazon River in South America were in excess of 10 times greater than
levels of phosphate or dissolved organic phosphorus transported downstream. In contrast
however, Ogden et al. (2007) showed that on the Condamine-Balonne River in Australia, only
9 percent of the boost in floodplain soil N following a flood event could be attributed to N
associated with flood deposited sediments, and attributed the rises in floodplain N to in-situ
N-fixation. Exchanges of sediment to and from the Condamine-Balonne floodplain during the
flows monitored by Ogden et al (2007) were low in comparison with those found along the
Barwon-Darling River during this study, and may explain the contrasting results found
between the two studies. Nevertheless, given the highly labile nature of dissolved nutrients
(Spitzy and Leenheer 1991) and the comparative ease at which dissolved nutrients can be
assimilated into aquatic food webs (Robertson et al. 1999), the transfer of dissolved nutrients
from the floodplain back into the river channel may still be an important source of nutrients
for riverine food webs in this system.

Chapter 5. Sediment and nutrient exchange and the influence of changing hydrology

126

While inset-floodplains were an overall sink for sediment and associated nutrients,
significant quantities of sediment and associated nutrients were also eroded from the insetfloodplain surfaces and potentially transported back into the main river channel. Thus, insetfloodplains acted as simultaneous sources and sinks of material at the flow event scale. Over
the four monitored flow events, sediment deposition was three times higher than sediment
erosion. Similar patterns were seen at the reach scale over the 78 year period examined with
the deposition of nitrogen and phosphorus being over twice as large as the erosion of this
material. Deposition and erosion of sediment associated carbon was more even, with only
55% more carbon being deposited than eroded. In fact, when the data were grouped by insetfloodplain elevation, high level surfaces were a source of sediment associated C over the 78
year period studied. These results confirm the findings of other studies that have shown not
only that the inset-floodplains of the Barwon-Darling are aggrading over time forming a
significant storage area of sediment and associated nutrients in this system (Woodyer et al.
1979; Thoms and Olley 2004; Sheldon and Thoms 2006), but they may also be important
sources of nutrients to the main river channel upon inundation (Thoms and Sheldon 1997;
Sheldon and Thoms 2006; Harns and Grimm 2008), especially when the low level of
exchange from the broader floodplain shown by Ogden et al. (2007) is considered.
In this study, no association was found between the exchange of sediment and top-down
geomorphic factors investigated at the flow event scale. This is contrary to the findings of
many other studies of sediment deposition which have shown the influence of large scale
factors such as floodplain elevation (Asselman and Middelkoop 1995), geomorphic position
(Walling et al. 1996), and distance from the main channel (Walling et al. 1999). This suggests
that sediment movement down the Barwon-Darling River is variable in both space and time
and reinforces the notion that sediment movement in this system may be related to local scale
controls, such as vegetation distribution or bank slumping, at least during the relatively low
magnitude ‘flow events’ investigated here (Chapter 4). Limited associations were noted
between top-down geomorphic constraints and sediment associated nutrients, with the
exception of TN which showed significant variations between different locations in the river
channel plan form. While sediment nitrogen levels have been linked to floodplain geomorphic
position in other studies (Pinay et al. 1992; Brunet and Astin 1997), primarily through a
feedback loop between geomorphic position and sediment texture, no link was found in this
study between TN content and sediment texture.
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Negative relationships between nutrient concentration and the mass of sediment deposited
during flooding have been previously noted by Brunet and Astin (1997) who showed
decreasing carbon and nitrogen content of deposited sediment as sedimentation rates
increased for several floods on the River Adour, France. These authors attributed this to
variations in sediment texture and vegetation cover. While a similar trend was noted in this
study between TC, TN and TP and the mass of sediment deposited in this study, no
associations were detected between sediment associated nutrient content and sediment texture,
which may in part be due to the low sample size examined. Even so, this analysis
demonstrates the small scale influence of sediment deposition on the exchange of sediment
associated nutrients in this river-floodplain system over the short term.
The REML analysis suggests that associations exist between the transfer of dissolved
nutrients (TOC, TN and TP) and both top-down constraints and bottom-up influences at the
event scale. Patterns in nutrient release at the surface elevation scale were evident, with
increasing nutrient release higher in the channel trough. These patterns are similar to those
observed for the stores of organic matter and nutrients found on inset-floodplain surfaces, and
could be a response to increasing distance from the active channel and proximity to riparian
vegetation (Southwell et al. 2004). Nutrient release also appears to be influenced by surface
sediment texture, with courser sediments (textural group 5) tending to release lower amounts
of nutrients than the other four textural groups. This follows trends observed for the nutrient
content of inset-floodplain sediments, with decreasing nutrient levels in courser sediments
(Chapter 3). In addition, texture has been shown to influence microbial communities present
in the sediment, which upon wetting mediate the release of nutrients into the water column
(Pinay et al. 2000)
The reach scale estimates presented in this chapter were based on the amount of material
deposited over a specified area during a flooding event, the number of flow events that
inundated inset-floodplains and the total area of inset-floodplain surfaces available for
exchange. Therefore, the figures presented represent the total flow mediated loads of material
exchanged between the river channel and inset-floodplain surfaces over the 78 year period
examined. This analysis suggests that the long term exchange of sediment and associated
nutrients varies longitudinally (between study reaches) as well as laterally (between elevation
classes) across this landscape. Sediment and associated nutrient exchange were higher in the
Walgett reach than the Bourke reach which reflects the greater surface area of inset-
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floodplains within the Walgett reach (Table 5.3; Figure 5.10). Laterally, the amount of
sediment and associated nutrients exchanged over the 78 year period between 1922 -2000
decreased with increasing elevation, suggesting that low level surfaces are the most dynamic
in terms of the deposition and erosion of sediment and associated nutrients. This trend was
consistent between the two study reaches (Figure 5.10) and supports the findings of other
studies that have shown higher rates of sediment deposition and erosion in areas closer to the
channel (Walling et al. 1996; Thoms et al. 2000; Steiger et al. 2001; Thoms and Olley 2004).
In terms of the relative direction of exchange at the reach scale over the 78 year period
studied, more sediment and associated nutrients were deposited onto inset-floodplain surfaces
than were eroded from them, confirming patterns seen at shorter time scales. The only
exception to this was seen in TC, which showed overall greater erosion of TC than deposition
on high level surfaces. Thus high level surfaces formed an overall source of sediment
associated TC to the river. This appeared to be related to the higher TC content of surface
sediments as opposed to deposited sediment, with TC content of surface sediment three times
greater than TC content of deposited sediment. Therefore, while less sediment was eroded
from the high level inset floodplain surfaces than was deposited, it was of higher quality in
terms of carbon content, suggesting that the carbon content of high level surface sediment
may be dependent on more than flood derived sediment Carbon. It is probable that the
increased carbon content of these surfaces is associated with riparian inputs of carbon and
organic matter (Southwell et al. 2004). In contrast, patterns in the release of dissolved nutrient
release were patchier than those seen in the sediment associated nutrient exchange, and didn’t
appear to follow gradients in distance downstream or surface elevation. This patchiness is
most likely the result of the combined controls of surface elevation and channel setting
observed at the flow event scale, and variations in inset-floodplain surface area between
elevation classes and valleys.
The hydrological analysis carried out in this study shows that the hydrology of the
Barwon-Darling River has changed as a result of water resource development. Reductions
were seen in the number of flow events available to connect the river and inset-floodplain
surfaces and also the magnitude and duration of these connections. As a consequence, the
potential exchange of sediment, associated nutrients and dissolved nutrients between insetfloodplains and the river channel was also reduced, with these reductions being spatially
variable between the three exchange components investigated. Overall reductions in the
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exchange of sediment and associated nutrients were around 22%, with reductions along the
Bourke reach two to three times greater than those along the Walgett reach (Table 5.4-5.5;
Figure 5.10). This difference at the valley scale is a reflection of the greater reduction to the
number of flow events connecting the river and inset-floodplains along the Bourke reach due
to water resource development (Table 5.3). The variable influence of changed hydrological
conditions was also identified at the surface elevation scale. Along both study reaches, high
elevation surfaces showed a greater reduction in exchange of sediment and associated
nutrients, than those lower in the channel trough with this trend being more prominent along
the Walgett study reach.
In contrast, a relatively uniform reduction of around 43% was seen in the release of
dissolved nutrients across both valleys, and elevation classes. Other studies investigating the
influence of water resource development on the release of dissolved nutrients from floodplain
features within the Murray Darling Basin have noted spatial variations in the reductions to
nutrient loads (Thoms 2003; Thoms et al. 2005). Reductions to the potential supply of DOC
into floodwaters from the sediments of different anabranch channel functional groups (based
on inundation level and geomorphic shape) on the Macintyre River ranged from 12.5 – 98%
as a result of water resource development (Thoms et al. 2005). In addition, Thoms (2003)
showed greater reductions (22-48%) in DOC release for floodplain surfaces of the Lower
Balonne floodplain inundated by relatively small floods (average recurrence interval of <2
years) compared to surfaces inundated by larger flood events (reductions of 3.98 – 5.78%,
average recurrence interval of <5 years). The results of this chapter suggest that changes to
the hydrology of these two reaches has produced a variable response in terms of the impact on
the movement of different nutrient components and the exchange of sediment associated
nutrients from different areas of the landscape. This may have management implications if
river flows are manipulated in an attempt to reinstate floodplain – river exchanges.
Lateral hydrological connectivity mediates the exchange of sediment, nutrients and organic
matter in river floodplain systems (Tockner et al. 1999; Wiens 2002; Thoms and Parsons
2003). Allothonous organic material derived from floodplains has been suggested to drive
within channel food webs in a number of systems (Junk et al. 1989; Thorp and Delong 1994;
Tockner et al. 2000). More specifically, Sheldon and Thoms (2006) suggest that in stream
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Figure 5.10. Sediment (Se) and associated nutrient (C, N and P) loads exchanged between the river and inset-floodplain surfaces of the Barwon-Darling River over the period 1922 – 2000 under natural (nat) and
current (curr) hydrological conditions.
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consumers derived between 19 and 38% of their biomass from carbon contained in the
upper levels of inset-floodplains along the Barwon-Darling River, suggesting this material
may represent an important long term source of energy for in stream food webs. This study
has shown that changes to the rivers hydrology induced by WRD have reduced the exchange
of sediment and nutrients between the river channel and inset-floodplain surfaces. The
greatest impacts have been seen in two important areas;
(1) to the exchange of sediment and associated nutrients on high level surfaces, areas that
form a long term source of sediment associated carbon to the river channel, and
(2) to dissolved nutrients from all surface elevation classes, a labile nutrient source that is
relatively easily incorporated into riverine food webs.
Reductions to the amounts of sediment, associated nutrients and dissolved nutrients from
inset-floodplains back into the river channel as a result of changes to the hydrology of the
Barwon-Darling River, may place a higher importance on in stream autochthonous sources of
energy for sustaining in stream food webs, and change the autotrophy/heterotrophy balance in
this dryland river system.

