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Abstract
Floodplains are amongst the most productive and biodiverse ecosystems. The structure
and functioning of floodplains is controlled by the interaction of intermittent inundation
with the floodplain landscape. These interactions create highly complex and dynamic
ecosystems that are difficult to study at large scales. Consequently, most research of
floodplains has been conducted at small spatial and temporal scales. Inundation of
floodplains can extend over many square kilometres, however, which unifies the
floodplain landscape into an integrated ecosystem operating at the landscape scale. The
lack of data and poor understanding of the landscape-scale structure and functioning of
floodplains limits the possibility of managing floodplains sustainably as pressure for
exploitation of their resources increases.
This thesis quantifies the landscape-scale relationship between the frequency and
patterns of inundation, the composition and structure of the landscape, and the
functioning of the floodplain landscape in terms of the distribution and dynamics of
plant growth vigour over an area of approximately 376,000 ha on the Lower Balonne
Floodplain; highly biodiverse, semi-arid floodplain ecosystem that straddles the state
border between New South Wales and Queensland approximately 500 km inland from
the eastern coast of Australia. Mean annual rainfall at St.George, to the north of the
study area, is approximately 400–450 mm per year, and median annual evaporation is
approximately 2000 mm per year. Plants and animals on the floodplain are therefore
heavily dependent upon flooding for survival.
This project is based on the analysis of 13 Landsat Thematic Mapper satellite images
captured over a 10-year period during which land and water resource development
increased substantially. There is now concern that development activities have affected
the functioning of the floodplain to the detriment of the natural environment and
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agricultural productivity. The impacts from these activities on the functioning of the
floodplain are not yet known, however.
Inundation of the Lower Balonne Floodplain was mapped using a two-part process
involving a band ratio to identify deep clear water, and a change detection analysis to
identify areas of shallower inundation. This analysis shows that, in contrast with most
floodplains, the main flowpath of the Lower Balonne Floodplain runs along its central
axis away from river channels, which flow along the floodplain’s outer edges.
Inundation propagates from the centre of the floodplain out towards river channels as
flood discharge volumes increase.
Variations in the spatial pattern of inundated patches within the inundated extent create
distinctive aquatic habitat and connectivity conditions at different flow levels. These
can be described in terms of three connectivity phases: (I) Disconnected, in which
isolated patches of inundation occur at low flows and river channels are hydrologically
dislocated from the floodplain; (II) Interaction, where increased hydrological
connectivity between inundated patches, and between the floodplain and the river
channels at moderate flows, may enable significant exchange of materials, organisms
and energy; and (III) Integration, in which almost the entire floodplain landscape is
connected by open water during large magnitude floods.
There is an abrupt transition in inundation patterns as flows increase between 60,000
ML day-1 and 65,000 ML day-1 (ARI 2 to 2.3 years) in which inundation patterns
transform from being relatively disconnected into a highly integrated network of
patches. These patterns may have significant consequences for the structure and
functioning of the floodplain. Increases in flows across this small range may therefore
mark an important ecological flow threshold on this system. Water resource
development impacts have changed the relative frequency of flows on the Lower
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Balonne Floodplain, which will probably affect the sequence of connectivity phases
over time. The most likely impact of these changes will be to create a floodplain that is
drier overall than under natural flow conditions, and that has a smaller and wetter area
of high inundation frequency.
The relationship between inundation and the structure of the floodplain landscape was
examined by comparing a landcover map showing the distribution and character of 10
landcover types to the inundation frequency maps. Landcover types were mapped from
a multi-date Reference Image composite of seven images captured over a period of 10
years. The Reference Image improves landcover discrimination by at least 14% over
classification of a single-date image, and has an overall accuracy between 82.5% and
85% at the landscape-scale. The Reference Image shows that the landscape of the
Lower Balonne Floodplain is a highly fragmented mosaic of diverse landcover types
distributed in association with inundation frequency. Stratifying the floodplain into
zones of frequent and rare inundation shows that frequently inundated areas have a less
fragmented but less diverse landscape structure than rarely inundated areas. Assessment
of the functioning of each landcover types within the floodplain ecosystem, based on
landscape pattern metric analysis, indicates that the function of landcover types also
changes between inundation frequency zones. Most importantly, these changes include
a transformation of the matrix landcover type, which controls the character and
dynamics of the ecosystem overall, from Open Grassland to Coolibah Open Woodland
in the frequently inundated zone.
The landscape structure of the Lower Balonne Floodplain has been affected by
development impacts, which include clearing of native vegetation, isolation of parts of
the floodplain from natural inundation events by the construction of levee banks and
drainage channels, and grazing impacts. Changes to the inundation regime may also
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affect the structure of the floodplain landscape. Over the long term, these changes are
likely to create a larger area of Open Grassland and a smaller area of Coolibah Open
Woodland as the zone of frequent inundation becomes smaller and wetter.
To examine the functioning of the floodplain ecosystem, the inundation maps were
compared to remotely sensed indexes of plant growth vigour at the landscape and
landcover-type scales. The dynamics of plant growth vigour over time are influenced by
factors operating at the regional, landscape and patch scales. Evaporation is the major
control of growth vigour levels at the landscape scale, but each landcover type has a
distinctive pattern of growth vigour dynamics that is related to its composition and
location, and possibly its landscape structure. The association between the spatial
distribution of plant growth vigour and inundation frequency is non-linear, with the
highest growth vigour occurring where inundation occurs approximately once per year.
This indicates a subsidy-stress interaction with water in which plant growth vigour is
limited by soil anoxia in areas of frequent or long term inundation, and by drought
stress in rarely inundated areas.
A landscape-scale model of growth vigour dynamics, founded on the principles of
Hierarchical Patch Dynamics and Landscape Ecology, was created from growth vigour
measurements of each landcover type over time. This model was used to examine
possible impacts of development activities on the functioning of the floodplain
ecosystem. This model shows that the response of plant growth vigour development
activities can be complex and subtle, and include a change in mean long-term growth
vigour and an increased susceptibility to drought. The model also indicates that periods
of high growth vigour can occur in substantially altered floodplain ecosystems. The
model was also used to explore the levels of landcover change that might cause a
threshold change in the functioning of the ecosystem, which may substantially alter the
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disturbance-response characteristics of the floodplain ecosystem. The model indicates a
threshold change when the extent of Open Grassland is reduced by 30% of its extent in
1993, in which plant growth vigour response to disturbance is virtually inverted from
that observed in the images. The temporal variability of plant growth vigour levels
increases as the extent of Open Grassland is further reduced.
This thesis makes a number of important contributions to our understanding of
floodplain structure and functioning. It includes the development of new techniques
suited to studying large diverse and complex landscapes at the landscape scale from
satellite images, and provides quantitative data describing the links between the
structure of floodplain landscapes and their functioning at the landscape scale. This
work improves the understanding of floodplain ecosystems by integrating models of
floodplain structure and functioning, which have been developed largely from smallerscale studies of temperate and tropical floodplains, with landscape-scale measurements
of this semi-arid system. This thesis also has implications for the Lower Balonne
Floodplain by improving the level of information about this important ecosystem and
providing baseline data against which the condition of the floodplain can be assessed in
future.
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Chapter 1. Introduction

Chapter 1.

Introduction
1.1. THE NEED FOR THIS RESEARCH
Floodplains are formed by the complex interplay of intermittent inundation across the
landscape. Floodwater brings water, sediments, carbon and nutrients onto areas that are
usually terrestrial (Chauvet and Decamps, 1989; Dunne et al., 1998; Olive et al., 1995;
Robertson et al., 1997; Thorp and Delong, 1994). The physical force of flowing water
disturbs the landscape providing new opportunities for colonisation (Rosales et al.,
2001; Sparks and Spink, 1998), and widespread inundation enables aquatic organisms to
move from river channels onto the floodplain areas (Bodie and Semlitsch, 2000; King et
al., 2003). Floodplains perform many other important physical, chemical and biological
functions, including water quality modification (Robertson et al., 1997), and habitat
provision for terrestrial and aquatic animal species (Bodie and Semlitsch, 2000;
Kingsford et al., 1999b; Morton, 1990; Morton et al., 1995; Saint-Paul et al., 2000).
These characteristics make floodplains amongst the most complex, dynamic, productive
and biodiverse ecosystems (Junk et al., 1989; Junk and Piedade, 1993; Ward, 1998a;
Ward et al., 1999).
The ability to preserve and manage floodplains is limited by our poor understanding of
two key aspects of their structure and functioning. First, the structure and functioning
of floodplains at the landscape scale. During inundation, open water can extend over
many square kilometres (Hamilton et al., 2002; Mertes et al., 1995; Roshier et al.,
2001) creating an integrated, unified and functional floodplain ecosystem at the
landscape scale (Forman, 1995a; Ward et al., 2002a; Ward and Stanford, 1995a).
1

Chapter 1. Introduction
Little is known about the structure and functioning ecosystems in general (Bunn et al.,
2000; Noss, 1996), but the landscape-scale structure and functioning of floodplain
ecosystems is especially poorly known (Jungwirth et al., 2002). This is primarily due to
the limitations of conventional point-sample research techniques for studying diverse
and dynamic ecosystems over large areas. The landscape-scale is an inherent scale of
operation for many floodplain ecosystems, and the poor understanding of their
landscape-scale characteristics represents a gap in our understanding of floodplain
ecosystems overall.
The second key aspect is the affect of human resource use activities on the functioning
of floodplain ecosystems. Fertile soils and close integration with water resources makes
floodplains valuable bases for agriculture (Malanson, 1993; Smith, 1998). In contrast to
natural influences, which are integral to the functioning of healthy floodplains, human
resource use activities can damage floodplain ecosystems (Kingsford, 2000) and
undermine the functions that support high productivity and biodiversity (Rapport, 1999;
With and Crist, 1995). The impact of resource use activities on the functioning of
floodplain ecosystems can be difficult to determine, however, because floodplains are
structurally complex, highly variable over time, and functional relationships between
components of floodplain ecosystems are poorly understood (Sheldon et al., 2002).
Satellite remote sensing now enables quantitative data to be objectively measured from
ecosystems at the landscape-scale. The use of satellite images to measure structures and
processes on floodplains at the landscape scale is in its relative infancy, however, and
there are many opportunities to develop image processing and analysis techniques
suitable for floodplain research (Mertes, 2002). In particular, there has been little
analysis of the links between patterns in floodplain landscapes and processes operating
within floodplain ecosystems at the landscape scale (Ward et al., 2002b; Wiens, 2002).
2
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This lack of information is particularly acute for floodplains in semi-arid regions
(Thoms and Sheldon, 2000), which are underrepresented in the literature relative to the
temperate and tropical floodplains in the USA, South America and Europe that have
been the focus of most floodplain research (Tockner et al., 2000). Floodplains are vital
components of many semi-arid ecosystems, however, providing refuge for native
animal populations (Morton, 1990; Morton et al., 1995) and supporting productive
agricultural activities in otherwise harsh environments (Stafford-Smith et al., 2000).
This thesis uses satellite remote sensing to quantify the landscape-scale association
between the structure and functioning of a large semi-arid floodplain ecosystem in
southern Queensland, Australia. Satellite images are used to describe the composition
and structure of the floodplain landscape, spatial and temporal patterns of inundation,
and the distribution and dynamics of plant growth vigour over a study area of
approximately 376,000 ha. This thesis addresses ecological issues relating to the links
between the structure and functioning of floodplains at the landscape-scale, and also
technical issues regarding the mapping and measurement of landscape-scale
characteristics of floodplains from satellite images.

1.2. THE FOCUS OF THIS THESIS
This research focuses on the Lower Balonne Floodplain in southern Queensland,
Australia. The Lower Balonne Floodplain is typical of floodplains in the Murray
Darling Basin, which are characterised by their large size, and diverse and dynamic
landscapes associated with patterns of inundation that are highly variable in space and
time (Thoms, 2003). The Lower Balonne Floodplain lies in a very flat semi-arid
landscape, and experiences climatic and hydrological conditions very different from
those of temperate and tropical floodplains that dominate the literature (Junk et al.,
1989; Malanson, 1993).
3
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Over the last 10 years, resource developments including flow alterations, land clearing,
levee bank construction and the conversion of large areas of native vegetation to
irrigated cropping have transformed the Lower Balonne Floodplain from a largely
natural system to one that now contains Australia’s largest privately owned irrigation
farm. Accordingly, this floodplain provides the opportunity to examine a range of
questions regarding the association between flows, landscape structure, land use
activities and ecosystem functioning of floodplains in Australia’s semi-arid regions.

1.2.1. Aims and objectives
The aim of this thesis is:
To quantify the association between the structure of a large semi arid floodplain and its
functioning in terms of its hydrology and the distribution and dynamics of plant
productivity at the landscape scale.
Six objectives will be investigated to address this aim (Table 1).
Table 1. Objectives and research questions addressed in this thesis
Objective
1

2

3

Research question

Map inundation at a range of flow

How are zones of different inundation frequency

levels

distributed across the floodplain?

Measure inundation patterns at a

Does hydrological connectivity change between

range of flow levels

floods of different magnitude?

Map the character and distribution

Is there an association between inundation frequency

of landcover types

and the distribution and character of landcover types
at the landscape scale?

4

5

Measure the structure of the

Does floodplain landscape structure differ between

terrestrial floodplain landscape

areas of different inundation frequency and if so how?

Measure the distribution of plant

Does long-term plant productivity differ between

productivity levels across the

zones of different inundation frequency?

floodplain
6

Measure the dynamics of plant

Do changes in climate, river flows and land use

productivity over time

activities influence plant productivity levels over time
and if so how?
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1.2.2. Précis
This thesis consists of eight Chapters. Chapter 2 reviews the knowledge about
floodplain ecosystems at the landscape scale. It presents a definition of floodplains as
landscape-scale ecosystems, reviews key conceptual models in river-floodplain ecology,
and describes why and how floodplains should be studied at the landscape scale.
Chapter 3 is a description the Lower Balonne Floodplain, the study area for this thesis.
This Chapter includes descriptions of the climate, hydrology, topography, and landcover
of the system, as well as fauna and land use characteristics.
Chapter 4 describes the satellite imagery used in this analysis, including the river flow
characteristics prior to image capture and the methods used to calibrate images for the
purposes of change detection.
Chapters 5, 6 and 7, each describe one of the subprojects conducted in this study that
comprise the major work of this thesis. These Chapters include an introduction, a
description of specific methods used in each analysis, and the results and implications
of the work. The distribution and dynamics of inundation are examined in Chapter 5.
This Chapter models the relationship between river flows and the extent of inundation
on the Lower Balonne Floodplain, and quantifies spatial patterns within the extent of
inundation at a range of flow levels. The discussion focuses on the association between
flows and inundation patterns, and the possible consequences of different connectivity
conditions for the functioning of the floodplain ecosystem.
Chapter 6 describes the distribution and character of landcover types, and the landscapestructure of the floodplain. This Chapter describes an image integration technique
useful for mapping landcover characteristics on highly variable landscapes, and
examines its utility and accuracy. Results from Chapter 5 are then used to examine the
5
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relationship between inundation frequency and floodplain landscape structure.
Chapter 7 examines the functioning of floodplain ecosystems in terms of the landscapescale patterns and dynamics of plant growth vigour. This Chapter uses data from
Chapters 5 and 6 to quantify the landscape-scale association between plant growth
vigour and inundation frequency, then examines the dynamics of plant growth vigour in
relation to climate, inundation and the landcover characteristics of the floodplain. A
model of landscape-scale growth vigour dynamics is then used to explore possible
impacts from land-use activities on the functioning of floodplain ecosystems.
The major findings of this thesis are discussed in Chapter 8, which describes the
implications of this research, lists the major achievements, and makes recommendations
for future analyses.
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Chapter 2.

The structure and functioning
of floodplains
2.1. WHAT ARE FLOODPLAINS?
In broad terms, floodplains can be defined as areas that are periodically inundated
during flooding (Junk et al., 1989). Floodplains are the largest scale of intermittently
inundated ecosystem, which includes wetlands, the riparian zone of vegetation fringing
streams, and littoral communities at the land/water interface (Walker, 1993). As such,
floodplains can have highly diverse and complex landscapes that include a wide range
of landcover types and fluvial landforms including wetlands, flood dependant forests
and rarely inundated sand dunes (Pressey and Harris, 1988). Their diversity,
complexity and variability makes floodplains difficult to define as functional
ecosystems in a precise and widely applicable way (Nanson and Croke, 1992), but many
studies have viewed floodplains in terms of their inundation, geomorphology or
vegetation characteristics.

2.1.1. Inundation
Intermittent inundation is one of the most universally recognisable characteristics of
floodplains. Inundation of the formerly terrestrial landscape changes the connection
interface between the floodplain and river channel, making the floodplain more
integrated with the aquatic ecosystem during flooding and more terrestrial during nonflood periods (Junk et al., 1989; Ward and Stanford, 1995a; Ward et al., 1999).
Floodplains have therefore been described as a transition zone or ecotone between
aquatic and terrestrial ecosystems (Malanson, 1993). The intermittent transition from
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terrestrial to aquatic ecosystem functioning is regarded as a key reason for the high
biodiversity and productivity of floodplain ecosystems (Amoros and Bornette, 2002;
Ward et al., 1999).
Many studies have used inundation conditions to define areas of floodplain from the
strictly terrestrial ecosystem, usually based on the distribution of inundation at a
particular interval, such as the 1 in 100 year flood event (Breen, 1989), or to stratify
floodplains into process zones based on inundation frequency where different structures
and functions may occur (Chauvet and Decamps, 1989; Ogden and Thoms, 2002).
Difficulties in measuring inundation patterns over large areas, however, have led to
inundation patterns in many studies being estimated from measurements of river flow
(Hughes and Cass, 1997; references cited in Puckridge et al., 1998). But the
relationship between river flows and inundation patterns can be highly variable,
especially where flows are highly intermittent or variable over time (Hamilton et al.,
2002). Flows in Australia’s inland river systems, for instance, are amongst the most
highly variable in the world (Finlayson and McMahon, 1988), and the extreme flatness
of the landscape provides little topographic control of the distribution of floodwater
(Pickup, 1991). Reliable long-term records of inundation patterns in these areas are also
rare (Smith, 1998) and the frequency and distribution of inundation on most floodplains
in dryland regions is poorly known.

2.1.2. Geomorphology
Floodplains are a sediment exchange interface between terrestrial and aquatic
environments. Floodplains typically have flat surfaces and consist of nutrient-rich
alluvial soils deposited from floodwater during inundation (Nanson and Croke, 1992;
Pickup, 1991; Smith, 1998). Sediments deposited on floodplains supply nutrients
(Maridet et al., 1997; Robertson et al., 1997) and create the substrate in which plants
8
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become established (Bornette et al., 2001). Differences in sediment conditions can
therefore control the distribution and character of vegetation communities on
floodplains. The movement of sediment can also influence the rate and character of
processes operating on floodplains (Swanson et al., 1988). In addition, floodplains can
be delineated from the terrestrial ecosystem based on the extent of alluvium deposited
by flooding, or topographic features created by geomorphic events, such as the valley
edge, (Knighton, 1992; Maridet et al., 1997).
The movement of floodwater and sediment across floodplains is highly complex and
variable over time. As the velocity and stage height of floodwater increases they erode
susceptible parts of the bed and banks. Flows exceeding bank-full height spill out onto
the floodplain, flow velocity decreases and sediments may be deposited on to the
floodplain surface. The type of material deposited at any point on the floodplain
depends on the size of the particles, the velocity of flow and the sediment load of the
flood water (Hooke and Rohrer, 1979). Smaller, light-weight particles are more likely
to remain entrained within the flowing water than larger heavier ones. As flood waters
spread out across the floodplain and begin to decelerate, the larger particles are typically
deposited close to the channel and smaller particles further away from the channel.
Levees may be created by the deposition of coarse material close to the channel. Largescale erosion tends to occur during large flood events in which large sediment loads can
be held in suspension in the fast-flowing water, but erosion may also occur during
smaller floods where sediment loads in the floodwaters are low. As floodwaters recede,
sediment may be deposited into areas that were scoured during peak flooding.
The movement of meandering streams can also extensively re-work the floodplain
surface. Deposition of sediments on the inside of river bends and erosion on the outer
edge creates bars and causes channels to migrate outwards and down the valley
9
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(Nanson and Croke, 1992). Individual floods may erode or deposit sediment depending
on their flow magnitude and sediment content. Over the long term, floodplains tend to
store sediment and there is a balance between erosion and deposition (Pickup, 1991).
The combination of erosion and deposition from floods of differing magnitudes and reworking of the floodplain surface by meandering streams, however, can create highly
complex landscapes that change substantially over time.

2.1.3. Vegetation
Floodplains often support distinctive vegetation species adapted to periodic
waterlogging and/or the occurrence of alluvial soils (Blom et al., 1990; Friedel et al.,
1993; Losch and Busch, 2000). Their dependence upon specific inundation and soil
conditions restricts the distribution of many plant species (Roberts and Marston, 2000)
and the distribution of plant species can therefore be used to identify zones of differing
inundation conditions across floodplains (Chesterfield, 1986).
The vegetation composition of a floodplain has a major influence on the structure and
functioning of the floodplain ecosystem. Vegetation controls the character of
ecosystems by providing habitat for animals and forming the basis of the food web
(Briggs and Thornton, 1999; Graetz, 1990; Harper et al., 1997). As the primary trophic
layer, vegetation also determines the character of all other biological components of the
ecosystem (Graetz, 1990). The distribution and productivity of floodplain plants
controls the distribution, abundance and diversity of animal species (Morton, 1990;
Zaletaev, 1997) and the flows of material and energy within floodplains (Forman,
1995b) and between the floodplain and rivers (Spink et al., 1998). In addition, the cycle
of water, carbon and nutrient assimilation during growth and release during senescence
controls the distribution of water and nutrients across floodplains, their quality for use
by other organisms, and their availability over time to both the aquatic and terrestrial
10
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ecosystems (Schulze, 1982; van Oorschot et al., 1998). The significance of vegetation
characteristics to floodplain ecosystems is so great that the assessment of vegetation
patterns has been recommended as a surrogate for the overall functioning of floodplain
ecosystems (Gregory et al., 1991).

2.1.4. Floodplain landscapes
The interaction between hydrology, soils and vegetation creates the physical template in
which functional processes occur on floodplains. This interaction is highly complex in
space and time, but is driven largely by the spatial and temporal patterns of inundation
(Junk et al., 1989). By connecting parts of the landscape to one another with water,
moving sediments and creating a range of habitat types over many square kilometres,
inundation creates a floodplain ecosystem that operates at the landscape scale (Ward et
al., 2002a; Ward and Stanford, 1995a). Human management of floodplains also occurs
at the landscape-scale (Forman, 1995b). Rather than being arbitrary, the landscapescale is integral to the structure and functioning of many floodplain ecosystems.
It is often difficult to translate results from one scale to another because observations are
scale-dependent (O'Neill et al., 1989; Wiens, 1989) and structures and processes
observed at one scale may not be important or predictive at another (Turner et al.,
1989). Landscape-scale analyses of the structure and functioning of floodplains are
therefore vital for developing our understanding of floodplain ecosystems and to
improve the capability to manage them sustainably.

2.2. STUDYING FLOODPLAINS AT THE LANDSCAPE-SCALE
Despite the importance of the landscape-scale, most floodplains have been studied over
small areas up to a few hectares or square kilometres (Chauvet and Decamps, 1989;
Harper et al., 1997; Hughes and Cass, 1997; Large and Petts, 1996; Pautou et al., 1997),
11
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or on small areas of larger floodplains (Brown, 1997; Cellot et al., 1994; Megonigal et
al., 1997; Segerstrom, 1997). Nachtnebel (1995), for instance, described the spatial
variability in the fluvial ecosystems of the entire Austrian section of the Danube based
on a study of two sites that differed in their groundwater conditions.
The predominance of small-scale studies is primarily due to the limitations of
conventional research techniques that involve sampling at selected sites and
interpolating conditions between sampling sites. These methods are unsuitable for
analysing large, diverse and dynamic ecosystems for several reasons including that the
location of sampling sites is limited to areas that are relatively easy to access, they are
time consuming making the collection of repeat measurements expensive, and they
introduce dependencies among the observations, which influences assumptions about
conditions between sampling sites (Avois et al., 2000).

2.2.1. A hierarchy of scales for floodplain studies
In addition to the complexity and variability of floodplain ecosystems, landscape-scale
studies of floodplains must also account for issues associated with viewing the
ecosystem at large scales. The effect of observing complex systems at different scales
is described in Hierarchical Patch Dynamics (HPD, Wu and Loucks, 1995). HPD
integrates concepts from patch dynamics (Pickett and White, 1985) and hierarchy theory
(Allen and Starr, 1982). Patch dynamics describes the influence of patterns in the
landscape on ecosystem functioning. Hierarchy theory is founded in observations that
complex systems are often hierarchically structured and have some common properties
that are independent of their specific content (Simon, 1962; Wu and Loucks, 1995).
HPD integrates these concepts to describe the effect of the scale of observation on the
structures (the character and distribution of energy, materials and organisms, Forman,
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1995a) and functions (the flows of energy and materials in food chains and cycles,
Forman, 1995a) that are observed.
HPD explains the dynamic variability that is typical of many ecosystems in terms of
interactions between processes and structures operating at different levels in a hierarchy
of scales (Wu and David, 2002). One of the central concepts in HPD is constraint. This
concept describes the behaviour of ecological systems at the focal scale, (often denoted
L, Bissonette, 1997) as being created by the potential behaviours of components at
lower levels in the hierarchy (L-1) , and constrained within the environmental
constraints imposed by higher levels (L+1, O'Neill et al., 1989; Wu and Loucks, 1995).
Process rates become increasingly slower as the scale of observation increases. The
exact nature of the links between landscape patterns and ecosystem functioning are
unclear (Li and Wu, 2004). However, HPD provides a useful framework for exploring
the scale dependent association between patterns and processes in complex ecosystems
(O'Neill et al., 1989; Urban et al., 1987).
A range of methods can be used to define the hierarchical levels into which ecosystem
structures and processes can be stratified for study. Levels can be identified by (1) the
spatial hierarchy of patches relevant to the process of interest, (2) observations of
processes operating at the focal level, or (3) the known links between patterns and
processes operating at different scales and the objectives of the study (Wu and David,
2002). Ultimately, however, the hierarchical structure is conceived by the researchers
based on the objectives of the study (Aronson and Le Floc'h, 1996).
The objectives of this study focus on measuring the links between the structure and
functioning of floodplain ecosystems at the landscape-scale, which is consequently the
focal scale of this thesis. The floodplain landscape is a composite of patches of
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different landcover types, and structures and processes operating within it are strongly
influenced by the semi-arid character of the climate in this region. Thus, the hierarchy
of scales in this study includes patch, landscape and region levels (Table 2).
Table 2. Hierarchical scales related to the landscape-scale characteristics of floodplains (adapted
from Forman, 1995a; 1995b; Ward, 1998a; Ward et al., 2002a; Ward et al., 2002b).

Level
Region

Area
(km2)
> 103

Defining characteristics
•

(L+1)
•

Common microclimate and

Importance for floodplains
•

Climate determines rainfall,

sphere of human activity

runoff and evaporation

May be internally

conditions, which controls the

heterogeneous and contain a

distribution and character of

non-repetitive, high contrast

landforms and landcover

and coarse grained pattern of

types

landscapes
Landscape
(L)

101 –

•

3

10

•

•

Mosaic of local ecosystems or

•

Floodwater may connect

land uses repeated in similar

landforms and landcover

form

types at this scale, unifying

Repeated features include soil

them into a functional

and vegetation types and

ecosystem that operates at

disturbance regimes

the landscape-scale

Ecological unity throughout its

•

Management of floodplains
occurs at the landscape-

area

scale
Patch

100 - 101

•

(L-1)

•

Relatively homogeneous, non-

•

Patch composition and

linear area that differs from its

arrangement determines the

surroundings

character, flow and dynamics

Internal micro-heterogeneity

of species, energy and

repeated throughout

material within the landscape

2.2.2. Remote Sensing
The cheapest and most effective way to measure the characteristics of ecosystems at the
landscape scale is by satellite remote sensing (Lillesand and Kiefer, 1994). Remote
sensing is the acquisition of information about the condition and/or the state of a target
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by a sensor that is not in direct physical contact with the target (Asrar, 1989). The
physical basis of remote sensing research is that the size, shape, colour, structure and
chemical composition of different objects determines the pattern of electromagnetic
energy that is absorbed, reflected or emitted from it (Asrar, 1989). Thus, the
electromagnetic spectrum measured from the land surface can be interpreted in terms of
the condition or state of the target object.
Aerial photography is the oldest form of remote sensing of the earth’s surface, and is
still widely used because of its ability to capture images at fine spatial resolution.
Photographic products contain a limited amount of spectral information, however,
which limits the capability to identify and differentiate features on the land surface.
Much more information is provided by digital remote sensing systems, which measure
the amount of electromagnetic energy reflected and/or emitted from a target in discrete
wavelength bands (Asrar, 1989). In addition, digital remote sensing data is spatially
discrete and readily integrated into computer-based processing and data-storage
systems, and is therefore highly suited to multi-scale analysis.

2.2.2.1. Digital remote sensing systems
Imagery is commercially available from a wide range of sensors, each with a unique
combination of spatial resolution (the size of image pixels and the size of the image
swath), spectral resolution (the number and width of spectral bands), temporal
resolution (the frequency at which images of the same part of the earth can be captured)
and the cost of images. Each system is therefore best suited to particular applications
(Table 3).
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Table 3. The characteristics of some commercially available remote sensing systems
Platform
Aircraft

Sensor
Compact Airborne

Launch
date
1989

Pixel size
(minimum)
<1 m

Spectrographic

Swath
width
<1480

No. Bands
288

pixels

Spectrum
0.4-10.5

Repeat
rate
To order

nm

2000). Water quality monitoring (Althius, 1998;

Imager (CASI) 3
NOAA-17

Advanced Very

Applications
Canopy chlorophyll mapping (Sampson et al.,
Ammenberg et al., 2002)

June 02

1.1 km

2400 km

6

Vis-TIR

12 hours

Plant growth vigour at regional to global

High Resolution

scales (Di et al., 1994; Duchemin et al., 1999;

Radiometer

Foody and Curran, 1993; Kogan, 1990;

(AVHRR)

Tucker et al., 1986; Tucker and Sellers, 1986;
Waring and Running, 1998); Large-scale
inundation (Puckridge et al., 2000; Roshier et
al., 2001); Greenhouse impacts on global
weather and productivity cycles (Defries and
Roerink et al., 2003)

Terra

Moderate

Dec 99

Resolution

250-

2330 km

36

Vis-NIR

2 days

1000m

Vegetation phenology (Zhang et al., 2003);
canopy architecture (Scholes et al., 2004);

Imaging

Global landcover mapping (Friedl et al., 2002)

Spectroradiometer
(MODIS)
SPOT 4

High Resolution

May 02

2.5 m

60 km

5

Vis-NIR

pan; 20 m

Visible (HRV)

1-26 days

Forest fragmentation (Coops et al., 2004);

(pointable)

Urban mapping (Abed and Kaysi, 2003);

SWIR
Landsat

Multi-Spectral
Scanner (MSS)

July 72

80 m

Vegetation classification (Clark et al., 2001)
2
185 km

4

Vis-NIR

16 days

Floodplain inundation (Robinove, 1978);
landcover classification (Alvarez et al., 2003)

Continued next page…
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Belward, 2000; Foody and Curran, 1993;
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Table 3 continued.
Platform
Landsat

Sensor
Thematic

Launch
date
Apr 99

Pixel size
(min)
15m pan;

Swath
width
185 km

No. Bands
9

Vis-Thermal

Repeat
rate
16 days

IR

30m vis-NIR,

Mapper (TM)

Spectrum

Applications
Flood boundary delineation (Wang, 2004);
Inundation/flow modelling (Frazier et al., 2003;

60 m TIR.

Overton et al., 1999; Sims and Thoms, 2002);
suspended sediment estimation (Mertes et al.,
1993); floodplain habitat mapping (Novo et al.,
1997); floodplain vegetation change (Overton et
al., 1996; Townsend, 2001); wetlands mapping
and monitoring (Johnston and Barson, 1993;
Sader et al., 1995); plant productivity
assessment (Coops et al., 2001; Sparrow et al.,
1997; Williamson and Eldridge, 1993);
landcover classification (Filho and Paradella,
2002)

Synthetic

Sensing Satellite (ERS)

Aperture Radar

Apr 95

30 m

100 km

(nominal)

1

C-band

1-24 days

Wetland forest structure(Townsend, 2002);

polarisation

radar

(pointable)

landcover mapping (Le Hegarat-Mascle et al.,

(SAR)

2000); Inundation mapping (Kasischke et al.,
2003; Townsend and Walsh, 1998)

Radarsat 1

SAR

Nov 95

8-100 m

50 -

4

C-band

500 km

polarisations

radar

35 days

Soil moisture mapping (Sahebi et al., 2003);
river-ice classification (Weber et al., 2003);
flood mapping (Liu et al., 2002); vegetation
monitoring (Al-Sultan et al., 2000)

Earth Observing 1 (EO-1)
Quickbird

Hyperion

Nov 2000

30m

7.5 km

220

Vis-Mid IR

To order

Plant disease detection (Apan et al., 2004)

Oct 01

0.61m pan;

16.5

5

Vis-NIR

1-3.5 days

Tropical forest monitoring (Clark et al., 2004);

2.4-2.8m vis-

km

(pointable)

land and water cover mapping (Sawaya et al.,

NIR

2003)
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Airborne sensors such as the hyperspectral Compact Airborne Spectrographic Imager
(CASI) can capture imagery at sub-metre pixel resolution, but their application to
landscape-scale studies is limited because of the relative expense of images, the small
scene size and the large volumes of data that result from capturing imagery over large
areas. Satellite-based remote sensing systems are ideally suited to landscape-scale
analyses. Satellite imagery can be acquired relatively cheaply and the high altitude and
stability of the sensor gives satellite images a larger field of view and lower levels of
geometric distortion than airborne sensors (Lillesand and Kiefer, 1994).
The NOAA Advanced Very High Resolution Radiometer (AVHRR) and Moderate
Resolution Imaging Spectroradiometer (MODIS) have a large pixel size and swath
width, which makes them highly suited to large-scale analyses. These satellites also
have a high temporal resolution, passing over most parts of the globe at least once per
day, which makes them highly suited to mapping inundation patterns in dynamic
systems at whole river-system to continental scales (Puckridge et al., 2000; Roshier et
al., 2001). Their application in smaller scale analyses is limited, however, by their
relatively large pixel size.
Radar sensors including ERS-2 and Radarsat are ‘active’ and measure the return of a
radio frequency signal transmitted by the instrument itself following its reflection from
the land surface (Asrar, 1989). An advantage of radar remote sensing is that it
potentially enables inundation to be mapped beneath cloud cover or vegetation canopies
(Mertes, 2002). Radar remote sensing of floodplains has consequently been used most
commonly in tropical areas where the landscape is often obscured by clouds (Filho and
Paradella, 2002; Hamilton et al., 2002; Rosenqvist et al., 2002). Despite their potential
advantages, the range of applications of radar remote sensing is limited because there
are currently only two radar sensors collecting data globally (ERS-2 and Radarsat),
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they have a long duration between repeat overpass (35 and 24 days respectively), they
do not collect data continuously but capture images to order, and images are relatively
expensive compared to other remote sensing systems. In addition, C-band radar
sensors, such as on Radarsat and ERS, have a limited ability to penetrate dense forest
canopies (Wang et al., 2002), which reduces their advantages over other remote sensing
systems.
The sensors most widely used in floodplain studies are ‘passive’ optical sensors, which
measure the spectral characteristics of sunlight reflected from the earth’s surface in the
visible and infra-red wavelengths (Asrar, 1989). Multi-spectral optical sensors such as
are on the Landsat and SPOT satellites are highly suited to landscape scale studies
because of their moderate spatial, spectral and temporal resolution, and they have been
used in a wide range of landscape-scale studies (Table 3). The limitations of these
sensors include that they have broad spectral bands, which can limit the ability to
discriminate between subtly different landcover types, and the acquisition of useful
images of the land surface is restricted to periods of low cloud cover. The potential of
optical remote sensing for landscape-scale analyses of floodplains is considerable,
however. Landsat TM in particular has the longest archive of compatible historical data
of any land-surface remote sensing satellite, making it highly suited to change detection
studies, and images are cheaper than other similar sensors (Wang, 2004).
Landsat TM has been used to map and monitor wetland inundation patterns (Johnston
and Barson, 1990; Munyati, 2000; Wang, 2004; Wang and Day, 1993) measure plant
productivity in response to wetting (Riera et al., 1998; Turner et al., 1999), map the
character and distribution of aquatic and terrestrial habitats on floodplains (Novo et al.,
1997) and estimate the suspended sediment concentration in floodwaters (Mertes et al.,
1993). These analyses have each had unique objectives, and used a unique
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combination of image bands and image processing methods, but all have concluded that
Landsat TM is highly suitable for mapping intermittently inundated landscapes under
the appropriate conditions.
In addition to the development of advanced sensors, image processing techniques have
also improved in recent years. Early analysis techniques were based largely on visual
interpretation of photographic image products (Robinove, 1978; Tucker, 1979). While
some recent studies have also been based on visual interpretation of image data (Novo
et al., 1997), more advanced techniques have been developed that incorporate a greater
understanding of the characteristics of remotely sensed images and increased
computational power to identify features shown in images in a more objective and
automated way (Mertes, 2002). A wide range of image processing techniques can be
successfully used to examine remotely sensed imagery, but the effectiveness of any
technique is dependent on the characteristics of the imagery, the landscape being
examined and the process being observed.

2.3. KEY ISSUES IN THE LANDSCAPE-SCALE ASSESSMENT OF
FLOODPLAINS
Floodplains are amongst the most challenging landscapes to examine using satellite
images. Inundation can change the appearance of the floodplain surface and create a
false impression of its structure by reducing the spectral separation between landcover
types, or artificially separating one landcover type into two or more spectral groups
(Galvao and Vitorello, 1997; Muller and James, 1994). Spectral and spatial variations
in the brightness of the soil background can also introduce significant errors in
inundation maps (Pearce, 1995; Robinove, 1978) and landcover classifications (Galvao
and Vitorello, 1997; Muller and James, 1994). All of these factors can complicate the
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process of correlating characteristics in the images with features on the ground, which is
the basis of successful remote sensing studies (Myneni et al., 1995).
The paucity of landscape-scale studies of floodplains means that there are few data
describing their structure and functioning at the landscape scale (Jungwirth et al., 2002).
A useful framework for interpreting the structures and processes observed in landscapescale assessments of floodplains is provided by a range of conceptual models,
developed within river and floodplain ecology, that draw on empirical and observational
studies to describe generalised characteristics of the structure and functioning.