5.5

Conclusion

This chapter has clearly demonstrated the simultaneous exchange of sediment and
associated nutrients over the scale of a single flow event. Inset-floodplains primarily acted as
sinks for sediment and associated nutrients, and a source for dissolved nutrients, with the
main avenue of nutrient exchange associated with the movement of sediments in this system.
Patterns of sediment and associated nutrient exchange at the event scale did not appear to be
strongly associated with either top-down geomorphic constraints or bottom up influences,
however, total loads of sediment and associated nutrients exchanged over time show spatial
differences at the reach and surface elevation scales. Thus the magnitude and direction of
sediment and nutrient exchange are spatially variable within the floodplain river landscape of
the Barwon-Darling River.
Reductions in the number, magnitude and duration of flow events down the BarwonDarling River as a result of water resource development, have caused a reduction in the
exchange of sediment, associated nutrients and dissolved nutrients between inset-floodplains
and the main river channel. Greatest reductions were seen in the release of dissolved nutrients
and the exchange of sediment and associated nutrients from high level surfaces. Given these
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constitute source areas of nutrients to the river channel during channel/floodplain connection,
the reduction to these loads may have implications for the integrity of riverine food webs in
the main channel, placing a greater importance on in stream energy sources in this river
system.
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Introduction

The utility of a hierarchical patch dynamics approach for elucidating pattern and process in
within riverine landscapes has been demonstrated in this thesis, thus confirming the recent
focus in the literature on the value of applying landscape ecology principles, such as
hierarchical patch dynamics for untangling the complexity of riverine landscapes (Townsend
1996; Poole 2002; Parsons et al. 2005; Thorp et al. 2006; Dollar et al. 2007; Thorp et al.
2008). The hierarchical study design employed in this study has not only allowed the relevant
scales of geomorphic influence shaping sediment and nutrient dynamics on different
floodplain patches to be ,identified but also the processes controlling the exchange of material
between different patches. The exchange of material mediated by flooding was shown to alter
patch characteristics, through changing the distribution of sediment texture and nutrient
concentrations, at the inter-flow scale. This created a dynamic sediment textural and
associated nutrient patch mosaic at the landscape scale.
This chapter is a synthesis of the findings of this thesis relating to the identification of
patch mosaics in floodplain landscapes and their dynamic nature in time and space. The value
of taking a hierarchical approach for determining top-down constraints and bottom-up
influences on patterns and the process of sediment and nutrient exchange is also outlined. In
the final section of the chapter the influence of changing hydrological connectivity within a
riverine landscape on the exchange of materials within this landscape are discussed and
suggestions are provided for the future management of this floodplain landscape.

6.2

Floodplain landscapes as patch mosaics

The concept of floodplain landscapes as patch mosaics differs from the traditional view of
these systems. Floodplains are commonly referred to as ecotones; aquatic terrestrial transition
zones (ATTZ’s – Naiman and Decamps 1990) within the broader landscape. Their character
is often reflective of both longitudinal and lateral gradients in factors such as elevation,
hydraulic efficiency, sediment texture and biological productivity (James 1985; Pizzuto 1987;
Junk et al. 1989; Naiman and Decamps 1990; Asselman and Middelkoop 1995). Results
presented in this thesis demonstrate the spatially patchy nature of inset-floodplain sediment
texture along the Barwon-Darling River. While a gradient in sediment texture was present,
with fine textured sediments grading to coarser textured sediments, this textural gradient was
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not expressed spatially throughout the study area. Instead, a floodplain sediment textural
patch mosaic existed. These findings contradict much of the literature on floodplain
sedimentation, and question the conceptual view of floodplains as transitional zones or
ecotones (Likens and Bormann 1974; Naiman and Decamps 1990; Ward et al. 1999). While
local scale patchiness in floodplain sediment texture has been previously noted, it has been
treated as the exception to predicable gradients often observed across floodplains (James
1985; He and Walling 1998; Middelkoop and Asselman 1998). The failure to identify spatial
gradients of change in sediment texture across the Barwon-Darling floodplain landscape
suggests that, for this system at least, patchiness in the distribution of sediment texture may be
the standard and not the exception.
The findings of this thesis have implications for how floodplain patches within riverine
landscapes are perceived. Instead of being transitional zones, or ecotones, being located
between fully aquatic and terrestrial parts of the landscape (Naiman and Decamps 1990),
floodplains exhibit internal heterogeneity in their physical structure, thus forming a complex
physical template that resembles a mosaic of distinct physical patches. In addition, the nature
of this physical template can influence the distribution of resources across floodplain
landscapes (Chapter 3). The distribution of resources may in turn be spatially patchy, with
areas of the landscape showing significantly higher concentrations of resources leading to the
presence of resource ‘hotspots’ within the landscape (McClain et al. 2003; Harns and Grimm
2008). Recognition of the occurrence of resource hotspots instead of resource gradients has
implications for the management of floodplain landscapes.