2.3.1. Conceptual models of floodplain structure and
functioning
Conceptual models have played an important role in developing the understanding of
the structure and functioning of floodplain ecosystems because of the wide diversity of
floodplain types and difficulties in studying them at large scales. The River Continuum
Concept (RCC, Vannote et al., 1980) was one of the earliest models describing the
functioning river ecosystems (Table 4). The RCC views rivers as a longitudinal
gradient from headwater to mouth, in which biological assemblages are determined
primarily by in-stream processes, and it essentially ignores the lateral connections
between a river and its floodplain. An early development of the RCC was the Serial
Discontinuity Concept (SDC, Ward and Stanford, 1983) which describes how artificial
barriers such as dams can split the longitudinal gradient into numerous smaller
gradients. Initially the SDC did not consider floodplains and it also underestimated the
importance of river-floodplain interactions.
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Table 4. Characteristics of some key conceptual models in river-floodplain ecology.
Model

Key aspects

Limitations

References

River
Continuum
Concept

Views rivers as a longitudinal gradient from
headwater to mouth
Nutrients spiral downstream through the
ecosystem in association with flow levels and
physical characteristics of stream
Nutrient and productivity levels decrease
downstream

Does not consider
floodplains as part of
the river system

(Elwood et al.,
1983; Minshall et
al., 1985; Vannote
et al., 1980)

Serial
Discontinuity
Concept

Describes how artificial barriers segment the
river continuum and disconnect the nutrient
spiral
Dislocation of river reaches causes longitudinal
shift in biotic and abiotic processes

Initially did not include
floodplains

(Ward and
Stanford, 1983;
1995b)

Flood Pulse
Concept

First model to consider floodplains and rivers as
parts of a single integrated system
Large regular pulses of river discharge as major
control of structure and functioning of
river/floodplain ecosystems
Gradient of resources created by differences in
inundation frequency controls the distribution
and condition of organisms on the floodplain

Strongly based in
evidence from large
tropical systems that
experience large
predictable flood
pulses each year

(Junk et al., 1989)

Riverine
Productivity
Model

Describes the importance of local in-stream
production and direct organic matter input from
riparian zone to riverine ecosystems
These sources of energy are more persistent
than flood pulses and more easily integrated
into local food-webs than material transported
from floodplain

Focuses on river
rather than floodplain

(Thorp and Delong,
1994)

Hydrological
Connectivity

Materials, organisms and energy move
between areas connected by water during
inundation.
Differences in the frequency and duration of
connection influence the diversity of biota,
landcover types and landforms
The natural flow regime creates complex
patterns of connectivity

Difficult to quantify at
large scales
Role of connectivity
for sustaining
diversity is poorly
known

(Amoros and
Bornette, 2002;
Green, 1994; Heiler
et al., 1995; Poff et
al., 1997; Thoms,
2003; Tockner et
al., 1999; Ward and
Stanford, 1995a;
Ward et al., 1999)

SubsidyStress
Hypothesis

Ecosystem productivity maximised by a
moderate frequency and magnitude of
inundation.
Predicts a unimodal distribution of productivity
in relation to inundation frequency

Poorly describes
patterns of
productivity in some
systems
Strongly based on
small-scale studies of
temperate US
floodplains

(Megonigal et al.,
1997; Mitsch and
Rust, 1984; Odum
et al., 1979; Odum
et al., 1995)

Ecosystem
Distress
Syndrome

Land use activities can degrade ecosystem
functioning
Distressed ecosystems can exhibit altered
primary production levels, increased amplitude
of productivity fluctuations and lower resilience
to disturbance
Significant disturbance can cause a threshold
transformation of functioning

Signs of distressed
functioning difficult to
quantify

(Rapport, 1999;
Rapport et al.,
1998; Rapport et
al., 1985; Rapport
and Whitford, 1999;
With and Crist,
1995)

Most applicable to
large rivers with
restricted channels
and firm substrates in
the photic zone
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The first model to view floodplains and rivers as integrated components of a single
dynamic system was the Flood Pulse Concept (FPC, Junk et al., 1989). The FPC views
floodplains as an aquatic/terrestrial transition zone (ATTZ) where every point can be
considered along a gradient of annual flooding. Floodplain structure and functioning is
largely controlled by differences in flood pulse characteristics across the ATTZ, which
determine the supply of moisture and nutrients, disturbance impacts and the lateral
exchanges between the river channel and the floodplain. Regular flood pulses of long
duration are regarded as the most important structuring force because they create
predictable oscillations in chemical and physical conditions that can be accommodated
into the life-cycles of organisms (Junk et al., 1989). Unpredictable or brief flooding is
viewed as an impediment to adaptation.
The FPC is regarded as one of the most widely applicable paradigms in river-floodplain
ecology (Robertson et al., 1997; Walker, 1985). It is limited, however, in that it is
strongly based on studies of tropical lowland rivers, where river flows tend to include
regular flood pulses of long duration (Tockner et al., 2000), and that it may
overemphasise the importance of organic matter transported from the floodplain to
riverine food webs. The Riverine Productivity Model (RPM, Thorp and Delong, 1994),
for example, contends that local autochthonous production and direct organic inputs
from the riparian zone are most easily assimilated into local riverine food webs and are
available for periods longer than flood pulses. However, the RPM is most applicable to
riverine, rather than floodplain ecosystems, and in particular to large rivers with
restricted channels and firm substrates in the photic zone (Thorp and Delong, 1994).
The effect of connecting parts of the river-floodplain ecosystem to each other by water
during inundation is illustrated in a number of papers that together describe a model of
hydrological connectivity (Green, 1994; Ward, 1998b; Ward and Stanford, 1995a).
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Connectivity has most frequently been examined in relation to animal movements
throughout the terrestrial landscape (Goodwin, 2003). For terrestrial animals, the level
of connectivity is a combination of the spatial arrangement of the landscape, and the
movement behaviour of the organisms of interest (Tischendorf and Fahrig, 2000). In
contrast, hydrological connectivity transforms the medium of connection between land
units and absolutely determines the maximum possible extent of movement of aquatic
and terrestrial animals and materials. The magnitude and direction of flows, and the
frequency and duration of connection by flood water, controls the exchange of
materials, organisms and energy between areas connected during inundation, which
consequently influences the structure and functioning of the ecosystem (Amoros and
Bornette, 2002; Bunn et al., 2003).
In the absence of land or water resource development impacts, the natural river flow
regime produces intricate and variable patterns of hydrological connectivity (Benke et
al., 2000) that supports the high diversity of structures and functions within floodplain
ecosystems (Poff et al., 1997). Changing the spatial and/or temporal patterns of
hydrological connectivity can have severe consequences for floodplain ecosystem
functioning. These include altering the character and quantity of carbon and nutrients
exchanged between the floodplain and the river (Robertson et al., 1997; Thoms, 2003),
restricting aquatic animals from floodplain breeding and foraging grounds (Bodie and
Semlitsch, 2000; Humphries et al., 1999; Saint-Paul et al., 2000; Schiemer, 2000), and
reducing the productivity, condition and diversity of aquatic and terrestrial plant species
(Birch and Cooley, 1983; Bornette et al., 2001; Odum et al., 1979; Roberts and
Marston, 2000; Selinger-Looten et al., 1999). Quantitative data describing the link
between physical connection and functional connection in ecosystems are rare,
however, and the role and importance of connectivity for ecosystem functioning is
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poorly understood (Goodwin, 2003).
The association between plant productivity and inundation conditions on floodplains
can be described by the Subsidy-Stress Hypothesis (SSH, Odum et al., 1979; Odum et
al., 1995), which predicts a unimodal pattern of floodplain plant productivity, with the
highest productivity levels occurring in areas of moderate inundation frequency
(Figure 1).

Productivity

High

Low
No subsidy
Low

Subsidy
Flood frequency

Stress
High

Figure 1. Hypothesised distribution of plant productivity levels in relation to flood frequency as
predicted by the Subsidy-Stress Hypothesis (Odum et al., 1979; Odum et al., 1995).

Productivity in areas that are rarely inundated is reduced because moisture or nutrient
subsidies are low, and productivity in areas that are very frequently inundated is reduced
by stresses from disturbance impacts including mechanical abrasion and soil anoxia.
Megonigal et al., (1997) tested the SSH in relation to differences in aboveground
productivity levels in floodplain forests, and determined that differences in inundation
conditions did not explain differences in productivity levels. Most studies have been
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small-scale studies of temperate floodplains in the United States (Megonigal et al.,
1997; Mitsch and Rust, 1984; Odum et al., 1979), however, and the suitability of the
SSH for describing floodplain productivity patterns in other regions is poorly known.
Floodplain productivity levels are also influenced by land and water resource use
activities (Chauvet and Decamps, 1989). In contrast to the climatic and hydrological
variations that are integral to the functioning of healthy floodplains (Poff et al., 1997),
land use activities tend to degrade ecosystem functioning. The typical symptoms of
degraded ecosystem functioning are described in the Ecosystem Distress Syndrome
(EDS, Rapport et al., 1985; Rapport and Whitford, 1999). Significant levels of distress
may cause a threshold transformation in ecosystem functioning, in which feedback
mechanisms within the ecosystem perpetuate ecosystem decline (Rapport, 1999). This
transformation can occur gradually, as the level of disturbance increases over time, or
abruptly when the magnitude of disturbance exceeds a threshold level (With and Crist,
1995). Once entrained, these processes can be difficult or impossible to reverse, even
when the sources of initial stress are removed. Prolonged or severe degradation can
reduce biodiversity and the integrity of the ecosystem (Rapport, 1999).
Together, these conceptual models provide a theoretical framework in which
observations of structures and processes in floodplain landscapes can be linked to the
functioning of the floodplain ecosystem.

2.3.2. Inundation patterns
Inundation patterns are central to the functioning of river-floodplain ecosystems. The
frequency and distribution of inundation has been linked to the distribution and
character of sediments (Foster et al., 2002; He and Walling, 1998; Knighton, 1992),
nutrients and soil fertility (Ogden and Thoms, 2002; Spink et al., 1998), and the
distribution and condition of plant species (Roberts and Marston, 2000) and
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terrestrial, amphibious and aquatic animal communities (Bodie and Semlitsch, 2000;
Humphries et al., 1999; Kingsford et al., 1999a; Morton, 1990; Roshier et al., 2001;
Saint-Paul et al., 2000; Stafford-Smith and Morton, 1990). Inundation also influences
the exchange of organisms, material and energy between floodplain landforms, and
between the floodplain and the river channel (Ward et al., 1999). These processes also
influence the role of floodplains in the wider regional ecosystem (Thoms, 2003).
Historically, the highly transitory patterns of inundation on many floodplains have been
difficult to quantify over large areas using conventional sampling techniques.
Consequently, many studies have inferred inundation patterns from river flows (Hughes
and Cass, 1997; references cited in Puckridge et al., 1998), or examined inundation
patterns over smaller areas (Benke et al., 2000). Every flood has a distinctive
characteristic of timing and magnitude of flows, however, and each flood interacts with
the topography and structure of the floodplain landscape in a unique way (Ward and
Stanford, 1995a). River flows therefore describe only a small part of the complex and
important process of river-floodplain interaction.
An important aspect of inundation that has rarely been examined at the landscape scale
is the pattern of inundation within the inundated extent and its change at different flood
levels (Benke et al., 2000; Stanley et al., 1997). Inundation patterns can influence the
structure and functioning of floodplains by forming isolated billabongs (oxbow lakes)
and wetlands that provide refuge for native species during drought (Hillman, 1995;
Morton, 1990) and increase the biocomplexity of the floodplain landscape (Amoros and
Bornette, 2002), or by connecting parts of landscape with water, which transforms the
terrestrial landscape into an essentially aquatic ecosystem over larger areas (Ward et al.,
2002b). The size and shape of patches can limit the number of organisms within them
(Hamazaki, 1996) and controls the edge-length of inundation, equivalent to the
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‘moving littoral’ described in the Flood Pulse Concept (sensu Junk et al., 1989), which
is a zone of high primary productivity produced by temporary shallow inundation that
may play an important role in structuring resources and plant community distribution
across floodplains.
Patterns within complex floodplain landscapes can be measured using landscape pattern
metrics. Pattern metrics provide quantitative descriptions of the shape, size and
configuration of spatial patterns in maps and remotely sensed images (Griffith, 2002;
Johnson and Cage, 1997; Li et al., 2001; Mertes, 2002). Pattern metrics can describe
complex spatial patterns in terms of one or two numerical variables (Frohn, 1998) and
can reveal changes in the structure and arrangement of landscapes that are not readily
detected in visual analyses of image data or the landscapes themselves. Most
significantly, pattern metrics enable patterns in landscapes to be quantitatively linked to
ecological and environmental processes, which can improve the understanding of their
functioning (Griffiths and Mather, 2000; Turner et al., 2001). Pattern metrics were
developed primarily for the analysis of terrestrial ecosystems (Frohn, 1998) but have
recently been used to examine patterns in riverine landscapes (Ward et al., 2002a;
Wiens, 2002). These analyses typically use specialised pattern analysis software such
as FRAGSTATS (McGarigal and Marks, 1995).

2.3.2.1. Remote sensing of inundation patterns
Important issues in remote sensing studies of floodplain inundation patterns include the
method used to identify inundation, and modelling the relationship between inundation
patterns observed in the imagery and river flows. The most common method for
mapping inundation with optical remote sensing imagery is density slicing, which
involves defining a threshold value below which pixels are identified as water (Overton
et al., 1999; Shaikh et al., 2001). Density slicing exploits a distinctive spectral
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property of deep clear water, which absorbs nearly all of the near infra-red energy it
receives (Kirk, 1994). Density slicing is unsuited to mapping the extent of shallow
inundation through which the substrate is visible or where water is highly turbid,
however, because the spectral separation between inundation and the land surface is
small. Shallow and turbid inundation is typical of many floodplains in Australia’s
inland rivers (Bunn et al., 2003; Kenway, 1993), and density slicing may be unsuited to
inundation mapping in these systems.
The accuracy of models between inundation patterns and river flow levels is affected by
the highly dynamic nature of inundation patterns, and the temporal relationship between
river flows and floodplain inundation patterns. Several recent studies using satellite
images to examine the extent and duration of floodplain inundation at landscape and
regional scales show that floodplain inundation patterns can be highly variable between
seasons, years, and even between floods of similar magnitude (Hamilton et al., 2002;
Mertes, 2002; Novo et al., 1997; Rosenqvist et al., 2002). Adding further complication
to flow/inundation modelling is the downstream movement of flood peaks in river
systems that experience highly variable daily flows, which can spatially restrict the
extent of maximum inundation, and the influence of previous rainfall and flood events
on inundation patterns (Frazier et al., 2003). Accurate inundation/flow models
therefore require knowledge of the physical characteristics of the floodplain, and of
hydrological and climatic conditions prior to image capture.
Correctly associating flow levels with the extent of inundation observed in images is
especially complex in large floodplains. There may be a significant lag time between
peak flood discharge upstream and the representative extent of inundation on the
floodplain. These difficulties also occur on very flat floodplains where water may
dissipate through micro-topographic features after the flood peak has passed. One
29

Chapter 2. Floodplain structure and functioning
option to minimise errors in flow/inundation models is to capture images on the rising
limb of the hydrograph (Frazier et al., 2003; Shaikh et al., 2001). Rising-limb images
reduce the risk of overestimating the extent of inundation from a given flow level,
especially in systems that hold water for long periods of time following flood cessation.
Images captured on the rising limb of the hydrograph are unlikely to show the
maximum extent of inundation during flooding, however. Several recent studies have
shown that accurate inundation/flow models based on the maximum extent of
inundation at a given flow level can be created from images captured up to several
weeks after the flood peak (Hudson and Colditz, 2003; Wang, 2004).

2.3.3. Landscape structure
Floodplain landscapes are complex mosaics of diverse landcover types (Tockner et al.,
2000; Ward, 1998a; Ward and Tockner, 2001a) and patterns within the mosaic can have
important consequences for the functioning of the floodplain ecosystem. The size,
shape, character and arrangement of landcover types controls the abundance of species
and the exchange of resources and energy within ecosystems (Forman, 1995a; Forman
and Godron, 1986; Turner et al., 2001; Wu and Loucks, 1995). These attributes can
also affect the character and magnitude of interaction between a floodplain and its
adjoining terrestrial and aquatic ecosystems (Brown, 1997; Forman, 1995b; Morton et
al., 1995).
The importance of the structure of an ecosystem to its functioning is one of the central
tenets of landscape ecology (Forman and Godron, 1986). The principles of landscape
ecology were developed primarily from studies of terrestrial ecosystems (Forman,
1995a; Forman and Godron, 1986), but recent studies have applied them to the study of
aquatic ecosystems (Johnson and Cage, 1997; Poole et al., 2002; Selinger-Looten et al.,
1999; Ward et al., 2002a; Ward et al., 2002b; Wiens, 2002). These studies illustrate
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the advantages of landscape ecology for integrating pattern and process on floodplains,
to examine the dynamics and links across the landscape, and to link research with
management to develop viable strategies for their conservation (Ward et al., 2002a).
Landscape ecology views landscapes as a mosaic of patches, intersected by linear
corridors, that exists upon a background matrix (Forman, 1995a). Patches, corridors
and the matrix each have distinctive spatial and functional characteristics (Table 5).
Table 5. Defining features and functional characteristics of landscape elements in the patchcorridor-matrix model of landscape ecology.
Element

Definition

Characteristics

References

Patch

Relatively homogeneous

Size, shape and character

(Brown, 1997; Cadenasso et

non-linear areas that differ

controls the number of

al., 2003; Gurnell, 1997;

from the landcover

organisms and level of

Hamazaki, 1996; Kotliar and

surrounding them

interaction with other

Wiens, 1990; Large et al.,

patches

1994; Morton et al., 1995;

Location determines

Nachtnebel, 1995; Roberts

resource and disturbance

and Marston, 2000; Sparks

levels

and Spink, 1998)

Linear strips that differ from

Connect landforms

(Burkart, 2001; Butler, 2001;

landcover on either side

longitudinally

Debinski and Holt, 1999;

May be a barrier to the

Puth and Wilson, 2001;

movement of terrestrial

Ward et al., 2001b)

Corridor

species
Matrix

Background landcover type

Occupies the largest

(Forman, 1995a; 1995b;

or land use

proportion of the landscape

Forman and Godron, 1981;

and has the highest

1986)

connectivity with other
landcover types
Controls the character and
dynamics of the ecosystem
overall

Patches are recognisable discrete areas on the earth’s surface that contrasts with
adjacent areas (Kotliar and Wiens, 1990). The patch structure of a landscape can
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influence the exchange of resources, organisms and energy between the floodplain and
its adjoining terrestrial and aquatic ecosystems (Brown, 1997; Forman, 1995b; Morton
et al., 1995). Corridors are linear strips of landcover that differ from the landcover on
either side. River corridors are the most common type of corridor on floodplains, and
they include the river channel and the strip of riparian vegetation that flanks it.
Corridors have most commonly been viewed as dissecting the surrounding landscape,
but corridors may also have distinctive processes operating within them (Butler, 2001;
Puth and Wilson, 2001).
The matrix is the background landcover type or land use (Forman, 1995a). The matrix
occupies the largest proportion of the landscape and is highly connected with other
landcover types, and has a special significance within this analytical framework because
it controls the character and dynamics of the ecosystem overall (Forman, 1995a).
Identifying the matrix has been described as the most important assay in the analysis of
landscape structure (Forman, 1995a). The pattern and character of patches, corridors
and the matrix within a landscape determines the rate and direction of movement of
species, energy and materials, and the distribution of disturbance impacts throughout the
landscape (Forman, 1995a; Turner et al., 2001; Wu and Loucks, 1995).