6.3

Floodplains as dynamic patch mosaics

The character of the floodplain landscape mosaic can change over different spatial scales.
At the patch scale, single patches within the landscape can change character over time, with
variations in the relative abundance of patches present and changes to their configuration
within the patch mosaic. At the broader landscape scale it is also possible for the range of
patch types present within the landscape to change over time, with the creation of new patch
types and the removal of others from the mosaic (see Parsons et al. 2005 for an example). The
study of patch dynamics in a variety of terrestrial (Bresee et al. 2004; Gillson 2004), aquatic
(Pringle et al. 1988; Botts 1997; Latterell et al. 2006; Whited et al. 2007) and marine (Bell et
al. 2008) landscapes has identified individual patch changes over time and the resultant
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change to the configuration of the larger patch mosaic. Similar findings based on forest
dynamics within the Hubbard Brook Experimental Forest in Northern New England USA,
prompted the derivation of a shifting mosaic steady state model as proposed by Bormann and
Likens (1979). This model was based on the premise that the occurrence and proportions of
individual patch types remain constant throughout the landscape, but their spatial arrangement
in the landscape changes or shifts (Bormann and Likens 1979). Therefore the landscape can
be dynamic at a patch scale but remains stable at the larger landscape scale (Ward et al.
2002).
The results from this thesis suggest that patch mosaics may change at both the patch and
landscape scales. In the floodplain landscape of the Barwon-Darling River, not only were new
patch types (sediment textural groups) formed following flooding, but some pre flood patch
types were lost from the mosaic following the flood event. In addition, some patches in this
landscape changed textural character following the flooding disturbance, resulting in a change
to the configuration of the sediment textural patch mosaic. Therefore, not only did individual
patches change, resulting in changed mosaic configuration, but the number of patch types
present within the landscape also changed over time. Perhaps more importantly, was the fact
that these changes were not consistent between successive flow events further highlighting the
truly dynamic nature of this floodplain patch mosaic. These results suggest that patch mosaics
displaying these types of changes over time are truly ‘dynamic’ patch mosaics, as opposed to
the ‘shifting’ patch mosaics commonly identified in studies of patch dynamics(Gillson 2004;
Stanford et al. 2005).

6.3.1

Dynamic versus Shifting patch mosaics

Why are patch mosaics often identified as shifting instead of dynamic over time, and what
are the implications of landscape mosaics being dynamic as opposed to shifting over time?
The first question may be answered by considering the way in which patches in the landscape
are commonly identified by researchers. Typically, patch types are identified in studies on the
basis of patch quality (e.g. living biomass; Bormann and Likens 1979), patch identity (e.g.
forest type; Bresee et al. 2004), or physical structure (e.g. riverine habitats; Stanford et al.
2005). This generality means that while patches may be internally dynamic; this internal
heterogeneity is not captured at the scale at which the patches are defined. The scale at which
patches are defined must be dependent on the scale of the phenomenon in question. The
generality of patch types that are commonly identified in previous studies may be a result of
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the larger scale phenomenon being examined. In this thesis, distinct floodplain sediment
textural patches were defined and identified by the full textural character of their surface
sediments. In addition, by defining the sediment textural patches in this fashion, a dynamic
patch mosaic showing the addition and loss of patch types over time was identified. If
sediment textural patch types in this study were defined by another method (based on the
percentage of sand or silt for example), a dynamic patch mosaic may not have been identified.
Therefore the identification of a shifting as opposed to a dynamic patch mosaic over time may
be dependent on the phenomenon under consideration and the specific variables used to
define different patch types within the landscape.
The identification of dynamic patch mosaics within floodplain landscapes has implications
for a number of ecosystem processes. This study observed that around forty percent of
floodplain surfaces changed textural character over the two flow events studied (Section
4.4.3). This change included the addition of a new textural group after the first flow studied
and both the addition and loss of sediment groups after the second flow. As a result, changes
to the distribution of associated nutrients was also noted over time, with a thirty percent
change to the nutrient mosaic following the first flow and a forty percent change to the spatial
arrangement of the nutrient mosaic following the second flow event (Section 4.4.7). Given
sediment texture also influences sediment moisture, the dynamic nature of sediment textural
patches may also influence microbial processing and the distribution of vegetation growth on
floodplain surfaces, thus influencing larger scale vegetation patterns within the floodplain
landscape. Theoretically, the addition of new distinct patches within the landscape provide
unique conditions which may create niches where opportunistic species may take advantage
and establish, thus maintaining high levels of biodiversity within the landscape.

6.4

The value of a hierarchical approach in investigating sediment and nutrient

dynamics in a floodplain landscape.
6.4.1

Top-down constraints versus bottom up influences

Eight levels of organisation were considered in this landscape study of the Barwon-Darling
floodplain. The influence of various controls operating at each level of organisation on the
patterns and processes of sediment texture and nutrients differed (Figure 6.1). Patterns of
sediment texture and concentrations of nutrients were based on observations made at the
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Figure 6.1. The influence of processes operating at various levels of organisation on the
different components of sediment and nutrient dynamics studied in the Barwon-Darling
floodplain landscape. Observations were made at the inset-floodplain surface level and
viewed at the Barwon-Darling floodplain landscape level. Top-down constraints are those
acting at levels in between the inset-floodplain surface and Barwon-Darling Floodplain
landscape level. Bottom-up influences are those below the inset-floodplain surface level in the
hierarchy.
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inset-floodplain surface level of organisation and then viewed within the boarder BarwonDarling floodplain landscape level. Spatial patterns in the distribution and exchange of
sediment did not reflect top-down constraints. However, associations were identified between
sediment exchange and the channel plan form and channel setting levels during one
monitored flow. It was considered that these were a result of relatively large inputs of
sediment to several floodplain surfaces, and wasn’t consistent for all surfaces in these
geomorphic locations (Section 4.5.1). Instead, variations at the cut and fill level suggest that
patterns of sediment texture and the exchange of sediment over time were driven by bottomup influences, which could be linked to the spatially variable supply of sediment along the
reaches studied. Temporal patterns of sediment supply were also identified, strengthening the
association between this bottom-up influence and sediment texture distribution and sediment
exchange in the floodplain landscape.
These findings of floodplain sedimentation along the Barwon-Darling contrast with many
other studies which have demonstrated the influence of larger scale top-down constraints on
sediment textural distribution and sediment deposition (Warner 1992; Walling et al. 1996;
Thoms et al. 2000; Foster and Thoms 2002; Steiger et al. 2003). The significance of bottomup influences on sediment patterns and exchange along the Barwon-Darling may reflect the
river’s highly variable flow and sediment regimes in both space and time (Riley and Taylor
1978; Woodyer et al. 1979; Olley and Caitcheon 2000; Thoms and Olley 2004). Furthermore,
much of the sediment transported by the river comes from lowland areas (Olley and
Caitcheon 2000) being primarily mobilised from in channel sources, such as reworked insetfloodplain sediments (Thoms et al. 2004; Chapter 5), bank slumping, and localised erosion
associated with three falls (Woodyer et al. 1979). Further research focusing on the specific
spatial and temporal patterns of bank slumping and tree fall along the Barwon-Darling River
and the resultant liberation of sediment into the river system, would provide a clearer link
between the sediment supply and patterns of exchange in this floodplain landscape.
Spatial patterns in nutrient concentrations and their change over time contrast to that of the
sediment textural mosaic. The character of the nutrient mosaic was associated with many
different the levels of the organisational hierarchy considered (Figure 6.1). The close
association between sediment texture and nutrient concentrations detected in the study meant
that patterns of nutrient concentrations were controlled by the bottom-up influences of levels
low in the hierarchy. In addition, nutrient concentrations over time (cf. associated nutrient
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dynamics in Figure 6.1) and the release of dissolved nutrients were also associated with a
number of top-down constraints operating at several levels of organisation. This association
with top-down constraints may be related to the proximity of inset-floodplain surfaces to
riparian vegetation at the floodplain elevation level, and also microbial activity stimulated by
rainfall at the valley level. These findings are considered to be significant for several reasons.
Changes to the nutrient mosaic over time are associated with factors other than those that
influence changes to the physical template over time. Therefore the framework used to
investigate sediment and nutrient dynamics needs to be expanded to include possible
controllers acting upon the nutrient mosaic that are external to those which influence the
sediment template over time (Figure 6.2). This also highlights the utility of the hierarchical
study design used. By investigating the association between sediment and nutrient dynamics
and potential controls operating at a range of levels of organisation, the identification of the
complex array of influencing processes was possible. If only larger scale geomorphic
constraints were considered, then the significance of small scale factors influencing patterns
in sediment exchange would have been missed. Similarly, if only lower levels of organisation
were considered, then the identification of larger scale top-down constraints on nutrient
dynamics would not have been possible. In addition, considering a number of top-down
constraints operating at various levels of organisation, allowed for the identification of which
levels were most influential. Therefore, just because a higher level of organisation imparts
some influence on patterns observed at a lower level in the hierarchy, doesn’t mean that all
levels of organisation in between also impart influence (cf. sediment exchange in Figure 6.1
for example). Such scale specific influences have rarely been empirically demonstrated.
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Figure 6.2. Revised operational framework used to investigate floodplain sediment and
nutrient dynamics in the study. Blue sections indicate additions to the framework arising from
study findings. TDC denotes top-down constraints; BUI denotes bottom-up influences.
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6.4.2. Exchange of resources at multiple scales.
Processes occurring in the landscape can be considered at multiple scales. This study
quantified the process of sediment and nutrient exchange at three temporal and spatial scales
(Figure 6.3). First, at the within surface scale, the cut and fill of sediment was observed on
over 50 percent of inset-floodplain surfaces during flooding. This intra-event exchange of
material on floodplain surfaces has rarely been shown in the literature (but see Ogden et al.
(2007) for an exception), however it appears to be a potentially important process for
determining changes to the sediment textural mosaic in this floodplain landscape. Second, the
exchange of sediment and nutrients between individual inset-floodplain surfaces and the river
channel was shown to occur over individual flow events. The magnitude of these inter-event
exchanges however was both spatially and temporally variable, being influenced by
controllers operating at a number of levels of organisation. The complex interaction of these
controllers acting upon the exchange of resources over both space and time explains the
patchy distribution of sediment texture within this river floodplain landscape. Finally, the
exchange of sediment and nutrients between the river channel and inset floodplain patches
within the Barwon-Darling floodplain landscape was collectively quantified over a 78 year
period from 1922-2000 at the reach scale. Both longitudinal and lateral trends in exchange
were seen over this decadal time scale with the Walgett study reach experiencing higher
amounts of resource exchange, and surfaces situated lower in the channel trough (low level
surfaces) being the most dynamic over time.
By investigating the exchange of resources at multiple scales, the influence of the process
of exchange on several ecosystem scale processes can be assessed. Monitoring sediment and
nutrient exchange at the intra- and inter-event scales, allowed links to be drawn between
exchange and the temporal changes to the sediment and nutrient patch mosaics (Chapter 4).
Exchange at these two scales is driving the sediment texture and associated nutrient dynamic
patch mosaic. Viewing exchange at the inter-event and decadal scales allowed for comment
on ecosystem function within the Barwon-Darling floodplain landscape. Results at both these
scales suggest that overall flow events provide a subsidy of nutrients to floodplain surfaces at
the landscape scale. At the smaller inset-floodplain scale however, the monitored flow events
increased nutrient concentrations on some surfaces, but also caused decreases on other
surfaces. In addition, the pattern of these increases and decreases did not appear to be
consistent over successive flow events (Section 4.4.5). Therefore, at this scale, flow events are
subsidising some floodplain patches and stressing others in this landscape in terms of their
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nutrient concentrations. This spatial variation in nutrient subsidy/stress driven by flooding
may have major implications for both spatial and temporal floodplain productivity (Odum et
al. 1979). The growth of vegetation on floodplain surfaces has been shown to be dependent
on the nutrient status of their soils (Ogden et al. 2002; Ogden et al. 2007). Given this, the
vegetation dynamics in a certain section of the floodplain that is subsidised by two successive
flood events might be thought to differ greatly from another section that experiences a
flooding induced nutrient subsidy and then a stress during a successive flooding event. In
addition these results may have implications for the efficiency of agricultural practices that
are reliant on the fertility of floodplain soils.

Landscape

Spatial scale

Ecosystem function
• Nutrient spiralling
• Subsidy/stress

Insetfloodplain

Dynamic patch mosaics
• Sediment texture
• Associated nutrients

Within
Insetfloodplain

Intra-flow

Inter-flow

Decadal

Temporal scale

Figure 6.3. The three spatial and temporal scales over which the process of exchange was
considered in this study. Arrows indicate the direction of movement of sediment and
nutrients. The relevant concepts that each of these scales address are presented to the right of
the diagram.
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The influence of changing hydrology on connectivity and exchange in a

floodplain landscape and the implications for management.
Hydrological connectivity is an important driver of pattern and process in riverine
landscapes (Tockner et al. 1999; Ward et al. 2002; Wiens 2002; Thoms et al. 2005). The
current study demonstrates this, showing that hydrological connectivity (in the form of flow
events) is driving the process of sediment and nutrient exchange between the river channel
and floodplain patches within the Barwon-Darling floodplain landscape. In turn, these
exchanges influence the spatial distribution or pattern of floodplain sediment texture and
nutrient concentrations through time.
Changes to the river’s hydrology however, have fragmented these connections (Nilsson et
al. 2005; Thoms et al. 2005), reducing the frequency, magnitude and duration of flow events
within this system reduction to the amount of material exchanged between landscape patches
over time (Chapter 5). The reductions in exchange appear to be variable between both
exchange components and different patches of the landscape. For example, sediment related
nutrients showed the greatest reduction in total mass of material exchanged over time, with
high level surfaces in the Bourke reach being most affected by changing hydrology. While
this study assessed the influence of changing hydrology on the exchange of sediment and
nutrients, it did not consider how changing hydrology might influence the nature of the spatial
sediment and nutrient patch mosaics. Given the variable influence on exchange both spatially
and for different components, it is likely that changes to the spatial patterns of sediment
texture and nutrient could be considerable. Thus, to gain a fuller appreciation of the influence
of changing hydrology on sediment and nutrient dynamics in this system, further research
should be undertaken in this area.
Management strategies designed for the conservation of riverine ecosystems in Australia
have centred on the development and implementation of environmental flow allocations (e.g.
Thoms and Swirepik 1988). However, due to the variable flow regimes of many of the
countries lowland rivers, new methods for determining environmental flow allocations are
required instead of those developed for temperate, perennial rivers (Boulton et al. 2000).
Thoms et al. (2004) outline an ecosystem approach to environmental water allocation relevant
to the Darling River. This approach has four steps (Thoms et al. 2004):
i. determine the physical nature of the riverine ecosystem,
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ii. identify the main ecological processes associated with the main physical
habitats,
iii. identify the key hydrological drivers and the implications of hydrological
change on physical habitat and processes, and
iv. derive key flow management options.
The results of this thesis directly address this ecosystem approach. First, the insetfloodplain landscape was shown to reflect a mosaic of sediment textural patches. This was
shown to influence the distribution of sediment associated nutrients, and potential nutrient
hotspots associated with fine textured sediment patches were identified at the inset-floodplain
scale (Chapter 3). The identification of such landscape ‘hotspots’ has been suggested to be a
priority for the future management of riverine landscapes (McClain et al. 2003; Thoms et al.
2005). Second, the exchange of material stimulated by hydrological connection was shown to
influence the sediment textural and nutrient mosaic over time, thus showing the dynamic
nature of these mosaics (Chapter 4). Third, the sediment and nutrient budgets described in
Chapter 5 suggest that over decadal timescales, high level surfaces constitute nutrient
hotspots, being long term sources of carbon to the river channel at the reach scale.
Hydrological analysis suggests that these high level surfaces have also been significantly
influenced by changes to the rivers hydrology (Chapter 5), more so than other surfaces lower
in the channel trough.
Identifying where hotspots occur in the landscape, provides more specific targets for
management, be it for the conservation of these areas on floodplain surfaces or to reinstate or
promote connection of these areas to the river channel using environmental flows. It may be
that large flow events are not required to instigate resource cycling to maintain system
integrity, rather smaller flow events targeted at connecting resource hotspots within the
landscape may be sufficient to maintain resource cycling through these landscapes (Thoms
and Sheldon 1997). The results of this study indicate that environmental flows should target
the re establishment of flows that inundate high level inset-floodplain surfaces (<25 000
MLD-1) along the Barwon-Darling River. While nutrient hotspots occur at the inset-floodplain
scale, the low predictability of their location over time in response to the stochastic process of
local sediment supply (Chapter 4) would make them relatively difficult to target with flow
management. As a consequence, targeting management actions at this scale may not be the
most effective option. Instead, management should be focussed on patches that form sources
of resources (high level inset-floodplains) to the river channel over longer timescales. By
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doing so, managers would not only enhance connections between the river and these source
areas of carbon, but would also reinstate flows of this magnitude which have been most
altered by changes to the rivers hydrology, promoting flow variability and ensuring the
maintenance of channel complexity in this system (Thoms and Sheldon 1997).