2.3.3.1. Remote sensing of floodplain landscape structure
Measuring the landscape structure of floodplains from satellite imagery is complicated
by the constant change of floodplain landscapes in response to environmental variables.
Plant phenology, climatic and seasonal variations can alter the spectral characteristics of
landcover types, often reducing the separability of plant and soil types (Best et al.,
1981; Muller and James, 1994; Pearce, 1995; Sobrino and Raissouni, 2000).
Conversely, inundation may occur over only part of the landscape and create multiple
spectral groups within the one landcover type (Shaikh et al., 1996). The ability to
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discriminate between landcover types and identify their distribution from satellite
images is therefore affected by this ‘snap-shot’ effect, which makes the features
observed in the images dependent on the conditions that prevail at the instant of image
capture.
One way to improve the accuracy of landcover maps of dynamic landscapes is to use a
series of images, showing the floodplain in a range of seasons or inundation conditions
(Mayaux et al., 2002; Sobrino and Raissouni, 2000). Phenological differences between
plant types can make them more spectrally distinct at certain times of year than others
(Townsend and Walsh, 2001), and soil reflectance characteristics may exhibit
substantial seasonal variations in response to moisture levels (Muller and James, 1994).
Incorporating these spectral variations into the classification procedure can improve the
accuracy of landcover discrimination.

2.3.4. Plant productivity
Increased plant productivity in response to inundation is perhaps the most important
biological process operating on floodplains. A key part of the process of organic matter
production on floodplains is the oscillation between periods of growth and senescence.
Periods of high productivity often follow inundation, when water and nutrient resources
are readily available (Junk et al., 1989). During senescence the nutrients and carbon
assimilated during growth are reintegrated back into the soil, or made available for
transport into the aquatic ecosystem by floods (van Oorschot et al., 1998). In this way,
the carbon and nutrients produced by floodplain plants makes a major contribution to
nutrient and energy levels on the floodplain and in its adjacent aquatic and terrestrial
ecosystems (Morton et al., 1995; Robertson et al., 1997; Stafford-Smith and Morton,
1990; Thorp and Delong, 1994).
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Patterns of plant productivity over small-scales have been linked to the timing and
magnitude of inundation (Blom et al., 1990; Lange et al., 1982; Losch and Busch, 2000;
Robertson et al., 2001). In general, increased frequencies of wetting and high inputs of
nutrients enhance plant productivity in comparison to lower frequencies of wetting and
poorer nutrient inputs (van Oorschot et al., 1998). However, reduced growth vigour and
plant mortality can be caused by very high flood frequency or long-term inundation
(Higgins et al., 1996; Lichtenthaler, 1998), or from the mechanical disturbance impacts
of flowing water (Bendix, 1999; Gurnell, 1997; Swanson et al., 1988). Large-scale
studies show the influence of regional climatic conditions. These studies show that
productivity levels can be highly responsive to increased moisture status over large
areas (Borak et al., 2000; Lawrence and Ripple, 1998; Sobrino and Raissouni, 2000;
Townshend and Justice, 1986). However, differential responses of individual plant
species to wetting (Davenport and Nicholson, 1993), and the patchy distribution of
inundation, sediments and other disturbance impacts across the landscape, can create a
spatially complex mosaic of plant growth conditions at larger scales (Di et al., 1994;
Kogan, 1990).
Patterns of productivity are also influenced by land and water resource use activities,
which can restructure the landscape and affect the distribution of processes that control
ecosystem functions. The inherent complexity and dynamics of plant productivity on
floodplains makes impacts from these activities difficult to identify, however, because
they occur over different spatial and temporal scales. Land clearing initially has local
impacts but can affect flow patterns (James et al., 2002), flood levels (Eley and Keller,
1999), sediment deposition and erosion patterns (Gurnell, 1997), salinity levels
(Barnett, 1989) and carbon and nutrient levels (Robertson et al., 1997) at large scales
over the longer term. Conversely, altering a floodplain’s inundation regime can have a
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significant and prolonged effect on the structure and functioning of floodplain
ecosystems over large areas (Poff et al., 1997), but the full extent of impacts can take
many years to appear (Brock et al., 1999; Thoms and Walker, 1993). Difficulties in
determining the potential long-term impact of land and water resource use activities on
functions that sustain the plant, animal and human populations hamper our ability to
manage floodplains sustainably as pressure for exploitation of their resources increases.

2.3.4.1. Remote sensing of plant growth vigour
Plant growth vigour is usually assessed in remote sensing studies using a vegetation
index, which are typically a ratio of reflectance between image bands, to assess the
growth vigour of plants (Thenkabail et al., 2000; Zarco-Tejada et al., 2004). Models of
plant condition are then calculated between image pixel values and vegetation attributes
sampled in the field using a range of statistical techniques including linear regression
(Muldavin et al., 2001; Thoma et al., 2002) and decision-tree analysis (Stone et al.,
2004).
Pixel values in vegetation index images have been shown to relate to leaf-area index
(Turner et al., 1999), green leaf biomass (Foody et al., 2001) and plant growth vigour
(Goetz and Prince, 1996) in a wide range of plant types. Often, vegetation indices
incorporate near infra-red (NIR) wavelengths, which have a significantly greater
reflectance in healthy growing plants compared to stressed or less vigorously growing
plants of the same species (Di et al., 1994; Myneni et al., 1995). However, plants
adapted to drought stress have physical forms and leaf structures that are different from
species adapted to conditions of higher moisture availability (Blom et al., 1990; Roberts
and Marston, 2000). One consequence of these differences is that, in many species that
inhabit drier regions such as inland Australia, healthy plants have a relatively lower NIR
reflectance compared to healthy plants from temperate areas (O'Neill, 1996a; O'Neill
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et al., 1990). This can affect the interpretation of plant condition in many vegetation
indices.
O’Neill (1996b) tested the suitability of 12 vegetation indices considered suitable for
measuring plant productivity levels in Australia’s semi-arid region from Landsat TM
images. Correlation between pixel values in the images and the percentage cover of
vegetation showed strong seasonal influences, with the best relationship occurring in
winter when vegetation cover was generally higher. The widely used Normalised
Difference Vegetation Index (NDVI, NIR - red/NIR + red) was useful in winter but
poorly correlated with vegetation conditions in summer. The Stress Related Index and
Australian Arid Rangelands Index were identified as most effective overall (O'Neill,
1996b). Factors other than model accuracy may also influence the choice of vegetation
index that is used, however, especially when the differences in correlation coefficients
between indices is small. These factors include the known behaviour of the indices, and
compatibility with other similar studies (Myneni et al., 1995).

2.3.5. Dryland floodplains
Most models and empirical studies of floodplains examine the those in the temperate
and tropical regions of the northern hemisphere (Tockner et al., 2000). In contrast,
approximately 97% of the total length of rivers in Australia are lowland, below 300 m
in altitude (Harris and Gehrke, 1997), and more than 80 % of these are inland systems
in semi-arid or arid regions (Thoms and Sheldon, 2000). These are known as ‘dryland
rivers’ (Sheldon et al., 2002).
Flows in Australia’s dryland rivers are amongst the most highly variable and
unpredictable in the world (Puckridge et al., 1998; Walker et al., 1995), and ecosystems
associated with these rivers often have distinctive characteristics. Habitat provision on
these systems is highly variable in space and time (Sheldon et al., 2002) in part
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because of the high variability of hydrological connectivity patterns (Puckridge et al.,
2000; Thoms and Parsons, 2003). Adaptations in plant and animal species to the
unpredictable availability of water in dryland river ecosystems creates a ‘boom and
bust’ dynamic (Kingsford et al., 1999a), which can include short periods of very high
plant growth vigour following flooding (Briggs and Thornton, 1999; Jolly and Walker,
1996; King, 1997; Roberts, 1993; Stone and Bacon, 1995). The aridity, extreme flow
variability and flat topography of inland Australia also creates floodplains that are large
by world standards (Pickup, 1991), and that have poorly defined outer boundaries
(Breen, 1989). The spatial and temporal complexity of dryland river ecosystems, and
the remoteness of many of these floodplains, has contributed to the poor understanding
of their structure and of the processes operating within them (Comin and Williams,
1994).
Current paradigms in river and floodplain ecology have developed largely in the
absence of data from Australia’s dryland river floodplain ecosystems, and it has been
claimed that many paradigms simply do not apply to Australian river-floodplain
ecosystems in general (Lake, 1994). For example, the applicability of the FPC to
Australian river-floodplain ecosystems has been questioned (Boulton and Brock, 1999;
Lake, 1995; Robertson et al., 1997), primarily because it emphasises the role of large
regular flood pulses, whereas Australian river flows rarely feature regular flood pulses
of long duration (Finlayson and McMahon, 1988). Comparing Australian riverfloodplain ecosystems with similar systems elsewhere is difficult because there is a lack
of quantitative data on which comparisons can be based. Ultimately, however, the poor
understanding of the landscape-scale characteristics of Australia’s dryland floodplains
represents a substantial gap in our understanding of the structure and functioning of
floodplain ecosystems overall.
37

Chapter 3. The Lower Balonne Floodplain

Chapter 3.

The Lower Balonne Floodplain
3.1. LOCATION
The Lower Balonne Floodplain straddles the New South Wales and Queensland state
border approximately 500 km inland from the eastern coast of Australia (Figure 2).

Figure 2. Rivers, flow gauging stations and major towns of the Lower Balonne Floodplain,
southern Queensland, Australia.
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This project concerns an area of approximately 376,000 ha north of the state border in
Queensland extending from Hebel on the state border to St.George approximately
110 km to the north-east. Water, sediments and nutrients are supplied to the floodplain
from the Condamine-Balonne catchment in the headwaters of the Murray-Darling Basin
(Figure 2). This catchment occupies an area of 143,900 km2, or about 14% of the total
area of the Murray Darling Basin (QDPIE, 1994). The Condamine-Balonne River rises
at nearly 1400 m in the humid subtropics of the Great Divide and flows westward as a
lowland river for some 700 km into the semi-arid zone. Approximately 55 km southwest of St George the Balonne bifurcates into a distributary network of river channels
surrounded by large areas of floodplain. This is the area known as the Lower Balonne
Floodplain.

3.2. CLIMATE
The climate in this area is semi-arid (Koppen classification Bh), with temperatures
ranging from a mean maximum of 35°C in summer to a mean minimum of 4°C in
winter (Figure 3). Total annual rainfall at St.George is highly variable (125–1000 mm)
averaging 400–450 mm (Kalma, 1974) and decreases by approximately 70 mm per
100 km towards Hebel (Pulsford, 1993).
Approximately 60% of total annual precipitation at St.George falls in summer, often as
localised storms, but rainfall rarely causes significant inundation of the floodplain.
Median evaporation at St.George is relatively invariant from year to year, averaging
approximately 2000 mm per annum, but is highly variable between seasons, ranging
from an average of 275 mm in December to 60 mm in June. Plants and animals on the
floodplain are therefore heavily dependent upon flooding for survival.
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Figure 3. Median monthly Balonne River discharge, rainfall and evaporation at St.George.

3.3. HYDROLOGY
3.3.1. River channels
The floodplain is inundated via flows in the Balonne River at St.George (station number
422201E; Figure 2) which are regulated by Beardmore Dam and Jack Taylor Weir
(Figure 4). Three bifurcations of the Balonne River create five separate channels that
traverse the floodplain. These are from west to east the Culgoa River, Brairie Creek,
and the Bokhara, Ballandool and Narran Rivers. Most of the flow travels along the
outer edges of the floodplain, with the Culgoa and Narran conveying 55% and 35% of
the long term mean annual discharge at St.George respectively (Thoms et al., 2001).
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Figure 4. Jack Taylor Weir on the Balonne River at St.George.

The Culgoa River is the major effluent channel from the floodplain and a major
tributary of the Barwon River, which it joins approximately 120 km south of the state
border. The Culgoa river channel is confined and often deeply incised between
St.George and Bifurcation 1 near Dirranbandi (Figure 2), from which the Narran River
branches to the south. Flows in the Narran inundate the Ramsar listed Narran Lakes
wetlands, which is one of the most important waterbird breeding wetlands in the
Murray-Darling Basin (Thoms et al., 2001). Flows take between 7 and 17 days (14
days mean) to travel between St.George and Hebel (SN 422209A; Figure 2).
The floodplain is unconfined to the south-west of Dirranbandi (Figure 2), and an
alluvial fan has formed where sediments are deposited from flood water passing over
the landscape. River channels on the alluvial fan are tortuous in planform (Schumm,
1977) with sinuosities exceeding 2.2, and channels generally have low channel
capacities that decrease in size with distance downstream (Brunner, 2000). Thus
overbank flooding occurs frequently. The physical basis for the formation of the
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alluvial fan in this area is unclear. There is no change of slope associated with the
alluvial fan formation nor is a geological association evident (R. Ogden, unpublished
data).
The Bokhara and Ballandool rivers meander through the southern region of the
floodplain (Figure 2), and Brairie Creek; an intermittent effluent channel that drains
flood water from the floodplain, runs along the floodplain’s centre. Sedimentary
analysis of Brairie Creek indicates that historically it tended to flow only during large
floods (Foster et al., 2002). Landholder’s records indicate that it may now flow at
lower flood levels, however, which may reflect that a larger proportion of floodwater is
now routed along the floodplain’s central axis, following restriction of the flowpath by
agricultural developments upstream.

3.3.2. Flow variability
Balonne River flows at St.George between 2 October 1971 and 31 August 1999 were
highly variable at daily, monthly and annual scales (Figure 5; Table 6). Daily flows
were below 4 ML on about 30 percent of days and ranged to a maximum of 218,757
ML on April 24 1990. Total monthly discharge was below 48 ML in 10 percent of
months and ranged to a maximum of 3,336,604 ML in May 1983. Total annual
discharge ranged from 23,945 ML in 1986 to a maximum of 7,379,890 ML in 1983.
Flows in this system therefore tend to occur as low level base-flows punctuated by
infrequent large floods and severe droughts.
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Figure 5. Total daily Balonne River discharge at St.George between 2 October 1971 and 31 August
1999 annotated with the generalised flood levels described in Section 3.3.3.
Table 6. Daily, monthly and annual discharge percentiles (ML) for the Balonne River at St.George
between 2 October 1971 and 31 August 1999.

MIN
1
10
20
30
40
MEDIAN - 50
60
70
80
90
95
99
MAX
MEAN
MODE
% ZERO

Daily
0
0
0
0
4
30
69
200
486
952
4,971
16,998
80,881
218,757
3,582
0
15

Monthly
0
0
48
553
1,165
2,037
5,518
11,005
24,315
67,693
263,771
699,538
1,724,404
3,336,604
108,917
0
5

Annual
23,945
29,059
101,078
133,290
246,302
540,669
846,123
1,106,670
1,464,424
1,968,272
2,754,063
3,417,655
6,393,162
7,379,890
1,254,568
.
0
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The period of image capture (Figure 5) therefore included four small floods with peak
daily flows below 20,000 ML day-1, 12 moderate floods with peak flows around 40,000
ML day-1 to 50,000 Ml day-1, and four large floods with peak daily discharge volumes
exceeding 100,000 ML day-1 interspersed with long periods of drought.

3.3.3. Anecdotal flow/inundation relationships
Floodplain landholders often keep detailed records of flow levels and inundation
conditions on their properties, usually based on Balonne River discharge at St.George.
Some of these records extend over more than 100 years and together they provide a
useful summary of the flow/inundation relationship at the landscape-scale. These
records describe a complex relationship between river flows and inundation that varies
in association with location on the floodplain and the condition of the floodplain before
flooding, which affects the proportion of floodwater that infiltrates into the soil.
In general, landholder records indicate three broad levels of flooding. Small floods, in
which water spills out of river channels and begins to inundate the floodplain, are
caused by Balonne River flows at St.George greater than 20,000 Ml day-1. Moderate
flooding results from flows of 40,000 Ml day-1 to 50,000 Ml day-1 for a single day event
or about 20,000 Ml day-1 over 3 to 10 days. Moderate flooding saturates soil pores, and
may cause shallow surface inundation in low-lying areas. Major flooding is caused by
flows greater than about 110,000 Ml day-1. Major flooding causes river channels and
billabongs across the floodplain to become connected by open water. Flows in excess
of 110,000 Ml day-1 tend to increase the depth of inundation more than its spatial extent.

3.3.4. Groundwater
The movement and volumes of groundwater in the region of the floodplain are poorly
understood but groundwater conditions probably do not have a significant influence on
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floodplain inundation conditions (Mount, 1992). It is possible that the Lower Balonne
Floodplain is a groundwater recharge area for the main porous consolidated aquifer
beneath it (QWRC, 1986) but the high clay content of alluvial soils in the most
frequently inundated parts of the floodplain probably makes the rate of recharge low,
with most losses of surface water occurring through evaporation (Kenway, 1993).

3.4. TOPOGRAPHY
The floodplain is extremely flat (Figure 6). There is 50 metres difference in elevation
over a distance of approximately 110 km between St.George and Hebel, which falls at
an average slope gradient of 0.0003, or approximately 30 cm km-1 (Sinclair Knight
Merz, 1995). This creates low-powered flows that are easily redirected from their
previous flowpath by obstacles such as vegetation growth following earlier flooding or
heavy rainfall.

Figure 6. An illustration of the flatness of the
floodplain

Figure 7. A shallow channel of Brairie Creek
in the lower mid-section of the study
area
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Topographic relief is also low and a difference in elevation of a few centimetres can
define drainage channels from rarely inundated parts of floodplain (Figure 7).
Consequently, inundation tends to occur at shallow depth over large areas except in all
but the largest floods, and inundation patterns are highly variable over time.

3.5. LANDCOVER
The Lower Balonne Floodplain has a diverse array of soil and vegetation types (Gunn,
1974; Pedley, 1974) that are associated with sediment particle size (Foster et al., 2002),
the edaphic control of plant distribution (Pedley, 1974) and the limitation of plant
growth by water availability (Ogden et al., 2002; Ogden and Thoms, 2002). Rarely
inundated areas tend to have sandy or pale clay soils (Figure 8) and vegetation types
including grasses such as Mitchell Grass (Astrebla lappacea), Windmill Grass (Chloris
truncata), bufflegrass, and spinaceous plants such as Bassia spp and trees including
Cypress Pine (Callitris spp) or Bimble Box (Eucalyptus populnea) with little shrub or
groundcover growth.

Figure 8. A typical expanse of rarely inundated grassland with pale soils
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Frequently inundated areas have black cracking loamy soils (Figure 9) and support plant
communities including lignum shrubs (Muehlenbeckia florulenta), and grass species
including Nutgrass (Cyperus bifax). River channels in all parts of the floodplain are
flanked by a dense Riparian Forest of River Red Gum (Eucalyptus camaldulensis) and
Coolibah trees underlain by lush shrub and groundcover plants (Figure 10).
The aridity of the region makes plants on the Lower Balonne Floodplain highly
dependent upon flooding for moisture supply (Ogden and Thoms, 2002). Many species
use water opportunistically, and the composition and distribution of groundcover plants
in particular can vary substantially between seasons and in response to inundation
(Dick, 1990). This gives the floodplain ecosystem a “boom-and-bust” characteristic
that is typical of intermittently inundated landscapes in inland Australia (Kingsford et
al., 1999a).