6.6

Conclusion

New approaches are required to progress our understanding of riverine landscapes (Thorp
et al. 2008). These approaches should recognise the importance of processes that operate
across a range of spatial and temporal scales (Ward 1998), and take a multidisciplinary
approach that acknowledges the linkages between the physical, chemical and biological
aspects of riverine landscapes (Thoms and Parsons 2002). This thesis employed a terrestrially
based hierarchical patch dynamics paradigm, and applied it in a riverine setting to investigate
floodplain sediment and nutrient dynamics, something which has not been previously
attempted. By doing so, a dynamic sediment textural patch mosaic was indentified that was
driven by the exchange of material throughout the landscape at several spatial and temporal
scales. In contrast to other studies, patterns of sediment texture appear to be most associated
with smaller scale bottom-up processes - a conclusion that could not have been drawn if a
hierarchical study design was not used. Nutrient dynamics however were co-controlled by
both bottom-up influences and several top-down constraints, reflecting not only changes to
the physical sediment template over time as a result of disturbance, but also external factors
such as vegetation distribution and microbial activity. Therefore, this study suggests that the
distribution of sediment texture and associated resources on floodplain surfaces are more
dynamic than previously thought. This has implications for the management of these
landscape patches in riverine landscapes.
Good science underpins good management (Cullen 1990). To be effective in conserving
riverine ecosystems, management actions have to be aimed at the correct scales (Parsons and
Thoms 2007). Within a management context, the correct identification of processes operating
at different scales will only increase the risk of wasting resources and failing to deliver
intended outcomes. Nutrient hotspots were identified at several scales in the Barwon-Darling
floodplain landscape. The low predictability of the location of nutrient hotspots at the insetfloodplain scale means that environmental flows should be targeted at high level surfaces that
provide long term sources of carbon to the river channel. Conserving flows of this magnitude
will also reinstate flow variability, an important facet of the Barwon-Darling River hydrology
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that has been changed by water resource development. The research presented in this thesis
highlights the importance of not only considering pattern and process at multiple scales, but
also the way in which these processes influence landscape patterns over time, leading to the
identification of the appropriate scales that can best be targeted for the conservation of these
systems.
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Appendix 1
The accumulation of organic matter and the influence of geomorphic variability along
the Barwon-Darling River, Australia.
Mark R. Southwell, John M.Foster, Erin Lenon, Martin C. Thoms
Cooperative Research Centre for Freshwater Ecology, University of Canberra, Australian Capital Territory
2601, Australia email: m.southwell@student.canberra.edu.au

Abstract
Organic matter, in its various forms, is thought to be important for the ecological functioning
of large lowland river systems. During periods of low flow, organic material accumulates on
the floodplain and other in-channel surfaces and this material then provides a potential energy
source for riverine food webs when it enters the river during flooding. Variations in the type
and amount of this organic material may therefore have implications for aquatic food webs in
Australian lowland river systems. In this paper we consider spatial variations in organic
matter content present on in-channel floodplain surfaces between different geomorphic
settings along the Barwon-Darling River. In general, floodplain surfaces in wider, unconfined
geomorphic settings were found to contain greater amounts of surface leaf litter and sediment
organic matter than surfaces in more confined geomorphic settings, at both the valley trough
scale (leaf litter-239.7g/m2 ~ 93% greater; sediment orgaincs-8.7% ~ 50% greater) and the
channel cross-section scale (leaf litter- 17.8% greater; sediment organics- 10.4% greater),
Across both valley trough and river channel conditions, floodplain surfaces higher in the
bankfull channel contained on average, twice the amount of surface leaf litter (350.1 g/m2
±64.2) and sediment organic matter (10.1% ±1.3), than surfaces at lower elevations (Leaf
litter-61.5g/m2 ±16.5; sediment organics-4.9% ±0.7). This study suggests that large scale
geomorphological conditions can influence organic matter accumulation on in-channel
floodplain surfaces. Overbank flows occur relatively infrequently in large lowland river
systems hence smaller in-channel pulses and the maintenance of in-channel geomorphic
structures could also prove important to the ecological integrity of these systems.
Key Words: geomorphology, floodplains, organic matter, Barwon-Darling River

Introduction
Lateral connections between the river and floodplain are thought to be important to the
ecological functioning in large floodplain river systems (Junk et al 1989). During flooding,
organic matter and carbon are exchanged between the river channel and floodplain and there
is an increase in primary production stimulated by the wetting of floodplain surfaces.
Collectively these processes are thought to be important for aquatic food webs within the
lowland rivers of Australia (Robertson et al. 1999). While connection to the greater floodplain
occurs relatively infrequently in Australian lowland rivers, inundation of in-channel surfaces,
such as benches or inset floodplains, occur more often. Indeed, large quantities of organic
material can be stored on these in-channel floodplain surfaces in the form of vegetation litter
and sediment organic matter (Thoms and Sheldon, 1997). The quantity of organic matter
stored on these surfaces can be influenced by, inter alia, riparian vegetation, accumulation or
burial of flood debris from upstream and in situ production. However, the physical character
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of rivers and their hydrology during periods of inundation can also influence the amount of
organic matter retained by floodplain river ecosystems (Thoms and Sheldon 1997). Previous
studies on the Barwon-Darling River have linked increased geomorphic complexity in the
channel cross section at smaller spatial scales, to increased organic matter retention in these
reaches (Thoms and Sheldon 1997). Within channel, horizontal features such as benches act
as ‘mini floodplains’, allowing the accumulation of organic matter during periods of low flow
(Francis and Sheldon 2002). Little is known however, of the influence of larger scale
geomorphology on organic matter retention and processing in these systems. The degree of
valley confinement may influence hydraulic conditions during flow events (Warner 1994).
The more confined or constricted the valley trough or floodplain boundary, the greater the
shear stress during a high flow event (Miller 1995), hence enhancing the potential for erosion
or removal of material (Thoms et al. 2000). Conversely, in a less confined flow path, the
potential for the retention of material may be greater. This study aims to quantify the amount
of organic litter and sediment organic matter on in-channel floodplain surfaces at a range of
geomorphic settings along a reach of the Barwon-Darling River, Australia.

Study area and methods
The Barwon-Darling River is a typical Australian large lowland river, characterised by
extensive floodplains and a highly variable and unpredictable hydrological regime (Thoms
and Sheldon 2000). The floodplains and channels of this system are controlled by longitudinal
variations in both valley width and bankfull channel confinement. Inset floodplain features or
‘benches’ are a dominant physical feature of the cross-sectional profiles of the BarwonDarling River (Thoms and Olley in press) and are important sites for the accumulation of
organic litter (Thoms and Sheldon, 1997).

N
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Fig. 1 The Barwon-Darling River Australia.

In this study organic litter and surface sediment samples were collected from three in-channel
bench surfaces located at various heights within the bankfull channel of the Barwon-Darling
River, Australia (Fig. 1). Bench surfaces were sampled within different channel zones (~20%
difference in bankfull width); a wider relatively unconfined channel zone and a narrower
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more confined channel zone. At a larger scale, these river channel zones were nested within
unconfined (30-35km wide) and confined (5-10km wide) valley settings. Grazing is the
dominant land use in both valley sections, although the riparian vegetation differs slightly,
with River Red Gum (Eucalyptus) and Tea Tree (Melaluca) being dominant in the relatively
unconfined valley setting while River Red Gum was more prominent in the relatively
confined valley setting.
Organic litter samples were gathered by collecting litter inside four 0.5m2 quadrats located
randomly on each bench surface. Samples were pooled and the total dry weight of the litter
measured prior to determining the proportion of the individual litter components. For this
paper information pertaining to these the individual litter components was not used. The
organic content of surficial sediments was also estimated from the loss on ignition (LOI) of 5
random samples taken from each bench. The texture of these samples was determined by
passing the sediment through a series of graded Wentworth sieves.

Results and Discussion
Surface organic litter was abundant on all floodplain surfaces and, across both channel and
valley trough conditions. The average amount of surface organic litter found on the floodplain
surfaces was 182 g/m2, ranging from 7 to 1021 g/m2 and was similar to that reported by
Thoms and Sheldon (1997). The organic litter consisted of leaves, bark, twigs, fruit and other
organic material (ie. excrement), with the dominant components by weight of this material
being fruit (35%) and leaves (30%).
Valley Trough Scale
Overall, in-channel bench surfaces located in the unconfined valley setting contained higher
levels of both surface organic litter (239.7g/m2 + 40.2) and sediment organic matter (8.7% +
1.0) in comparison to those within more confined valley settings (litter: 123g/m2 + 15.1,
sediment organic content: 5.8% + 0.9) (Fig. 2a, b). Sediment texture was similar in each
valley setting (Unconfined valley: sand content was 40.8% + 2.9, Confined valley: sand
content was 44.8% + 2.6)(Fig. 2c). Greater amounts of organic litter and sediment organic
matter recorded on bench surfaces in the unconfined reach may be the result of different
supply conditions and or the ability of these surfaces to retain this material. There was little
difference in the quantity of riparian vegetation between the two reaches hence the supply of
organic matter from allochthonous sources (Thoms and Sheldon 1997). Differences in inchannel stream energy conditions have been reported by Foster and Thoms (2002) between
broad and narrow floodplain sections of the River Murray, Australia and this may influence
the ability of channels in these different valley settings to retain organic matter. Here, Foster
and Thoms (2002) demonstrate river channel sections located in broader valley settings
experience lower shear stresses for similar flood events in comparison to those located in
more confined valley settings. It may then be expected that channels in broader valley settings
will retain more material and that this material may have a different quality to those found in
narrower valley settings. For the Barwon-Darling River any difference in energy conditions
between the two valley settings may manifest in finer sediment fractions rather than in sand
content alone, therefore a more detailed textural analysis may be required.
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a)

b)

c)

Fig. 2 a) Organic Litter on Floodplain Surfaces, b) Sediment Organic Matter content, and c) Sand content
of sediments
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a)

b)

c)

Fig. 3 a) Organic Litter, b) Sediment Organic Matter content, and c) Sand content of sediments on low
level (LL), Mid level (ML) and high level (HL) floodplain surfaces within the Barwon-Darling River
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Channel reach scale
In the broader valley trough, floodplain surface organic litter and sediment organic matter was
higher in the wide channel sections (Litter: 257.2 g/m2 + 51.5, sediment organics: 9.3% + 1.2)
when compared with their narrow counterparts (Litter; 222.1g/m2 + 63.0, sediment organics:
8.2% + 0.7) (Fig. 2a, b). As riparian vegetation is similar throughout this reach, higher
amounts of organic material in wide channel sections may be the result of lower energy
conditions during inundation when compared with narrow sections. Energy conditions will
greatly influence retention or removal of material on floodplain surfaces, however the sand
content of sediments is similar for the two channel conditions (wide channel: 40.8% + 4.2,
narrow channel: 40.8% + 4.1) (Fig. 2c). For the narrow floodplain section, floodplain surface
organic litter (wide channel: 134.8g/m2 + 23.1, narrow channel: 112.4g/m2 + 19.8) and
sediment organic matter (wide 6.1% + 0.8, narrow; 5.6% + 0.9) was similar in the two
channel conditions (Fig. 2a, b). Riparian vegetation is also similar throughout this reach,
although the river channel has a more uniform bankfull width when compared with the
broader floodplain section, which may result in more uniform energy conditions on floodplain
surfaces during inundation. This has obvious implications for retention and removal of
material.
Variations between bench surfaces
Across both valley and river channel settings, bench surfaces located at higher elevations
within the bankfull channel contained greater amounts of organic litter and sediment organic
matter (Higher level benches (HL)>Mid level benches (ML)> low level benches (LL)) (Fig.
3a, b). The sand content of bench sediment at lower elevations and closer to the river channel
followed a trend inverse to that of organic litter and sediment organic matter (LL>ML>HL)
(Fig. 3c). This result is similar to that found by (Brunet and Astin 1997) for nutrients (C & N)
and texture of sediments deposited by a single event on the floodplain of the River Adour,
France. Benches located at higher elevations within the channel in unconfined valley settings
had higher amounts of organic litter and sediment organic matter compared to those in the
confined valley trough. However, mid and lower level benches contained similar amounts of
organic litter and organic matter regardless of valley settings. Bench surfaces at lower levels
are situated deep in the channel, within a higher energy environment than those surfaces
located at higher elevations and further from the main flow path. In addition, flow pulses will
also disturb these surfaces more frequently hence a greater potential for the removal of
organic litter and finer sediments during inundation events. Mid level benches would be
expected to intermediate energy conditions and frequency of disturbances during flow pulses.
Surfaces that are higher in the river channel and closer to riparian vegetation, receive more
organic litter and are disturbed by inundation less often, hence they are more likely to retain
organic matter in their sediments.
Sediment Organic Matter and Organic Litter
Correlations between organic litter and sediment organic matter for all benches were not
significant (R2 <0.8) suggesting that sediment organic matter in these environments may not
originate from organic litter alone. For example, these surfaces may accumulate organic
material alternatively; such as through flood debris or may provide a suitable substrate and
light conditions for algal growth.
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Conclusion
The results of this study suggest that geomorphic complexity does influence the quantity of
organic matter on different in-channel surfaces along the Barwon-Darling River channel.
Higher levels of surface organic litter and sediment organic matter were found within wider
relatively unconfined valley troughs and channel reaches in comparison to narrower sections.
Furthermore, floodplain surfaces located at higher elevations in the river channel show greater
potential for the accumulation of organic matter, whether it be from riparian vegetation, flood
debris or insitu production. To what extent these spatial differences influence the importance
of within channel floodplain features as potential carbon sources to the riverine system is at
present unclear. However, on the whole, within channel floodplain surfaces do provide a
potential source of organic matter to the river channel that becomes available through
flooding more frequently than the greater floodplain.
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Appendix 2
A gradient or mosaic of patches? The textural character of inset–flood plain surfaces
along a dryland river system
MARK SOUTHWELL & MARTIN THOMS
Water Research Lab, Institute of Applied Ecology, University of Canberra,
Australia Central Territory 2601, Australia
m.southwell@student.canberra.edu.au