Figure 9. Black cracking soils in an area of frequent inundation
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Figure 10. The dense riparian forest that flanks river channels throughout the floodplain

3.6. FAUNA
The vertebrate fauna of the Culgoa-Birrie River floodplain (the NSW section of the
Lower Balonne Floodplain) were surveyed by Dick and Andrew (1993). They showed
that the floodplain is highly biodiverse, and described it as a kind of ‘overlap zone’ for
many species at the northern, southern, eastern or western limits of their geographic
range. Of the 157 species observed 31 were of special conservation significance
including Koalas (Phascolarctos cinereus), which tend to be located in river red gums
near waterholes, Planigales (native mice) which occur almost exclusively on the black
cracking soils in frequently inundated areas, and bats including the rare Little Pied Bat
(Chalinolobus picatus). Birds of special conservation significance include the Grey
48

Chapter 3. The Lower Balonne Floodplain
Falcon (Falco hypoleucos), Painted Honeyeater (Grantiella picta), Australian Bustard
(Ardeotis australis) and Pink Cockatoo (Cacatua leadbeateri). Dick and Andrew
(1993) concluded that the most serious and immediate threats to biodiversity on the
floodplain are the clearing of native forests and loss of waterholes from land clearing
and siltation.
The Lower Balonne Floodplain is also important as part of the flowpath of the Narran
River, which supplies water to the Ramsar listed Narran Lakes wetlands in NSW. The
Narran Lakes can support up to 65 species of waterbirds during flooding (Henderson,
1999; Ley, 1998a; 1998b; 2000) including the largest breeding colony of straw-necked
ibis (Threskiornis spinicollis) ever recorded, and the most westerly breeding colony of
Magpie Geese (Anseranas semipalmate) in NSW (NPWS, 2000).

3.7. LAND USE
The Condamine-Balonne catchment has supported agricultural land use since about
1840 (McCosker, 1996). Settlers reached the Lower Balonne Floodplain by 1847 and
by about 1860 severe pasture decline due to overgrazing was evident in many areas.
Much of this damage was redressed within a few years through the adoption of more
sustainable grazing management practices, and sheep and cattle grazing remained the
most common agricultural practice on the floodplain until the early 1990’s when large
cotton irrigation farms were constructed near St.George and in the central part of the
floodplain.
The development of irrigated agriculture on the floodplain has been rapid and extensive
in recent years. Preliminary analysis for this project indicated that the extent of
irrigated cotton increased from approximately 4,300 ha in 1988 to 38,650 ha in 1999,
and the storage capacity of dams increased more than tenfold from 54,750 ML to
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approximately 626,185 ML over the same period. The central area of the floodplain is
now occupied by Australia’s largest cotton irrigation farm, which includes Australia’s
largest private irrigation water storage. This one dam can hold approximately 250,000
ML over an area of approximately 8,500 ha, at an average depth of 3.5 metres. Losses
to evaporation mean that for this storage to remain full its entire volume must be
extracted from the rivers of the floodplain every two years.

Figure 11. Part of a large water storage in the floodplain’s central region.

A large number of levee banks have also been constructed around cotton crops and
water storages, and overland flow diversion channels have been dug across the main
flowpath of the floodplain. Levee banks surrounding the crops and water storages in all
parts of the floodplain have constricted flows along a small proportion of the once
expansive central flowpath and re-routed water that would otherwise have been
distributed more widely across the floodplain to its central axis. These levee banks rise
approximately 4.5 metres above the surface of the floodplain and affect the distribution
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of inundation at all flow levels. Anecdotal evidence that Brairie Creek, which drains
this central region of the floodplain, now commences to flow during smaller floods
(Section 3.3.1) may show the effect of levee banks on flow distribution. Inundation
patterns have also been affected by roads and interception channels. Roads on the
floodplain are typically constructed at a slightly higher elevation than the floodplain
surface. Roads restrict the distribution of inundation during small floods but are
breached in many areas during moderate flooding (pers. obs.). Lateral interception
channels traverse the upstream reaches of the main flowpath, to the south-west of
Dirranbandi. These channels, which redirect overland flows to water storages, have
probably reduced the volume of overland flows, most significantly during smaller
floods where a larger proportion of the total flow may be intercepted.
There is now concern that the functioning of the floodplain has been affected to the
detriment of the natural environment and agricultural productivity, but the impacts from
these activities on the functioning of the floodplain are not yet known. A recent review
of the ecological condition of the Lower Balonne Floodplain (Cullen et al., 2003)
concluded that the terrestrial and riverine ecosystems of the floodplain appeared
healthy, but that the full impact of development activities will take many years to
become evident on the floodplain itself.
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3.8. SUMMARY
1. The Lower Balonne Floodplain lies in a semi-arid region of southern
Queensland. High evaporation rates and unpredictable rainfall patterns in this
region makes organisms on the floodplain highly dependent on inundation for
survival. The landscape of the Lower Balonne Floodplain is extremely flat and
level, which creates patterns of inundation that are highly variable in space and
time.
2. The landscape of the Lower Balonne Floodplain consists of a wide range of
landcover types that are associated with differences in inundation conditions in
different areas. The floodplain is highly biodiverse and supports a number of
species that are at the geographical limit of their range. The opportunistic use of
water during inundation makes the condition and distribution of plant and
animal species highly dynamic over time.
3. The catchment of the Lower Balonne Floodplain has supported agricultural
activities for more than 160 years, but recent development on the floodplain
itself has included infrastructure for large irrigated agriculture enterprises.
These developments have altered flowpaths, the distribution and frequency of
inundation and dislocated parts of the floodplain from the natural processes
associated with flood inundation. The impact of these activities on the
functioning of the floodplain ecosystem is not yet known.
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Chapter 4.

Image data and pre-processing
4.1. IMAGE DATA
13 Landsat 5 Thematic Mapper (TM) images (path 92 row 80) were used in this project
(see Appendix B for previews of these images). Each image consists of 5 bands (1,3,4,5
and 7; Table 7) with a pixel size of 30m by 30m and a scene size of approximately
34,500 km2. Landsat images were chosen because of the long archive of historical
imagery, their moderate spatial and spectral resolution, and their relatively low cost.
These characteristics make Landsat imagery ideally suited to multi-temporal analysis of
ecosystems at the landscape scale. Band 2 (Green – 0.52µm -0.60 µm) and band 6
(Thermal infrared – 10.4µm to 12.5µm) were not ordered in these images to reduce the
cost of image data.
Table 7. Landsat Thematic Mapper spectral bands used in this thesis

Band
1

Wavelength

Spectral

(µm)

Location

0.45-0.52

Blue

Application
Water penetration: soil/plant
discrimination

3

0.63-0.69

Red

Plant differentiation

4

0.76-0.90

Near infrared

Plant type, vigour and
biomass; water body
delineation; soil moisture

5

1.55-1.75

Mid-infrared

Plant/soil moisture

7

2.08-2.35

Mid-infrared

Mineral/rock/soil
discrimination

(source: Lillesand and Kiefer, 1994)
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The images were selected to show the Lower Balonne Floodplain in all seasons and in
inundation conditions ranging from drought to large flooding between September 1989
and April 1999 (Table 8). Six images (March 1994, January 1996, March 1997,
September 1998, and March 9th and 25th 1999) show open water clearly visible on the
floodplain. The remaining eight images show the floodplain dry (January 1993,
November 1994, August 1997 and February 1999) or many days following inundation
(May 1988, September 1989, July 1996, April 1999) by which time surface water has
evaporated or infiltrated and standing water remains only in billabongs, wetlands and in
small shallow depressions.
Flow conditions before image capture varied considerably between images (Table 8;
Figure 12). Total Balonne River discharge at St.George in the 90 days before image
capture ranged from 0 ML before image capture on 26 August 1997, to 160,512 ML
before image capture on 28 January 1996. Some images followed a series of small
floods (26 April 1999), or a single large flood peak followed by low discharge (6 July
1996), while others had no flood peak before image capture (26 August 1997).
Rainfall and evaporation at St.George (Beardmore Dam climate station number 43090)
were also highly variable between images. Rainfall in the 30 days before image capture
ranged from 0 mm before image capture on 21 September 1989 to 131 mm before
image capture on 9 March and 25 March 1999. High rainfall at St.George rarely
coincided with high river flows before capture of these images. Evaporation in the
30 days before image capture (Evap 30) is strongly seasonal, and ranged from a
maximum of 255 mm before image capture on 19 January 1993, to a minimum of 60
mm before image capture on 6 July 1996 (Table 8).
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Table 8. Images used in this study, including the hydrologic and climatic conditions before image capture.

Season

* 21-Sep-89

Spring

2,344

66

1,588

28,810

180

90

0

122

* 19-Jan-93

Summer

589

80

141

2,025

2

80

38

255

27-Mar-94

Autumn

74,689

65,176

65,176

829,965

6,646

13

53

138

* 22-Nov-94

Spring

1,674

583

583

7,964

6

7

39

217

Summer

246,238

160,512

160,512

2,380,794

17,172

8

125

250

6-Jul-96

Winter

6,031

823

128,313

1,548,668

847

46

33

60

3-Mar-97

Autumn

74,689

58,821

58,821

569,536

13,032

11

53

199

* 26-Aug-97

Winter

706

0

0

0

0

-

2

82

30-Sep-98

Spring

82,193

44,716

101,249

1,277,850

6,348

22

75

138

5-Feb-99

Summer

1,997

13,325

13,325

86,606

703

0

103

244

9-Mar-99

Autumn

12,262

26,450

31,061

474,505

10,864

26

131

219

25-Mar-99

Autumn

49,852

35,036

35,036

905,790

13,325

5

131

201

26-Apr-99

Autumn

833

413

35,036

927,700

3,368

37

23

140

28-Jan-96

Qp14
(ML)

Qp
(ML)

Qt
(ML)

Qmed
(ML)

Days
since
peak

Rain30
(mm)

Evap 30
(mm)

Note: * denotes that no flood occurred in the 90 days before image capture. Qp14 = peak daily discharge in the 14 days before image
capture; Qp = maximum daily discharge during flooding; Qt = total discharge during flooding; Qmed = median daily discharge during
flooding; Days since peak = number of days between peak daily flow and image capture; Rain 30 = total rainfall at St.George in the 30
days before image capture; Evap30 = Estimated total evaporation in the 30 days before image capture, calculated from median monthly
evaporation at St.George.

55

55

Chapter 4. Image data and pre-processing

Date

Area
inundated
(ha)
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Figure 12. Total daily Balonne River discharge at St.George in the 90 days before capture of each
image.

4.2. IMAGE PRE-PROCESSING
The accuracy of change detection analyses, which compare pixel values between dates
of imagery, is substantially dependent upon the accuracy of geometric rectification and
radiometric correction of the images (Igbokwe, 1999; Song et al., 2001). Accurate
geometric rectification ensures that differences in pixel values between images represent
changes in the identical part of the landscape. Radiometric correction enables changes
in pixel values to be interpreted in terms of change in the condition of the landscape
between dates of image capture, rather than differences in atmospheric conditions or
sensor characteristics. All image processing in this thesis was performed using ER
Mapper image processing software (ERM Pty Ltd, 1995).
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4.2.1. Geometric rectification
The image captured on 19 January 1993 (Figure 13) was chosen as a base map to which
the other images were spatially registered and spectrally calibrated because of its high
visual clarity and the absence of inundation. This image was rectified to a map grid
using 40 ground control points (GCP’s), measured from the largest scale map available
(1:250,000) or in the field using a Garmin GPSII hand held global positioning system.
The image was then warped to a map grid (Australian Geodetic Datum 1966; Universal
Transverse Mercator Zone 55). The remaining images were spatially registered to the
base image using 40 GCP’s per image. This resulted in a registration error of less than
1 pixel between images.

Figure 13. Landsat TM image captured on 19 January 1993 (TM bands 1,7,4 as BGR). This image
was chosen as the base image to which other images were spectrally and geometrically
corrected.
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The extent of the floodplain was defined using the largest extent of inundation shown in
the satellite images, (28 January 1996, 160,512 ML day-1) and increased to encompass
the extent of alluvial soils visible in false colour images where they were obvious.
Areas outside of this boundary were eliminated from the images. Agricultural areas
within the floodplain boundary were also excluded from most analyses so that statistics
calculated from the images are more representative of the natural floodplain ecosystem.

4.2.2. Radiometric correction
Radiometric correction of the images was performed using a two-stage process. First,
sun angle correction and dark pixel subtraction (Lillesand and Kiefer, 1994) were used
to remove bulk atmospheric errors from each image. A modified pseudo-invariant
feature (PIF) calibration (Furby et al., 1996; Schott et al., 1988) was then used to
equalise pixel brightness in the remaining images to the base image.
PIF calibration involves identifying features in an image that are likely to have a
relatively constant reflectance brightness over time in the absence of atmospheric
differences, and then identifying the identical feature in all other images. Ideally, pixels
used for PIF correction should include a range of brightness levels - some showing dark
features such as deep clear open water and others showing bright features such as bare
sandy soils, roads or building rooftops (Schott et al., 1988). Identifying truly invariant
pixels in these images is difficult, however, because the surface characteristics of the
floodplain are highly variable over time.
Suitable PIF targets were identified in this study using a screening process which
involved selecting a large number of targets that were potentially invariant in the darkpixel and sun-angle corrected images, and using only the targets that exhibited the
lowest standard deviation of pixel brightness amongst the dates of imagery in the
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calibration process. Assuming that the sun-angle correction and dark-pixel subtraction
calibration has been effective, PIF targets with the lowest standard deviation of pixel
values amongst the images should in fact be the least variant over time. An empirical
line calibration was then used to make pixel values in each image commensurate with
those in the base image. This effect of this process is shown in Figure 14.

Figure 14. Pixel brightness (digital numbers) of PIF targets in TM band 4 in the images captured
on 19 January 1993 and 5 February 1999, (A) before image calibration and (B) after
calibration. Figure B shows a near 1:1 relationship in pixel brightness between the images.
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4.3. SUMMARY
1. Thirteen Landsat TM images are used in this thesis. The moderate spatial and
spectral resolution, the long archive of historical imagery and their low cost
compared to other sensors makes Landsat TM images ideally suited to multitemporal analyses of ecosystems at the landscape scale.
2. The images were specifically selected to show the Lower Balonne Floodplain in
all seasons and in a range of inundation conditions between September 1989 and
April 1999.
3. The extent of the floodplain was based on the largest extent of inundation shown
in the images and modified to include the extent of alluvial soils where that was
obvious. Areas outside of this boundary were eliminated from the imagery, and
agricultural areas within this boundary are excluded from most analyses.
4. The images were geometrically rectified to a base image and there was less than
1 pixel error in registration between images. Radiometric correction of the
images involved a two-stage process including dark pixel and sun-angle
correction of each image, then a modified pseudo-invariant pixel calibration
technique to equalise pixel values in the remaining images to the base image.
These processes make differences in pixel values between images more
representative of changes in the condition of the landscape, rather than
differences in atmospheric or sensor conditions.
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Chapter 5.

Inundation

patterns

5.1. INTRODUCTION
This Chapter examines the distribution, frequency and pattern of floodplain inundation
at the landscape scale. Inundation is one of the most important controls of the structure
and functioning of floodplain ecosystems (Junk et al., 1989; Tockner et al., 1999; Ward,
1998b). Inundation patterns are highly transitory and variable over time and are
difficult to measure at the landscape-scale using conventional point-sample research
techniques. Consequently, the spatial aspects of flood pulses are poorly known on most
floodplains (Benke et al., 2000).
Two research questions are addressed in this Chapter:
1. How are zones of different inundation frequency distributed across the
floodplain?, and
2. Does hydrological connectivity change between floods of different magnitude?
The most frequently inundated region of many floodplains is adjacent to river channels
(Anderson et al., 1996) which are often the first parts of the system to be inundated as
flows exceed bank-full level. It is expected that this will also be the case on the Lower
Balonne Floodplain, but inundation frequency has not previously been mapped at the
landscape scale on the Lower Balonne Floodplain.
The connection of floodplain landforms to one another, and of the floodplain to its river
channels, integrates floodplain landscapes into a functional ecosystem connected by
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water (Junk et al., 1989; Ward et al., 1999). In addition to the extent and frequency of
inundation, the character of hydrological connectivity is influenced by the patterns of
inundation within the inundated extent (Benke et al., 2000). In general, the level of
connection between the river channel and floodplain, and between inundated parts of
the floodplain, increases as flood levels increase, but changes in the pattern of
inundation between flow levels can be complex (Green, 1994; Tockner et al., 1999).
These patterns may influence the availability of aquatic habitat and productivity
conditions on floodplains (Junk et al., 1989; Saint-Paul et al., 2000) but floodplain
inundation patterns have rarely been quantified at the landscape scale (Benke et al.,
2000).

5.2. MATERIALS AND METHODS
5.2.1. Inundation mapping
The method used to map inundation can have a substantial influence on the patterns of
inundation observed in satellite images (Frazier et al., 2003; Johnston and Barson, 1993;
Robinove, 1978). A key issue for inundation mapping on the Lower Balonne Floodplain
is the occurrence of dark, organic rich alluvial soils in frequently inundated areas that
can appear inundated when they are in fact dry (Pearce, 1995). A large number of
inundation mapping techniques were tested in this study including density slicing of
infra-red bands and a range of inundation indices that identify water using a ratio of
pixel values between image bands. It was not possible to ground truth the inundation
patterns shown in these historical images, so the accuracy of the inundation maps was
assessed in consultation with residents of the floodplain and other professionals familiar
with the floodplain’s hydrology and the flood events shown in the images.
The most effective technique involved a two-step inundation mapping process. Deep
water was identified using a ratio of Landsat TM band 1 (visible blue; 0.45 –
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0.52 µm) to band 7 (middle infra-red; 2.08 – 2.35 µm). Visual comparison between
false colour images and the extent of inundation classified using this process indicated
that this ratio provided a consistent and objective indication of the extent of deep water,
and did not erroneously identify areas of dark soil as being inundated when they were
dry.
Waters inundating the Lower Balonne Floodplain are often highly turbid, however, or
very shallow and inundation of this kind is less distinct than from inundation by deep,
clear water. This kind of inundation, which may include inundation of low depth
through which the substrate is visible to the sensor, inundation beneath vegetation
canopies and highly turbid inundation which reflects a greater proportion of energy
within the water column itself, is described here as ‘Shallow water’.
Shallow water was identified using a change detection comparison between TM band 5
in the flood image, and TM 5 in the nearest date of dry imagery, which identifies
inundated areas based on changes in pixel brightness between dates. This technique
highlighted areas where shallow inundation caused a subtle darkening of pixel values,
and also inundation beneath vegetation canopies based on increased plant growth vigour
adjacent to obviously inundated areas. The relatively strong influence of inundation on
pixel values compared to other types of changes in the landscape (Kirk, 1994) meant
that this change detection technique also identified inundation independently of the soil
background. The dependence upon spectral differences between images for identifying
water using this technique meant that it underestimated the extent of inundation where
water occurred in the same pixels in both images, however. The total area of inundation
in each image was therefore shown by combining both the deep and shallow water
images for each date of image capture.
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5.2.2. Inundation modelling
An objective statistical descriptor of the extent of inundation shown in the images was
identified by modelling the extent of inundation against river flow and climatic data
using multiple linear regression. Data describing peak, average (median and mean) and
total daily Balonne river flow over periods ranging from 1 day to 12 months before
image capture were included in the modelling process, as well as rainfall and
evaporation data for the 30 days before image capture. Water extraction may have
substantially affected the proportion of flows at St.George that travel onto the floodplain
but that information was not available for this study.

5.2.3. Flood frequency analysis
The annual recurrence interval (ARI) of flows was calculated using AQUAPAK
software (Gordon et al., 1993) from a partial series analysis of flood events that
included all floods with a peak discharge above 20,000 ML day-1 at St.George over the
29 years of measured discharge record. This flow level approximates the minimum
discharge that is estimated by floodplain landholders to commence inundation of the
floodplain. Floods were identified as independent if daily flows dropped to below 75%
of the lowest flood peak between events (Jayasuria and Mein, 1985), a criteria which is
suitable for catchments larger than 1000 km2 (Pilgrim and Doran, 1987), such as the
Condamine-Balonne-Culgoa catchment (QDPIE, 1994). Data points were then fitted to
a log-Pearson III distribution (Gordon et al., 1993).
The impacts of development on the duration, magnitude and frequency of inundation
were measured by comparing flow characteristics in simulated Integrated Quantity and
Quality Model datasets (NSW DLWC, 1999). IQQM models are primarily used to
explore the impacts of water resources management policies on flows at the river
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system scale (NSW DLWC, 1999). Factors that can be varied during IQQM modelling
include: flow routing in rivers and irrigation channels; reservoir operation; irrigation,
urban and other consumptive water use activities; wetland and environmental flow
requirements; and groundwater/surface water interactions. The IQQM datasets used in
this study simulated 100 years of total daily Balonne River discharge at St George in
‘natural’ and ‘current’ development conditions. The ‘natural’ flows model simulates
flows in the absence of reservoirs and consumptive uses upstream. The ‘current’ flows
model is based on the levels of water resources development extant in 1999.