Abstract This paper investigated the textural character of surface sediments across a range of insetflood plain surfaces on the Barwon Darling River, Australia. Surface sediments ranged in size from
clay to coarse sand (-1φ - <4.75φ) but varied in composition between different inset-flood plain
surfaces. Multivariate entropy analysis detected five sediment classes based on the grain size
distributions of individual samples. River channel sediments were present in two of the entropy
classes, whereas the different inset-flood plain surfaces were present in four or more of the identified
entropy classes. A number of factors may be influencing the spatial distribution of sediment texture
across the inset-flood plain surfaces including: (1) decreasing energy gradients with increasing
elevation from the channel; (2) variable sediment supply conditions during flow events; and (3) local
sediment inputs. The resulting patterns found in the study area demonstrate there to be a mosaic of
sediment texture patches rather than a simple gradient of changing sediment texture with increasing
distance from the channel.
Keywords Barwon-Darling River System; entropy analysis; flood plain sediment patterns; grain-size distribution

INTRODUCTION
Flood plains are aquatic-terrestrial transition zones (ATTZs) (Naiman and Decamps
1990). Gradients of hydro-geomorphic character and ecological response are a key feature of
ATTZs, with transitional changes or gradients in the hydrological, physical, chemical and
ecological character of flood plains occurring from areas proximal to the river channel to
those in distal flood plain regions. Conceptual flood plain–river models such as The Flood
Pulse Concept of Junk et al. (1979) and The Riverine Productivity Model of Thorp & Delong
(1994) are founded upon structural and functional gradients within flood plain river
ecosystems. However, recent research describes flood plain-river ecosystems as dynamic
patch mosaics that are intermittently connected or disconnected as flow levels change
(Tockner et al. 2002; Thoms 2003). A patch is a surface area that differs from its
surroundings in nature or appearance and may be represented by its different morphological
features. Flood plain river patches may include the main river channel, levees, scroll swales,
oxbows and anabranch channels. Patches differ in size and quality; with their size being a
product of current and past geomorphic activity and their quality being measured in terms of
several factors including sediment texture, associated plant biomass, soil productivity or
nutrient status (Thoms 2003).
Sediment character influences a range of processes in flood plain river ecosystems.
Nutrients associated with fine-grained sediments, for example, play a significant role in
regulating productivity on flood plain systems (Brinson et al. 1983; Spink et al. 1998). During
inundation, flood plain sediments release dissolved organic carbon and nutrients from flood
plain surface sediments, making them potentially available, along with plant matter, to be
transported back into the main river channel (Thoms et al. 2005). In addition, the ecological
response to inundation is dependant, amongst other things, upon the spatial arrangement of
flood plain sediment character (Thoms 2003). Thus, knowledge of the nature of flood plain
sediments and their spatial arrangement is essential for an improved understanding of these
dynamic ecosystems (Naiman et al. 2005).
The textural character of flood plain sediment reflects both the supply of sediment from
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upstream sources (Marriot 1992; He and Walling 1998) and the delivery of that sediment to the
flood plain during inundation (Walling et al. 1997). Systematic changes in sediment texture
occur across flood plain surfaces, grading from relatively coarser material on levees proximal to
the river channel to relatively finer particles in distal areas (Pizzuto 1987; Asselman and
Middelkoop 1995). Local variations in flood plain topography and hydraulic processes can
disrupt this pattern resulting in a “patchy” distribution of sediment texture (Marriot 1992; He
and Walling 1998; Walling and He 1998; Walling et al. 1998). Existing studies of flood plain
sediment character have relied on the use of summary statistics such as mean grain size (D50),
skewness, kurtosis or individual fractions (e.g. <63 μm, percent sand) to determine their
conclusions (He & Walling, 1998; Walling & He 1998). The usefulness of such an approach to
describe the nature of the sediment textural environment has been questioned (Forrest and Clark
1989) because of the reliance on bivariate comparisons of one sediment characteristic against
distance from the main channel, or on correlations between two factors that may have a causal
relationship (Owens et al. 1999). Multivariate statistical techniques are standard in ecology
being useful for identifying patterns in complex data sets (Digby and Kempton 1987). Although
they have received limited use in geomorphology and flood plain sedimentology (see (Brown
1985; Walling et al. 1993) for exceptions), multivariate analyses have the potential to identify
areas of flood plain sediment with similar textural character. Thus multivariate statistical
techniques can accommodate the study of whether sediment gradients exist on flood plain
surfaces or whether different patterns of sediment character may emerge.
While inset-flood plains, also termed benches, occur along rivers both in Australia
(Woodyer, 1968) and overseas (Changxing, 1999), little information exists on their textural
character. This study investigates patterns of inset-flood plain sediment texture along the
Barwon-Darling River in SE Australia. It considers the influence of inset-flood plain
elevation, distance from the main channel, and the degree of channel confinement on
sediment texture in order to determine whether a gradient or a mosaic of inset-flood plain
sediment textural patches exists. Entropy analysis, a non-parametric multivariate analysis, is
employed to investigate the spatial arrangement of inset-flood plain sediment texture.
STUDY AREA AND METHODS
Large flood plains are a characteristic feature of Australian lowland rivers (Thoms and
Sheldon 2000). In addition to the extensive flood plains that border the main river channel,
rivers in semiarid regions display numerous smaller flood plain surfaces that are inset within a
broader river channel trough (Woodyer 1968). Inset-flood plain surfaces are a common
morphological feature along the Barwon-Darling River (Fig. 1(a)) and are located at a range
of elevations in the channel trough. For the purpose of this study, the inset-flood plain
surfaces along the Barwon-Darling River were placed into three categories—low level, mid
level and high level groups—based on inundation character following Woodyer (1968) (Fig.
1(b)). These surfaces have been formed by the contemporary flow regime of the river (Thoms
and Olley 2004), and store large quantities of nutrients and organic material which become
available to the river during inundation (Thoms and Sheldon 1997).
The study was conducted along two 10 km reaches of the river, one below the township
of Walgett and the other above the township of Bourke (Fig 1 (a)). Within each, inset-flood
plains were also categorized into unconfined and confined settings (~30% difference in
channel trough width). These settings allow for an investigation into the influence of
environmental confinement on the character of sediment texture. Forty-seven sediment
samples were collected from a number of low, mid and high level inset-flood plain surfaces
along both reaches. On each flood plain surface five replicate surface sediment samples were
randomly collected and then pooled to produce one representative sample per surface.
Samples were also collected from within the main low flow channel at the top, middle and
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bottom of the Bourke reach by taking three sub samples and pooling these at each location.
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Fig. 1 (a) Study location on the Barwon-Darling River, Australia. (b) Cross section of the channel trough showing
relative elevations of inset flood plain groups in the study area.