5.2.4. Pattern metric calculation
Landscape pattern metrics were calculated from the inundation maps using
FRAGSTATS v 3.01.01 pattern analysis software (McGarigal and Marks, 1995).
Limitations of the FRAGSTATS software for processing very large volumes of data
meant that it was not possible to calculate pattern metrics over the full extent of the
study area at 30m resolution, so the pixel size was increased to 100m by 100m (1ha)
using a nearest neighbour clustering algorithm.
Nine pattern metrics that described the size and shape of inundation, the size and shape
of patches within the inundated extent, and the pattern of inundated patches were
calculated from each inundation map (Table 9). The Landscape Shape Index (LSI)
measures shape complexity by comparing the amount of edge in the map with a
landscape of the same size but with a simple geometric shape (square) and no internal
edge (McGarigal and Marks, 1995). This metric is useful for comparing patterns
between landscapes that vary significantly in size. The Total Edge length (TE) was
calculated to examine changes in the amount of moving littoral inundation between
inundation patterns. This may be related to differences in productivity following
inundation (Junk et al., 1989). The Largest Patch Index (LPI) was calculated on the
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basis that the size of patches within the extent of inundation may affect the process
operating within the inundated extent. Large patches may be able to accommodate
more organisms than small patches (Hamazaki, 1996), but the ratio of moving littoral
(edge) to core patch area (inner) is lower than for small patches and may affect relative
productivity levels, for instance.
Table 9. Inundation pattern metrics measured for this analysis
Metric

Code

Units

Description

Total area of
inundation

TA

ha

Total area of inundation

Landscape
Shape Index

LSI

None.
Range:
≥1-∞

Larger values indicate a more complex
shape of the inundated extent

Total Edge
Length

TE

km

Length of the shore of inundation –
equivalent to the ‘moving littoral’ (Junk et
al., 1989)

Number of
patches

NP

number

Total number of patches

Largest patch
index

LPI

%

Size of the largest single patch as a
proportion of the size of the landscape

Mean Euclidean
Nearest
Neighbour
Distance

Mn ENN

M

Mean straight-line distance between
neighbouring inundated patches within a
specified search radius

Mean Proximity
Index

Mn PROX

Total Core Area

TCA

ha

Total area of inundation that is further than
the patch edge influence distance from the
perimeter of the patches

Number of
Disjunct Core
Areas

NDCA

number

Number of separate core areas

Considers the size and proximity of all
patches within a specified search-radius

The Mean Proximity distance (Mn PROX) is similar to Mean Euclidean Nearest
Neighbor Distance (Mn ENN) in that it is a function of the distance between patches,
but Mn PROX also considers the size of neighbouring patches. The size and proximity
of neighbouring patches of inundation may be important for the movement of
waterbirds, for example (Estades, 2001). The index is computed as the sum, over all
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patches of the corresponding patch type whose edges are within the search radius of the
focal patch, of each patch size divided by the square of its distance from the focal patch
(McGarigal and Marks, 1995). Mn PROX increases when the neighbourhood is
increasingly occupied by larger, closer, more contiguous and less fragmented patches of
the same type.
Total Core Area (TCA) is the total area of inundation minus the amount of patch edge
in each inundated patch. The significance of core area calculations relates to the ‘edge
effect’, which creates different conditions along the perimeter of patches through a
range of biotic and abiotic factors (Forman, 1995a). Core area may affect the type of
species and processes that occur within patches by providing sufficient area to sustain
territorial species, or by creating a disturbance regime that is less influenced by
conditions outside of the patch (Forman, 1995a). On floodplains, core area may
influence the number, species and persistence of fish, turtle and amphibian populations,
which can move onto the floodplain for breeding and foraging during inundation (Bodie
and Semlitsch, 2000; Humphries et al., 1999; King et al., 2003), and the establishment
of vegetation species (Cassanova and Brock, 2000; Roberts and Marston, 2000).
Similarly, the Number of Disjunct Core Areas (NDCA) indicates the number of
locations at which core patch area is available throughout the landscape.
An edge influence distance of 200m was used in core area calculations, and a search
distance of 1000m was used in Euclidean Nearest Neighbour and Proximity Index
calculations. Boundary weight values were made equal to one, which treats both basin
and patch boundaries as maximum contrast patch edges. The eight-cell rule, which
includes diagonals, was used in patch neighbour calculations because it is more suitable
for assessing the diagonal pattern of patches that may occur in association with flows
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across the floodplain from north-east to south-west. A majority filter was used to
minimise fragmentation errors associated with the raster format of the images.

5.3. RESULTS
5.3.1. Resource development impacts on flows
Resource use impacts on the frequency, duration and magnitude of flows vary between
flow levels. A comparison of simulated flow data showing existing flow conditions as a
proportion of natural flows (Table 10) indicates that the frequency of small flows below
26,450 ML day–1 has increased, and they are generally briefer and smaller in volume
than under natural flow conditions. The duration of flows greater than 26,450 ML day–1
remains largely unchanged, but their frequency and volume have decreased, most
substantially for the very large floods that inundate the floodplain’s drier distal margins
(Table 10).
Table 10. Modelled Balonne River discharge at St George showing current flows as a proportion of
natural flows.
Total daily flow
(ML)

Frequency

Duration

Volume

1

288

31

28

66

138

55

59

79

133

53

61

413

114

64

71

583

111

67

73

823

88

81

93

13325

88

83

97

26450

88

100

100

35036

87

83

103

44716

91

100

98

58821

96

100

94

65176

89

100

101

160512

89

100

81

Notes: Frequency = number of events in excess of the total daily flow level
in the 100 years of simulated flows; Duration = mean number of days of
flow for each flood in excess of total daily flow level; Volume = mean total
discharge volume of floods in excess of the total daily flow level.
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5.3.2. Inundation modelling
Many of the river flow and climatic variables calculated before image capture are highly
correlated with the extent of inundation shown in the images (Table 11). Peak daily
flow in the 14 days before image capture (Qp14) was used because; (1) the small
difference in correlation between highly correlated flow variables, (2) evidence from
landholders in all parts of the floodplain, who consistently identified aspects of peak
daily flow at St.George as being important for inundation on their properties, and (3)
preliminary analysis indicating that flood peaks take an average of 14 days to travel
from St.George to Hebel on the state border (SN 422209A; Figure 2).
Table 11. Spearman’s correlation coefficients between river flow and climatic data used in
inundation modelling. Peak, median, mean and total discharge over the respective periods
before image capture were compared to the extent of inundation in each image, as well as
Evaporation (Evap30) and Rainfall (Rain30) in the 30 days before image capture.
Period

Peak

Median

Mean

Total

1 day

.

.

.

0.762**

3 days

0.839**

0.795**

0.795**

0.795**

5 days

0.872**

0.845**

0.839**

0.839**

7 days

0.934**

0.845**

0.901**

0.901**

10 days

0.918**

0.933**

0.934**

0.934**

14 days

0.907**

0.938**

0.945**

0.945**

28 days

0.918**

0.945**

0.945**

0.945**

3 months

0.831**

0.709**

0.742**

0.747**

6 months

0.703**

0.198

0.577*

0.654*

12 months

0.598*

0.025

0.346

0.346

Evap30

-0.036

Rain30

0.591*
*Significant at 0.05
**Significant at 0.01

69

Chapter 5. Inundation patterns
Multiple linear regression indicates a highly significant relationship between Qp14 and
the extent of inundation mapped from the images:
Inundated Area (ha) = Qp14 × 1.496 – 4143.4
(r = 0.968; F = 328.2; df = 1,11; P<0.001, SE =13,028)
Additional variables were not included in the model because they produced nonsignificant increases in r values and increased the standard error of the estimate.

5.3.3. Inundation distribution
The relationship between Qp14 discharge and the extent of inundation on the floodplain
shows distinct flow thresholds (Figure 15) across which the pattern and distribution of
inundation transforms in a stepped manner as flows increase. Flows below 13,325 ML
day-1 do not inundate the floodplain, and open water occupies less than 2 percent of the
total study area (Table 12). Inundation of the floodplain commences at around 26,450
ML day-1. Flows of this level inundate 12,262 ha (3.3% of the study area) about once in
1.15 years, and create a single narrow point of connection between the floodplain and
the Culgoa River channel at the upstream end of the extent of inundation (Figure 16A).

5.3.4. Inundation frequency
Combining each of the 13 inundation maps produces a map depicting inundation
frequency across the floodplain (Figure 17). Areas near river bifurcations and along the
western side of the floodplain are more frequently inundated than the floodplain’s outer
regions, some of which were not inundated in this series of images. This map also
shows a distinctive feature of inundation on the Lower Balonne Floodplain, which is
that the main flowpath (the most frequently inundated part of the floodplain) runs along
the medial axis of the floodplain away from river channels (Figure 17).
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Inundated area (thousands of ha) .

300

250

200

150

100

50

160,512

65,176

58,821

44,716

35,036

26,450

13,325

823

583

413

79

66

1

0

Qp14 discharge (ML day-1) .
Figure 15. Total area of inundation versus peak daily discharge in the 14 days before image
capture.
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Table 12. Patterns of inundation mapped from each image.

ARI
(Years)

TA
(ha)

INUND
(% of
study
area)

1

<1

706

66

<1

79

Mn
ENN
(m)

Mn
PROX

TCA
(ha)

NDCA

68

28

0.1

3,022

4.2

40

1

6.7

54

21

0.1

4,981

0.3

5

2

0.2

3.4

13

4

0.1

30,350

0.0

0

0

833

0.2

10.7

186

107

0.1

1,594

1.0

282

9

<1

1,674

0.5

7.0

56

30

0.1

2,923

1.1

1

1

823

<1

6,031

1.6

12.8

259

155

0.5

1,715

4.5

340

13

13,325

<1

1,997

0.5

8.2

105

52

0.2

2,345

4.3

78

5

26,450

1.15

12,262

3.3

21.6

870

388

0.4

707

8.9

2,140

45

35,036

1.40

49,852

13.3

25.4

2,319

625

4.3

533

76.9

25,109

134

44,716

1.70

82,193

21.9

26.1

2,872

616

8.1

530

368.4

39,803

171

58,821

2.00

74,011

19.7

25.5

2,026

697

7.8

562

74.8

17,327

109

65,176

2.30

74,689

19.9

22.0

2,173

446

13.4

569

318.7

32,994

140

160,512

12.30

246,238

65.5

21.0

3,969

325

62.8

397

9249.5

163,749

184

LSI

TE
(km)

0.2

7.1

2,344

0.6

<1

589

413

<1

583

Note: descriptions of the variable codes are provided in Table 9.
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Figure 16. The distribution of inundation at four Qp14 discharge volumes.
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Figure 17. Flood frequency distribution across the Lower Balonne Floodplain. Flood ARI zones
have been grouped for display.
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Flows of 58,821 ML day-1 (Figure 16B) inundate 74,011 ha (19.7% of the study area)
about once in two years on average (Table 12). This is the lowest discharge at which
floodwater flows across the floodplain and re-enters the Culgoa River in the
floodplain’s lower reaches. The influence of levee banks surrounding dams and crops
in the centre of the floodplain can also be seen in Figure 16B. The smaller extent of
inundation in the image captured following 58,821 ML day-1 than at 44,716 ML day-1
(82,193 ha) occurs because the latter image was captured 22 days after a flood peak of
101,249 ML day-1. This makes the spatial characteristics of inundation poorly
correlated with its Qp14 discharge.
A slight increase in flows from 58,821 ML day-1 to 65,176 ML day-1 (Figure 16C)
substantially increases the connection between the Culgoa River and inundated patches
on the floodplain, although the increase in the total area of inundation is small (Table
12). Flows of 160,512 ML day-1 (Figure 16D) inundate more than 65% of the study
area, but some isolated inundation patches and dry areas remain at this flow level. These
flows are rare, however, and occur once in 12.3 years on average (Table 12).
The distribution of inundation is influenced by regulator weirs in river channels
throughout the floodplain, man-made structures on the floodplain including roads,
drainage channels and levee banks and the condition of the floodplain before
inundation. The primary controls are probably the minor topographic features on this
very flat landscape. This is difficult to confirm, however, because sufficiently fine scale
topographic data (decimetre-scale accuracy) have not been collected on this floodplain.

5.3.5. Inundation patterns
The spatial structure of inundation patterns varies substantially between flow levels, and
different aspects of inundation patterns change in different ways (Table 12). Higher
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flows increase the mean patch proximity (Mn PROX: Figure 18A), a measure of the
size and adjacency of inundated patches (McGarigal and Marks, 1995), and the total
edge length of inundation (TE; Figure 18B), which is related to floodplain productivity
levels (Junk et al., 1989). Variables associated with habitat availability for aquatic
organisms, including the size of the largest patches (LPI), the total core area of
inundation (TCA) and the number of disjunct core inundation areas (NDCA), also have
their maxima at the maximum flow level. The mean Euclidean Nearest Neighbour
distance between patches (Mn ENN) decreases as flows increase, and the distance
between patches is smallest in large floods.
Several parameters of inundation pattern exhibit a unimodal relationship with flows and
have their maxima at moderate flow levels. The Landscape Shape Index (LSI)
describes the shape complexity of the extent of inundation and reflects the movement of
water within the complex micro-topography of the floodplain. LSI values are lowest for
flows below 13,325 ML day-1 and peaks at mid range flows between 35,036 ML day-1
and 58,821 ML day-1 (Figure 18C; Table 12). Similarly, the number of inundated
patches (NP) reaches its maximum of 697 at 58,821 ML day-1 (Figure 18D; Table 12).
Individual patches of inundation become amalgamated into larger ones at high flows,
and the extent of inundation following a Qp14 discharge of 160,512 ML day-1 is
comprised almost entirely of a single patch occupying 96% of the inundated area (Table
12). These large flows create fewer inundated patches than flows of 26,450 ML day-1,
but core areas of inundation occur at more locations in larger floods (NDCA; Table 12).
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Figure 18. Correlations between Qp14 discharge and the pattern of inundation for different
parameters of inundation shape. The mean proximity of patches (A) and the edge length of
inundation (B) are positively correlated with flows, whereas patch shape complexity (C)
and number of inundated patches (C) have a unimodal relationship with flow levels.
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5.4. DISCUSSION
5.4.1. Flood Pulses
This Chapter describes some of the spatial and temporal complexity of flood pulses on
floodplains. Important aspects of inundation patterns on floodplains, such as the
number and proximity of inundated patches, or the amount of shallow inundation along
the edge of inundated patches, can change in different ways in relation to changes in
flows. This illustrates the importance of measuring inundation patterns on floodplains
in order to comprehend the complexity and dynamics of this important process at the
landscape-scale.
Inundation patterns on the Lower Balonne Floodplain are distinctive in several ways.
First, the extent of inundation on the Lower Balonne Floodplain increases in a stepped
manner as flows increase. The exact cause of this stepped pattern is unclear. The extent
of inundation during flooding is influenced by many factors, and it is possible that the
stepped pattern is a product of the individual images chosen for this analysis. It is
likely, however, that the stepped pattern is caused by subtle microtopographic features
of the floodplain surface. The contemporary Lower Balonne Floodplain sits on top of a
tertiary-age alluvial fan (Thoms et al., In Press) and its topography has been shaped by
floods of varying magnitude over many years. The complex geomorphic history of the
Lower Balonne Floodplain has created several floodplain surfaces at different
elevations. This has produced a series of ancient and modern flow paths that influence
the pattern of inundation, and partly confine floodwater over narrow flow levels. The
very subtle difference in elevation of these floodplain surfaces makes them difficult to
accurately measure over large areas, however, and these features are probably best
identified by the distribution of inundation at different flow levels.

78

Chapter 5. Inundation patterns
A second distinctive feature of inundation on the Lower Balonne Floodplain is that
inundation propagates from the inside of the floodplain and moves outwards towards
the river channels as flow levels increase. The most frequently inundated areas on this
system are largely located away from river channels along the medial axis of the
floodplain. This contrasts with inundation on most floodplains which tends to be most
frequent adjacent to river channels (Anderson et al., 1996). This characteristic is also
probably due to the geomorphic history of the floodplain. The existence of Brairie
Creek suggests that historical very large floods that inundated the entire valley are likely
to have drained along the floodplain’s central region. Continued erosion along this
course may have lowered the floodplain surface in this area and increased the tendency
for future smaller floods to travel along that same course. As with the stepped pattern
of inundation, the exact physical basis of this flow pattern has not been determined.
The distribution and character of flood pulses are very different from those
conceptualised in the Flood Pulse Concept (Junk et al., 1989). The FPC identifies
predictable, large flood pulses of long duration as being the driving force controlling the
biological character, physical structure and productivity of river-floodplain ecosystems.
Small, unpredictable or brief flooding is considered to be an impediment to the
adaptation of organisms, and to lead to a low diversity of aquatic and terrestrial plants
and animals. In contrast, flows in the Balonne River are highly variable and
unpredictable (Figure 5; Table 6), yet, the Lower Balonne Floodplain is also highly
biodiverse and productive (Dick, 1990; Dick and Andrew, 1993; Ogden et al., 2002;
Pedley, 1974). This suggests that aspects of the flood pulse other than its magnitude
and predictability may be important for controlling the structure and functioning of
floodplains.
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The patterns of inundation may be one of the most important influences on floodplain
structure and functioning. The pattern and connectedness of inundated patches can
influence the number of aquatic organisms that utilise the floodplain during inundation
(Bodie and Semlitsch, 2000; King et al., 2003; Saint-Paul et al., 2000), and the
distribution of moisture and nutrient resources across the landscape, which controls
primary productivity levels (Junk and Piedade, 1993; Wassen et al., 2003). Flooding
has been identified as the major control of productivity on the Lower Balonne
Floodplain (Ogden and Thoms, 2001; 2002), but no single flood level creates
inundation conditions that maximise connectivity, habitat availability and the edgelength of inundation. The specific links between inundation patterns and ecological
processes on floodplains have not yet been tested, and the accuracy of this analysis for
identifying fine-scale details is limited by the 1ha pixel size used in pattern metric
calculation. However, these results illustrate the importance of a variable flow regime
for maintaining the widest possible range of processes within the floodplain ecosystem.