Sediments were oven dried at 50ºC and then disaggregated before being passed through a
series of graded Wentworth sieves, the data from which were used to calculate a series of
standard textural statistical measures as per the methods outlined in (Pettijohn 1949). These
data were then analysed using a multivariate statistical procedure—Entropy—as outlined in
(Forrest and Clark 1989), to identify groups of samples with similar sediment grain size
distributions.
RESULTS
Surface sediment on the river-bed and different inset-flood plain surfaces were dominated
by a range of sand and silt-clay mixtures. Median grain sizes (D50) ranged from 0.100 to 0.293
mm and overall D50 decreases slightly from the river channel (0.205 mm) to the uppermost
inset-flood plain surface (0.164 mm) (Fig. 2). Differences between the various surfaces were
not statistically significant (ANOVA: f = 1.77; d.f. = 3, 51; p > 0.05). Entropy analysis
successfully identified five distinct grain-size distribution groups (Fig. 3) and these accounted
for 71.8 % of the total variation between individual samples. Class 1 had a relatively fine
grain size distribution while Class 5 had the coarsest. The D50 for each of the five classes were
0.140 mm, 0.161 mm, 0.203 mm, 0.197 mm, 0.230 mm respectively and differences between
the individual entropy classes were significantly different in terms of their median grain size
(ANOVA, f = 19.32; d.f. = 4, 48; p<0.005).
The five entropy classes were distributed across most of the four inset-flood plain
surfaces in the study area (Fig. 4(a)). River channel sediments were found in two of the
entropy classes; the lower level inset-flood plain surfaces were found in all five classes; and
the mid and upper inset-flood plain surfaces were found in four classes (Fig. 4(a)). There was
no association between the sediment entropy class of a morphological unit and its planform
position, as has been identified by others e.g. (Walling et al. 1996). Entropy classes were
relatively evenly spread between straight reaches and those located on the inner or outer
section of a river bend (Fig. 4(b)).
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There was no statistical difference in sediment texture between the confined and
unconfined settings of the Barwon Darling River (ANOVA f=0.017; d.f. =1,51; p = 0.895).
Entropy analysis of the different confinement settings revealed six classes of sediment texture
for each setting and these accounted for 79.14% and 83.75% of the total variation in the
confined and unconfined settings respectively. The entropy classes in the confined settings
had median grain sizes ranging from 0.101 to 0.219 mm and differences between the mean
grain size of classes were statistically significant (ANOVA, f = 9.240; d.f. 5,22; p < 0.005).
River channel sediments were represented by three of the entropy classes whilst the different
inset-flood plain surfaces contained four classes (Fig 5(a)). By comparison the six entropy
classes in the unconfined channel settings had average median grain sizes ranging from 0.094
to 0.222 mm and differences in median grain size were also statistically significant (ANOVA
f = 12.57; d.f. 5,19; p< 0.005). River channel sediments were represented by one entropy
class; the low and medium inset-flood plain surfaces were represented by four classes; and the
upper inset-flood plain surfaces had three entropy classes (Fig 5(b)). Grain size distributions
of similar entropy classes between the different channel settings were similar in texture, as
confirmed by chi-square tests (Class 1 χ2(1) = 2.54, p > 0.05; Class 2 χ2 (1) = 3.84, p > 0.05;
Class 3 χ2 (1) = 7.4, p > 0.05; Class 4 χ2 (1) = 1.28, p > 0.05; Class 5 χ2 (1) = 9.92, p > 0.05;
Class 6 χ2 (1) = 10.32, p > 0.05). This suggests there are no significant differences in
sediment texture between the unconfined and confined settings for any of the entropy classes
observed.
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Fig 2. Box and whisker plot of Median grain size (D50) for the river channel and flood plain levels of the
Barwon-Darling River.
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Fig 3. Average grain size distributions for the 5 entropy classes found in the study
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Fig 4. Distribution of entropy classes relative to: (a) river channel and flood plain level
and (b) channel planform for sediment in the study area

Appendices

177

(a)

(b)
30
Sample number

Sample number

20
15
10
5

25

Class 1

20

Class 2

15

Class 3

10

Class 4
Class 5

5
0

0
Channel Low Level Mid Level High Level

Inner

Outer

Straight

Fig 5. Distribution of entropy classes across geomorphic units in: (a) confined channel settings and (b)
unconfined channel settings in the study area.

DISCUSSION
A multivariate approach to investigate patterns in inset-flood plain sediment texture
differs somewhat from the traditional approach to flood plain sediment studies, and offers
several advantages. First, a range of sediment variables can be analysed simultaneously,
which bypasses the necessity for a large number of individual analyses that compare one
variable against another. Second, consideration of a range of variables facilitates greater
interrogation of data, and provides increased scope to generate hypotheses. Third, multivariate
analyses elicit patterns and infer process in a quantitative rather than a qualitative manner.
Fourth, multivariate analyses allow investigation of scale-dependant relationships within a
large data set, and facilitate a hierarchical analysis sequence in which results from higher
scales are incorporated into the interpretation of patterns at smaller scales. For example,
whilst a range of sediment classes were identified in the study area and these may represent a
textural gradient at the individual inset-flood plain surface scale, at the broader reach scale a
mosaic of patches was inferred. We suggest the textural character of individual inset-flood
plain surfaces is embedded within the broader scale pattern of the location of the different
surfaces. Hence, multivariate statistical techniques are an extremely powerful analysis and
interpretation tool that can be used to complement traditional examinations of flood plain
sedimentation.
This study has shown there to be significant variations in sediment texture between
different inset-flood plain surfaces and between these and the main low flow channel.
Variations in sediment texture between different inset-flood plain surfaces along the BarwonDarling River have also been described by (Woodyer et al. 1979; Thoms and Olley 2004). In
this study, the five sediment textural classes were identified by entropy and these form a
gradient of sediment texture in terms of the median grain size of each class. However, this
gradient was not reflected spatially across the landscape. The spatial arrangement of insetflood plain surfaces results in a patchy distribution of sediment character across the channel
and different inset-flood plain surfaces. Thus, inset-flood plain elevation and distance from
the main channel appear to have a poor association with sediment texture and flow magnitude
may not be a dominant factor determining inset-flood plain sediment composition. This
contrasts to the studies of (Pizzuto 1987; Marriot 1992; Asselman and Middelkoop 1995),
amongst others, who have reported textural gradients, laterally, with distance from the main
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Fig. 6 The mosaic of sediment textural classes along the two reaches in the study area

A patch mosaic of sediment texture exists across the inset-flood plains of the BarwonDarling River (Fig. 6) reflecting several factors, including variable sediment supply, and local
scale sediment redistribution within the channel trough. The Barwon-Darling River is a
suspended load channel (Olley and Caitcheon 2000) characterized by high variability both
between and during individual flow events (Woodyer et al. 1979). This variability in the
sediment regime has been confirmed by Thoms & Olley (2005) who studied the stratigraphy
of various flood plain surfaces of the Barwon-Darling River. Here the presence of several
grading configurations were reported and interpreted to reflect spatial and temporal variations
in sediment supply during depositional events. Pulses of sediment with varying textural
composition are supplied to different flood plain surfaces thereby contributing to the patchy
distribution of sediment character. Patterns of inset-flood plain sediment character may also
be influenced by local conditions. Bank erosion is a feature of the Barwon-Darling River that
may influence the redistribution of sediments between inset-flood plain surfaces after
flooding events. Unconformities in the sediment record of a number of inset-flood plain
surfaces along the Barwon-Darling River were reported by Thoms & Olley (2004). These
were interpreted as periods of partial stripping, erosion and removal of sediment from these
surfaces. Thus, it appears that local erosion may not only provide a source of sediment for
deposition on inset-flood plain surfaces, but also cause the removal of material from surfaces,
potentially exposing sediment of different textural character.

CONCLUSION
This study revealed distinct sediment textural classes that showed a patchy distribution on
inset-flood plain surfaces and within the main channel of the Barwon-Darling River. While
these classes, determined by entropy analysis, could be placed on a gradient of fining median
grain size, this gradient was not expressed spatially, suggesting that a combination of factors
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including variable sediment supply and local redistribution of sediment may be influencing
sediment character in this system. The occurrence of a sediment textural patch mosaic may
well influence the distribution of nutrients and organics on inset-flood plain surfaces within
the study area. This may in turn give rise to hotspots of flood plain productivity that could be
targeted in the future management of this flood plain river system.
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