5.4.2. Hydrological connectivity
In addition to its influence on the distribution of inundation, flood pulses of different
magnitude also create different inundation patterns, which control hydrological
connectivity conditions across the floodplain. These patterns can be summarised in
terms of three connectivity phases (Table 13). The Disconnection Phase (Phase I)
occurs at flows below about 26,000 ML day-1, and creates inundation patterns that are
highly fragmented. Inundation in this phase consists of a small number of widely
spaced patches of inundation with low connectivity.
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Table 13. Flow levels and inundation patterns of inundation phases
Connectivity

Flow Range

Phase

(ML day-1)

Disconnection

<26,000

(Phase I)

Characteristic patterns
No substantial inundation of floodplain
Highly fragmented inundation patterns
Few patches that are widely spaced
Low connectivity

Interaction

26,000 – 60,000

(Phase II)

Larger size and number of patches
More complex inundation shapes
Highly variable patterns at different flows in this range
Generally increasing connectivity

Transition

60,000 – 65,000

Substantial increase in connectivity
Flows re-enter Culgoa River after flowing across the
floodplain

Integration
(Phase III)

>65,000

Large area of inundation
Fewer patches
Reduced shape complexity
High connectivity
Lower fragmentation of inundation patterns

The Interaction Phase (Phase II) occurs at flows between 26,000 ML day-1 and
60,000 ML day-1, and marks the flow level at which the floodplain becomes connected
to the river channel by open water. Inundation patterns are highly variable within this
flow range, but the number and size of inundated patches, the shape complexity of
inundation, and the connection between patches of inundation tends to increase as flows
increase (Table 12). These inundation patterns are most similar to those described in
the literature where the extent of inundation and connectivity levels increase in
association with increased flood levels (Malanson, 1993; Tockner et al., 1999; Ward et
al., 1999).
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An important transition of inundation patterns occurs as flows increase from around
60,000 ML day-1 to 65,000 ML day-1 (Table 13). Inundation patterns in this Transition
Phase include a substantial increase in the connection amongst inundated patches, and
between the inundated patches and the Culgoa River. This is the lowest flow level at
which floodwaters emerge from the Culgoa River, travel across the floodplain and reenter the Culgoa downstream (Figure 16C), which enables substantial exchange of
material between the floodplain and its adjoining aquatic ecosystems. Flow increases
over this small range therefore transform inundation patterns from being relatively
disconnected into a more highly integrated network of patches. Flows between 60,000
ML day-1 and 65,000 ML day-1 may be an important threshold for ecological processes
operating on the Lower Balonne Floodplain and its role in the regional ecosystem.
Inundation patterns in the Integration Phase (Phase III) are very different from those at
lower flow levels. Flows greater than 65,000 ML day-1 create fewer inundated patches,
less complex inundation shapes, the least fragmented inundation patterns (Figure 18C
and D; Table 12), and the largest number of disjunct core areas of inundation (Table
12).
Inundation patterns in each connectivity phase also have functional implications for the
floodplain. In the Disconnection Phase (I), the floodplain is essentially dislocated from
river channels, and there is little opportunity for aquatic interaction between the
floodplain and its rivers. Connection between the rivers and the floodplain increases
during the Connectivity Phase (II), but the substantial movement of materials,
organisms and energy through the water occurs only at the Transition Phase, when
water returns to the Culgoa River after flowing across the floodplain. Inundated areas
on the floodplain are intimately connected in the Integration Phase (III). Inundation
patterns in this connectivity phase unify the formerly terrestrial landforms into an
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integrated aquatic ecosystem, and the many large patches of inundation are likely to
maximise the availability of habitat for aquatic organisms.

5.4.3. The impact of resource development
Inundation patterns have been influenced by physical changes to the structure of the
floodplain landscape, including the construction of levee banks, roads and interception
channels, and by changes to the frequency of flows. The most evident impact from
physical changes is from levee channels, which have created a much narrower (and
probably wetter) central flowpath than existed before development (Figure 17). The
effect of interception channels is difficult to quantify because records of the volumes
diverted into storage are unavailable.
Changes to the frequency of flows at St.George include a reduced frequency of large
floods and an increased frequency of smaller floods (Table 10). These changes are
likely to create a floodplain that is drier overall than under natural flow conditions, and
which has a smaller and wetter area of high inundation frequency. Development
activities have also influenced the sequence of connectivity phases over time.
Disconnected (Phase I) inundation patterns now occur more frequently, and the level of
disconnection is more extreme than under natural flows. The frequency of flows
facilitating substantial interaction between the floodplain and rivers (Phase II) has been
subtly reduced, as have the frequency and volume of flows around the transition level.
The flows that create Integration Phase inundation patterns (Phase III) are slightly less
frequent and smaller in volume, indicating that extensive and unified inundation over
large areas may occur less frequently and be less substantially integrated than under
natural flows.
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5.5. SUMMARY
1. Balonne River flows at St.George are highly variable over time. Flows in this
system tend to occur as low level base-flows punctuated by infrequent large floods
and severe droughts.
2. The frequency, duration and magnitude of flows have been affected by resource
development activities. The frequency of small floods has increased, and they are
generally briefer and smaller in volume than under natural flow conditions. The
frequency and volume of larger flows has decreased, with very large floods being
most substantially affected.
3. Flood pulses are distinctive on the Lower Balonne Floodplain. The relationship
between flow levels and the extent of inundation is non-linear, and the extent of
inundation increases in a stepped manner as flows increase. The distribution of
inundation is also distinctive and includes an area of high inundation frequency that
is located away from river channels along the floodplain’s medial axis. These
inundation patterns probably result from the floodplain’s geomorphic history,
though the extreme flatness of the floodplain makes this difficult to confirm. This
has created a series floodplain surfaces at different elevations that control inundation
patterns and confine flood waters over small flow ranges. The high frequency of
inundation in the centre of the floodplain is probably due to repeated erosion events
from historical very large floods. These flow events that drained via Brairie Creek
have created the lowest elevation surface in that part of the floodplain.
4. Three connectivity phases occur on the Lower Balonne Floodplain. The
Disconnection Phase (Phase I) occurs at flows below about 26,000 ML day-1, and
does not connect floodplain landforms to one another or the floodplain to the Culgoa
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River. The Interaction Phase (Phase II) occurs at flows between about 26,000 ML
day-1 and 60,000 ML day-1. Inundation of the floodplain increases the integration of
floodplain landforms and river channels, but inundation patterns are highly variable
at different flow levels within this range. An important transition in the pattern of
inundation occurs between about 60,000 ML day-1 and 65,000 ML day-1. The
connection between the river channels and the floodplain, and between inundated
patches on the floodplain increases substantially across this small flow range, and
this flow range may be an important ecological flow threshold on this system. Flows
around 160,000 ML day-1 inundate a large area of the floodplain. Inundation
patterns are least fragmented at the highest flow level, but isolated patches of
inundation and dry areas remain.
5. Some aspects of inundation patch structure, such as the edge length of inundation
and the closeness of neighbouring patches, have a positive linear relationship with
flow levels, but others, including the shape complexity and number of inundated
patches, have a unimodal relationship to flow levels and have their maxima at
moderate flow levels. No single flood creates inundation patterns that would
potentially maximise all aspects of floodplain functioning.
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Chapter 6.

Landscape structure
6.1. INTRODUCTION
This Chapter describes the character and distribution of landcover types on the Lower
Balonne Floodplain and quantifies its landscape structure. The character, distribution
and pattern of landcover types influences the rate and direction of exchange of species,
energy and materials within floodplain ecosystems (Forman, 1995a; Forman and
Godron, 1986; Turner et al., 2001; Wu and Loucks, 1995). These patterns also
influence the interaction between floodplains and the terrestrial and aquatic ecosystem
to which they are joined (Brown, 1997; Forman, 1995b; Morton et al., 1995). Mapping
landcover characteristics and quantifying patterns within the landscape can therefore
improve the understanding of floodplain ecosystems at the landscape scale.
River–floodplains are nested hierarchical ecosystems that can be stratified by the spatial
distribution of physical mechanisms responsible for landform change (Gregory et al.,
1991; Large and Petts, 1996; Poole, 2002) including inundation frequency (Goetz et al.,
1999). Zones of different inundation frequency have a distinctive disturbance regime
(Cadenasso et al., 2003), connectivity conditions (Ward, 1998b) and biodiversity
characteristics (Ward et al., 2002b) that create ordered structures within the ecosystem
(Wu and Loucks, 1995). Differences in the character and pattern of patches, corridors
and the matrix can therefore create different functional characteristics between
inundation frequency zones.
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Two research questions are addressed in this Chapter:
1. Is there an association between inundation frequency and the distribution and
character of landcover types at the landscape scale?, and
2. Does floodplain landscape structure differ between areas of different inundation
frequency and if so how?
The distribution of vegetation and soils are often associated with inundation conditions
on floodplains (Knighton, 1992; Roberts and Marston, 2000). Several studies have
illustrated the close association between inundation frequency and the character and
distribution of landcover types on the Lower Balonne Floodplain (Foster et al., 2002;
Gunn, 1974; Ogden and Thoms, 2001; Pedley, 1974). However, the distribution and
character of landcover types has not previously been mapped on the Lower Balonne
Floodplain at the landscape scale.
The structure of floodplain landscapes may also vary between inundation frequency
zones in terms of the shape, size and composition of patches, corridors and the matrix.
The Flood Pulse Concept (Junk et al., 1989) identifies large regular floods as the most
important structuring force on floodplains. Flows on the Lower Balonne Floodplain,
however, are unpredictable and highly variable (Chapter 5) and there may be long
periods of drought during which terrestrial processes dominate (Galloway, 1974;
Robertson et al., 1997). The landscape-scale association between inundation frequency
and landscape structure on floodplains such as the Lower Balonne, however, is poorly
known.
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6.2. MATERIALS AND METHODS
6.2.1. Landcover mapping
The accuracy of landcover maps created by satellite images is influenced by the
variability of the floodplain landscape, which can change the spectral separability of
landcover classes between dates (Best et al., 1981; Sobrino and Raissouni, 2000). The
influence of date-specific effects in Landsat TM images can be minimised using multitemporal image analysis (Johnston and Barson, 1990; 1993; Townsend and Walsh,
2001) which incorporates the spectral variability of the landscape over time into
landcover classifications by using several images of the same landscape captured at
different times or under different conditions. This study uses seven Landsat TM images
(Table 14) showing a dry floodplain in all seasons, with open water visible only in river
channels and small billabongs.
Table 14. Balonne river discharge and rainfall at St George before image capture for the Landsat
TM images used in this project.
Area
Inundated
(ha)

Qp
(ML)

Qp14
(ML)

Qt
(ML)

Qmed
(ML)

Days
since
peak

Rain30
(mm)

Evap30
(mm)

21-Sep-89

2,344

1,588

66

28,810

180

90

0

122

19-Jan-93

589

141

79

2,025

2

80

80

255

22-Nov-94

1,674

583

583

7,964

6

7

39

217

6-Jul-96

6,031

128,313

823

1,548,668

847

46

33

60

706

0

0

0

0

-

2

82

5-Feb-99

1,997

13,325

13,325

86,606

703

0

103

244

26-Apr-99

833

35,036

413

927,700

3,368

37

23

140

Date

26-Aug-97

ID: Qp: peak daily discharge during the flood before image capture; Qp14: peak daily discharge
in the 14 days before image capture; Qt: total discharge during the flood before image capture;
Qmed: median daily discharge during the flood before image capture; Days since peak: number
of days between peak daily Balonne River discharge at St George and capture of the image;
Rain 30 = total rainfall at St.George in the 30 days before image capture; Evap30 = Estimated
total evaporation in the 30 days before image capture, calculated from median monthly
evaporation at St.George
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The images were combined to create a ‘Reference Image’ showing average landcover
conditions over the period of image capture. The Reference Image was created by
calculating the average pixel value, on a pixel-by-pixel basis, for each Landsat TM band
in each of the seven images (Figure 19). The ‘average’ bands were then re-combined
into a single data set with the original Landsat TM data format. The averaging process
reduces the influence of date-specific variations in spectral characteristics of the images.
This method of recombination of image bands preserves the band structure and full
image processing flexibility of the original Landsat TM images, including the capability
to perform multispectral image classification.
…TM7
TM2

…TM7

…TM7

TM2

TM2

TM1

TM1

TM1

DATE 1

DATE 2

DATE n
…DATE n
DATE 2

AVERAGE
TM1
OVER TIME

Average DN
for
each pixel

DATE 1

TM1
Average TM7
Average TM5
Average TM4
Repeat
for
each band

Average TM3
Average TM1

REFERENCE
IMAGE
Figure 19. Diagrammatic description of the method of creating the Reference Image.
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Landcover types were mapped from the Reference Image using an iterative process of
fieldwork, ground-truthing and map refinement. Preliminary descriptions of 12
landcover types, representing soil and vegetation complexes, were made in February
1998. This information was later used in a supervised maximum-likelihood
classification of the Reference Image to produce a draft landcover map that was groundtruthed in January 1999. Four of the original 12 landcover types were poorly separated
in the draft landcover map, and were subsequently lumped into two.
Field data describing the final 10 landcover types were collected at 104 sites across the
floodplain. Field data including wet and dry Munsell soil colour measurements and
hand bolus soil texture estimations, vegetation species identifications, and live and
senescent coverage estimations in each of the grass, shrub and tree layers were collected
from an initial 56 sites. Landcover characteristics at a further 48 locations were
identified from large-scale aerial photographs in consultation with local farmers and
researchers familiar with the area. The approximate inundation frequency at each site
was estimated in terms of high, moderate, low or variable.
The final landcover map was produced from a further two supervised maximum
likelihood classifications of the Reference Image. The first classification pass provided
estimates of the prior probability of occurrence for each landcover, and these estimates
were then applied a-priori in a second classification pass to produce the final landcover
map. Incorporating the probability of class occurrence in this way improves the
precision of accuracy assessments in confusion matrices (Richards, 1996).
The accuracy of map classification was assessed using confusion matrix analysis
(Congalton and Green, 1999). A confusion matrix (or error matrix) is a square array of
numbers that presents a comparison of the training data used to describe each landcover
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class during classification with the result of the classification process (i.e. the output
classified image). Two statistics from confusion matrix analysis are used to describe
the classification accuracy of the map as a whole: (1) the Overall Accuracy (OA) score
and; (2) Khat statistics from Kappa analysis. The OA score shows the proportion of
pixels that have been correctly classified according to the training data. This is
calculated from the sum of the correctly classified pixels (the main diagonal in the
matrix) divided by the total number of pixels. Khat statistics account for chance
agreement in the classification by incorporating the row and column totals, (which
indicate the probability of getting a correct classification by random chance) into the
accuracy assessment (Congalton and Green, 1999). Khat statistics can range from -1 to
+1, and can be interpreted in terms of the percentage of agreement between the training
data and the classified map (e.g. a Khat of 0.80 indicates 80% agreement).
The comparative accuracy of the Reference Image was assessed by comparing OA and
Khat statistics calculated from the classified Reference Image with similar statistics for
each of the seven single-date images. Classification of the individual-date images was
based on the training regions used to classify the Reference Image. These regions were
slightly modified to accommodate changes in land-use and the distribution of plant
communities where this was obvious. All pixels showing areas which had been
converted from natural habitat to agricultural land use were eliminated from the
Reference Image.
The Producer’s and User’s accuracy values represent the classification accuracy of each
class individually. Producer’s accuracy is calculated by dividing the total number of
correctly classified pixels by the total number of training pixels in that class (the column
total). Producer’s accuracy indicates commission errors, where pixels have been
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incorrectly included in the target class. User’s accuracy indicates errors of omission,
where pixels have been incorrectly omitted from the target class (Congalton, 2001).

6.2.2. Pattern metric calculation
Twelve pattern metrics describing the size, shape and configuration of landcover types
were calculated from the Reference Image landcover map (Table 15) using
FRAGSTATS v 3.01.01 pattern analysis software (McGarigal and Marks, 1995).
Table 15. Landscape pattern metrics measured in this analysis
Metric

Code

Units

Description

Total area of the
landscape

TA

ha

Total area of the landscape

Class area

CA

ha

Total area of each landcover class

Percentage of
the landscape

%LAND

%

Proportion of the zone occupied by the
landcover type

Number of
patches

NP

number

Total number of patches

Largest patch
index

LPI

%

Size of the largest single patch as a
proportion of the size of the landscape

Mean patch area

MN AREA

ha

Mean area of patches

Area-weighted
mean shape
index

AMN
SHAPE

None.
Range:
≥1-∞

Mean shape complexity of patches, as
compared to a square, weighted by patch
size (1=square)

Total core area

TCA

ha

Total area within the class that is further
than the patch edge influence distance from
the perimeter of the patches

Mean core area

MN CORE

ha

Mean area within each patch that is further
than the patch edge influence distance from
the perimeter of the patches

Contagion index

CONTAG

%

The extent to which patch types are
aggregated (large values indicate a
tendency to be clumped)

Interspersion and
juxtaposition
index

IJI

%

The spatial adjacency of patch types (IJI=0
when a landcover type occurs next to only 1
other; IJI=100 when it is equally adjacent to
all other types)

Shannon’s
Evenness Index

SHEI

None.
Range:0-1

Evenness of distribution of patch area
(0=uneven distribution of area between
patches)
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The pixel size of the Reference Image was increased to 100m by 100m (1ha) using a
nearest neighbour clustering algorithm prior to analysis in FRAGSTATS. A majority
filter was then used to minimise fragmentation errors associated with the raster format
of the images. The Area Weighted Mean Shape index was used in place of the
Perimeter to Area ratio as a measure of patch shape in this analysis because it provides a
more robust assessment of patch shape complexity amongst patches of very different
size (McGarigal and Marks, 1995). An edge influence distance of 200 m was used in
core-area calculations, boundary weight values were made equal to one, and the eightcell rule was used in patch neighbour calculations.
The floodplain was stratified into zones of rare and frequent inundation (Figure 20)
based on the extent of inundation at 65,176 ML day-1 (ARI 2.30 years).

Figure 20. The distribution of zones of rare and frequent inundation.
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Areas inundated at this flow level were defined as frequently flooded, and areas that
remain dry at this flow volume were defined as rarely inundated. This flow level
identifies the upper flow threshold of the Transition Phase of inundation patterns (Table
13), and inundation patterns change substantially at this flow level.

6.3. RESULTS
6.3.1. Character and distribution of landcover types
Of the 10 landcover types on the floodplain, three are spatially dominant (Figure 21;
Table 16). These are Open Grassland (101,832ha or 31% of the landscape),
Lignum/Dark Soil (52,087ha, 17%) and Coolibah Open Woodland (45,234ha, 14%).
Open Grassland has few trees and a wide variety of grass species on generally finegrained soils, and is the most widespread landcover type occurring in a wide range of
inundation frequency zones. Lignum/Dark Soil contains black cracking alluvial soils
that almost exclusively support lignum shrubs (Muehlenbeckia florulenta) with lush
groundcover vegetation. This landcover type most commonly occurs in areas of high
inundation frequency in the floodplain’s central region and adjacent to stream
bifurcations.
Coolibah Open Woodland occurs on alluvial soils in areas of moderate to high
inundation frequency, and is most common in the downstream section of the main
flowpath (Figure 21). Coolibah Open Woodland has a complex canopy structure with
trees including coolibah (Eucalyptus coolabah), bimble box (E. populnea) and gidgee
(Acacia cambagei) over lignum shrubs and a diverse grass layer. Together, Open
Grassland, Lignum/Dark Soil and Coolibah Open Woodland comprise more than 60%
of the study area (Table 16).
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Figure 21. The distribution of landcover types on the Lower Balonne Floodplain mapped from the
Reference Image composite of Landsat TM images.
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Table 16. Plant and soil composition of landcover types and their spatial characteristics.
Relative
Landcover
Inund’
Type
Freq..
Open Variable
Grassland

CumuSoil
Soil
Area
Area lative
Texture
Colour
(ha)
(%) Area (%)
101,832 31
31 Clay to Silty Clay Yellowish Grey to
Brownish Black

Coolibah Open
Woodland

Mod./
High

52,087

17

48

Lignum/Dark
Soil

High

45,234

14

62

Nutgrass

Mod

33,526

10

72

29,481

9

81

Open Forest Variable

Low

18,944

6

87

Claypan

Low

16,675

5

92

Dune

Low

12,180

4

96

Riparian Forest

High

11,588

3

99

2,022

1

100

Water

Shrub
Grass
(cover%)
(cover%)
Muehlenbecki Astrebla lappacea, Bassia spp,
florulenta
Cenchrus ciliaris,
(10%)
Marsilea drummondii,
Eragrostis setifolia, Paspalidium
jubiflorum, Cyperus bifax, Plantago
spp, Medicago spp, P. jubiflorum
(70% - seasonal)
M. florulenta C. bifax, Eliocharis spp, Eragrostis
(20%)
spp
(20%)

Silty Clay to Clay Dark Greyish
Eucalyptus coolabah,
Loam
Yellow to Brownish E. populnea, Acacia
Black
cambagei
(40%)
Massive cracking Brownish Black to E. coolabah, A. cambagei M. florulenta
clay to silty clay Greyish Yellow
(15%)
(70%)
Brown
Silty Clay Loam Dark Greyish yellow E. populnea
M. florulenta
to Brownish Black (10%)
(20%)

C. bifax, Eliocharis spp, Aristida spp
(65%)

Sandy loam
(coarse)
Clay loam (fine)

Brown (coarse)
Dull Yellowish
Brown (fine)

Silty Clay to
Greyish Yellow
Sandy Clay Loam Brown to Dull
Yellowish Brown
Silty clay to Clay Dull Yellowish
Sand
Brown to Brown
Fine to Coarse Dull Yellowish
Sand
Brown to Brown

Sporobolus mitchelli, C. bifax
(15%)

Callitris spp (coarse),
E. populnea,
A. cambagei (fine)
(60%)

-

A. lappacea (fine), Chloris truncata ,
Plantago spp
(10%)

E. populnea,
Casuarina cristata
(5%)
-

-

Medicago spp, E. setifolia
(40-60% - seasonal)

-

Bassia spp, C. truncata, C. ciliaris
(20%)
Aristida spp, Stipa spp, Asteraceae
spp, Gnapphalium luteo, P. jubiflorum
(30% - seasonal)
S. mitchelli, C. bifax, E. setifolia,
Ptilotus exaltatus(15%)

Acacia spp, E. populnea,
Callitris spp
(30%)
Silty Clay to Clay Dark Greyish
E. camaldulensis, E.
Acacia spp,
Loam
Yellow to Brownish coolabah, E. populnea, C. M. florulenta
Black
cristata, Melaleuca spp (15%)
(70%)
-

-
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Dry Grassland

Tree
(cover%)
-
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Other landcover types each occupy a small proportion of the floodplain landscape.
River channels in all areas are flanked by Riparian Forest, which includes river red gum
(E. camaldulensis) and coolibah trees with lush shrub and groundcover vegetation
(Figure 21; Table 16). Open Forest is an amalgamation of two tree-dominated landcover
types that could not be spectrally separated in the images; one occurring on fine pale
soils and the other on sandy soils. Open Forest consists of cypress pine (Callitris spp.)
or bimble box (E. populnea) trees with little shrub or groundcover growth, and tends to
occur in small stands in areas of lower inundation frequency in the floodplain’s
upstream reaches. Dune, Claypan and Dry Grassland are usually sparsely vegetated by
grasses, though groundcover in Dry Grassland and Dunes is highly seasonal. Dunes are
distinctive, however, because they occur on sandy soils, whereas Claypan and Dry
Grassland types occur on fine pale soils. Water occupies the smallest proportion of the
landscape and is restricted to river channels and small billabongs in non-flood
conditions (Table 16).
The landscape-scale distribution of landcover types is associated with differences in
inundation conditions throughout the floodplain. Longitudinally, landcover grades from
Dunes and Open Forest on coarse soils in upstream reaches, through Lignum/Dark Soils
in the floodplain’s central area, to grasslands on pale, fine-grained soils in lower reaches
(Figure 21; Table 16). Lateral zonation is more complex, however, with different
landcover types dominating in areas of differing inundation frequency (Figure 22). In
general, landcover types grade laterally from Riparian Forests adjacent to river
channels, to Lignum/Dark Soil and Coolibah Open Woodland in frequently inundated
areas of the floodplain, with Open Grassland dominant in rarely inundated areas.
Landcover types that comprise a small proportion of the landscape tend to be most
common in rarely inundated areas.
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Lignum/Dark Soil
Nutgrass
Open Grassland
Riparian Forest
Coolibah Open Woodland
Dune
Open Forest
Dry Grassland
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0
<1

1.00
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2.30

12.3
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Figure 22. The proportion of annual flood recurrence zones occupied by each landcover type

6.3.2. Map accuracy assessment
Spectral signatures calculated from the Reference Image for a subset of landcover types
(Figure 23) show that landcover types can be differentiated by the shape of the
reflectance curve and the overall reflectance brightness. These spectral characteristics
vary in association with vegetation cover, soil colour and moisture conditions. Sparsely
vegetated landcover types such as Claypans and Dunes, for example, have the greatest
exposure of pale soils (Table 16) and the highest overall reflectance brightness. More
densely vegetated landcover types with darker soils, such as Riparian Forest and
Lignum/Dark Soil, have lower overall reflectance brightness. The maximum separation
between landcover types occurs in TM band 5, which is sensitive to vegetation and soil
characteristics including moisture levels (Lillesand and Kiefer, 1994).
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Riparian Forest
Lignum/Dark Soil

Mean reflectance (DN) .
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Coolibah Open Woodland
Dune
Open Grassland
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Figure 23. Spectral signatures for selected landcover types. Landcover types with high overall
brightness tend to have sparse vegetation cover and pale or coarse soils, whereas those with
low overall brightness have more dense vegetation cover and darker soils.

The Reference Image produces a more accurate landcover map than classification of
single-date images, including images captured in February and April 1999, close to the
time of fieldwork (Table 17). Of the single-date images, the image captured in
November 1994 produced the most accurate landcover map, with an Overall Accuracy
(OA) of 0.71 and a Khat statistic of 0.651 (Table 17). In comparison, the Reference
Image has an OA of 0.85 and a Khat statistic of 0.825. OA values tend to overestimate
the accuracy of classified images (Ma and Redmond, 1995) and Kappa analysis tends to
underestimate map accuracy (Foody, 1992). Thus, the Reference Image landcover map
has a true accuracy between 82.5% and 85% at the landscape-scale, which is an
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improvement of at least 14% over classification of a single-date image. This
improvement in classification accuracy probably occurs because pixel values in the
Reference Image incorporate some of the phenological and seasonal variation of plant
species, which improves their separability.
Producer’s and user’s classification accuracy exceeds 80% for all landcover types
except Open Forest (79%) and Dunes (70%; Table 18). Only 79% of Open Forest areas
have been correctly classified (producer’s accuracy), but 85% of areas called Open
Forest are actually Open Forest (user’s accuracy). The landcover map therefore
underestimates the extent of Open Forest and most commonly misclassifies it as
Coolibah Open Woodland, which has similar tree cover characteristics (Table 16), or
Dunes, which have similar soils. Of Dunes, 84% have been have been correctly
classified in the map, but only 70% of areas classified as Dune are actually the Dune
landcover type. The extent of Dunes is therefore overestimated and most commonly
misclassified as Open Grassland (Table 18).

6.3.3. Landscape structure
At the whole-floodplain scale (Table 19), the floodplain landscape is a complex mosaic
comprised from a large number of fragmented patches (NP=18,746; CONTAG=37%)
that are highly interspersed with one-another (IJI=76%). The largest patch occupies less
than 8% of the total study area (LPI), and the core area amongst all landcover types is
small (TCA=59,995ha) and distributed as a small mean core area (MN CORE=3.2ha)
amongst a large number of patches.
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Table 17. Classification accuracy comparison of the Reference Image and single-date images used in this project.
Sep

Jan

Nov

Jul

Aug

Feb

Apr

Reference

1989

1993

1994

1996

1997

1999

1999

Image

Overall Accuracy (%)

63

68

71

44

59

61

54

85

Khat

.573

.624

.651

.358

.525

.541

.470

.825

Table 18. Classification accuracy confusion matrix (number of pixels) for landcover types mapped from the Reference Image.
OF

COW

CP

OG

NG

LDS

RF

DU

DG

435
0
0
0
0
0
0
1
0
0

0
8558
1265
5
499
172
252
97
40
0

0
0
8010
0
447
44
483
0
0
0

0
79
0
3680
91
2
0
0
44
38

5
522
130
174
17984
788
377
0
1465
317

0
0
1
0
104
4842
0
0
1
577

0
168
369
0
8
150
5315
26
0
0

0
24
1
0
0
0
0
1054
0
0

0
669
0
27
0
0
0
0
3583
0

0
0
0
115
540
8
0
0
0
5597

100

79

89

94

83

88

88

98

84

89

User’s
Accuracy (%)
99
85
82
92
91
81
83
89
70
86

ID: H20: Water; OF: Open Forest; COW: Coolibah Open Woodland; CP: Claypan; OG: Open Grassland; NG: Nutgrass;
LDS: Lignum/Dark Soil; RF: Riparian Forest; DU: Dune; DG: Dry Grassland.
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H2O
OF
COW
CP
OG
NG
LDS
RF
DU
DG
Producer’s
Accuracy (%)

H2O
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Within this complex mosaic, however, each landcover type has distinctive spatial
characteristics (Table 20) that can be associated with their functioning. Open Grassland
comprises the largest single patch (LPI=8%) and has the largest mean patch area (MN
AREA=31.21ha), the most complex patch shape (AMN SHAPE=7.54), the largest total
core area (TCA=26,526ha), the largest mean core area per patch (MN CORE=8.12ha),
and is the most interspersed amongst other landcover types (IJI=88%). The size and
high connectivity of Open Grassland indicate that it forms the matrix at the landscapescale.
Water occupies the smallest proportion of the landscape (<1%; Table 20), and is
comprised from the fewest and smallest patches (NP=403; MN AREA=3.07ha; MN
CORE=0.04ha; TCA=15ha). Water also has the simplest patch shapes (AMN
SHAPE=1.80) and the most fragmented patch structure (CONTAG=0.69). This reflects
the restricted distribution of water in river channels and small billabongs during nonflood periods. The most distinctive spatial characteristic of river channels, however, is
their linear shape (Figure 21). Water in river channels and the Riparian Forests that
flank them therefore comprise the Corridors that subdivide the mosaic.

6.3.4. Structure differences between inundation frequency
zones
There are substantial differences in landscape-structure between inundation frequency
zones, some of which are related to differences in the size of the zones. The smaller
zone of frequent inundation has fewer patches (NP=652 [frequent] v 18,095[rare]), a
smaller total core area (TCA=11,000ha v 48,996ha), and large patches occupy a larger
proportion of the zone (LPI=16.58% v 5.11%; Table 21).
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Table 19. Landscape scale metrics for the entire Lower Balonne Floodplain

TA

LPI

MN
AMN
AREA SHAPE

7.62

16.44

NP

Entire floodplain 308196 18746

5.18

TCA
59995

MN
CORE CONTAG
3.20

37

IJI
76

Note: Codes, units and ranges for variables are shown in Table 15

Table 20. Landcover type scale metrics for the entire Lower Balonne Floodplain
CA

MN
MN
AMN
AREA SHAPE TCA CORE CONTAG

IJI

NP

LPI

Water 1239

<1

403

0.04

3.07

1.80

15

0.04

0.69

80

Riparian Forest 10130

3

1096

0.29

9.24

3.17

279

0.26

0.80

75

Lignum/ dark soil 44875

15

1766

1.36

25.41

3.83 12180 6.90

0.89

72

Coolibah Open Woodland 49416

16

3145

3.24

15.71

5.73

9089 2.89

0.85

71

Nutgrass 30738

10

2915

0.80

10.55

3.28

3770 1.29

0.83

73

Open Grassland 101958

33

3267

7.62

31.21

7.54 26526 8.12

0.86

88

Open Forest 28073

9

2118

0.60

13.25

3.66

2943 1.39

0.84

86

Dry Grassland 16570

5

1535

1.19

10.80

3.60

2635 1.72

0.85

58

Claypan 14523

5

1425

0.74

10.19

3.27

1450 1.02

0.84

69

Dune 10674

3

1076

0.39

9.92

2.48

1108 1.03

0.84

71

Note: Codes, units and ranges for variables are shown in Table 15
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Table 21. Landscape scale metrics for zones of rare and frequent inundation

Inundation frequency

TA

MN
AMN
LPI AREA SHAPE

NP

Rare 266348 18095 5.11 12.83
Frequent 41848

652

16.58 12.63

TCA

MN
CORE CONTAG IJI SHEI

4.31

48996

2.16

37

66

0.83

4.38

11000

2.07

52

35

0.64

Note: Codes, units and ranges for variables are shown in Table 15
Table 22. Difference in landscape scale pattern metrics between inundation frequency zones.
A positive value indicates an increase in the frequently inundated zone and a negative value indicates a decrease in the frequently inundated zone.
IJI

+0.26

+3.28

+0.87

-4

+0.02

+0.20

-13

-859

-0.12

-2.29

-0.98

-187

-0.17

-0.02

-5

+2

-1257

+0.70

-8.15

-2.13

-7961 -2.86

+0.00

-23

Coolibah Open Woodland -3417

+40

-2863 +16.08 +19.29 +3.57 +4117 +6.03

+0.08

-3

Nutgrass -16568

+7

-2570

+0.74

+3.88

-0.14

-1727 -0.21

+0.04

-26

Open Grassland -93005

-23

-2783

-3.40

-20.27

-3.49 -23645 -6.18

-0.01

-34

Open Forest -29679

-11

-2212

-0.76

-11.31

-2.29

-3159 -1.36

-0.22

-13

Dry Grassland -17314

-6

-1694

-1.01

-7.97

-1.59

-2777 -1.57

-0.20

-4

Claypan -15769

-6

-1743

-0.85

-7.66

-2.05

-1430 -0.81

-0.26

14

%LAND

NP

LPI

Water +197

+1

-152

Riparian Forest -6845

+0

Lignum/ dark soil -30388

Dune

Not observed in the frequently inundated zone

Note: Codes, units and ranges for variables are shown in Table 15
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Other pattern differences are independent of the size of the zone. The mean size and
shape of patches is similar in each inundation frequency zone (MN AREA=12.63ha v
12.83ha; AMN SHAPE=4.38 v 4.31), but the frequently inundated zone has a less
fragmented patch structure (CONTAG=52% v 37%), and the zone is more dominated
by a few landcover types (SHEI= 0.64 v 0.84).
Differences in patch structure between inundation frequency zones are also distinctive
for each landcover type. Table 22 shows the difference in pattern metric values
between inundation frequency zones, with positive values indicating higher metric score
in the frequently inundated zone, and negative values indicating a lower metric score in
the frequently inundated zone. In general, the frequently inundated zone includes less
complex patch shapes, cover types are less interspersed with others in the inundation
frequency zone, and the diversity of landcover types is lower due to the absence of
Dunes (Table 22).
In contrast to all other landcover types, however, Coolibah Open Woodland exhibits a
substantial increase in its spatial dominance in the frequently inundated zone, which
increases by 40% over the rarely inundated zone (%LAND=+40). The patch size and
core area of Coolibah Open Woodland is larger in the frequently inundated zone
(LPI=+16.08%; MN AREA=+19.29ha; TCA=+4,117ha; MN CORE=+6.03ha) and it
exhibits the smallest reduction in connectivity with other landcover types (IJI=-3%;
Table 22). These results indicate a change in the matrix landcover type from Open
Grassland to Coolibah Open Woodland in the frequently inundated zone.

6.3.5. The impacts of land resource development
Land clearing activities and the conversion of native areas of floodplain to agricultural
land uses substantially altered the landscape structure of the Lower Balonne Floodplain
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between 19 January 1993 and 5 February 1999. The most substantial impacts were to
Open Grassland, which was reduced by the largest number of hectares (21,905 ha), and
Coolibah Open Woodland which was reduced by the largest proportion (21 %; Figure
24). Lignum/ Dark Soil, Nutgrass and Dry Grassland were each reduced by 18 %. The
extent of Riparian Forests, Dunes and Claypans was each reduced by less than 10%.

25

20

15

21%
18%

10

18%
13%

5
8%

Dune

Open Grassland

Open Forest

Nutgrass

Coolibah Open
Woodland

Riparian Forest

0

Lignum/Dark Soil

4%

Claypan

18%

10%

Dry Grassland

Reduction in size (thousands of ha)

17%

Figure 24. The reduction in size of landcover types from conversion to agricultural land uses
between 19 January 1993 5 February 1999. Labels indicate the reduction as proportion of
the extent of each landcover type in January 1993.
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6.4. DISCUSSION
6.4.1. The character and distribution of landcover types
This description of landcover types and their distribution on the Lower Balonne
Floodplain is consistent with other studies showing that the floodplain is comprised
from a diverse range of landcover types that are distributed in association with
inundation conditions (Galloway, 1974; Galloway et al., 1974; Gunn, 1974; Sinclair
Knight Merz, 1995). The longitudinal zonation of landcover types is primarily
associated with the decrease in particle size of deposited sediments (Foster et al., 2002)
and edaphic influences on plant distribution (Pedley, 1974). Lateral zonation is
associated with a complex interplay between water availability near river channels and
areas of high inundation frequency which may occur away from river channels. These
conditions create the wide range of soil and moisture conditions that supports the
diversity of landcover types on the Lower Balonne Floodplain.
Landcover was mapped in this study from a Reference Image composite of seven
Landsat TM images captured over a period of 10 years. This number of images was
used because the large size of the Lower Balonne Floodplain, the diversity of landcover
types, and the spatial and temporal variability of conditions on its surface create a
highly variable landscape. Many observations are therefore required to accurately
interpret the distribution of landcover types across it. A Reference Image could,
however, be created from any number of images captured by any sensor.
Characteristics of the Reference Image including its accuracy, conceptual simplicity,
ease of creation and flexibility of manipulation make it an ideal method for creating
baseline image data sets.
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6.4.2. Landscape structure
6.4.2.1. At the landscape scale
At the landscape-scale, the landscape of the Lower Balonne Floodplain is comprised
from a highly fragmented mosaic of patches. Fragmentation levels measured in this
Chapter are high in comparison with other similar floodplains worldwide. A study of an
inland river basin in an arid region of northwest China (Li et al., 2001), for example,
reported contagion values ranging from 54 to 90 for 6 ecoregions in the basin,
indicating lower fragmentation levels than were measured in this analysis (37 and 52 in
the zones of rare and frequent inundation respectively; Table 21). It is difficult to
directly compare fragmentation levels between studies because the interpretation of
fragmentation is highly dependent on pixel size (Dungan et al., 2002). The digitised
maps used by Li et al. (2001) had a pixel size of 250 m by 250 m, which would tend to
provide lower fragmentation level estimates than the smaller pixels used in this Chapter
on an identical landscape (Wiens, 1989). Interestingly, however, the most highly
fragmented landscape in the Chinese study was an inland floodplain formation, which
suggests that these landscapes may be among the most highly fragmented landscapes
overall.
High levels of fragmentation have been associated with degraded landscapes (Hobbs
and Norton, 1996), and with reducing the level of interaction and organic matter
exchange between rivers and floodplains (Chauvet and Decamps, 1989). High
fragmentation levels can be sustained over the long-term, however, when the factors
that limit the distribution and abundance of populations occur at the landscape-scale
(Bevers and Flather, 1999) such as inundation on the Lower Balonne Floodplain
(Chapter 5). One possible advantage of high fragmentation levels for plant
communities arises from the low power of flows across the Lower Balonne
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Floodplain, which makes flows easily redirected by subtle features on the floodplain
surface and creates patterns of inundation that are highly variable over time. A highly
fragmented mosaic of small patches increases the perimeter to area ratio within the
landscape (Naiman et al., 1988) and may increase the exposure of individual stands of
vegetation to the moisture and resource supply inputs from flooding, which are integral
to productivity levels on this floodplain (Ogden et al., 2002; Ogden and Thoms, 2002).

6.4.2.2. Structural differences between inundation frequency
zones.
Changes in the structure of the floodplain landscape between inundation frequency
zones are complex. Frequent inundation creates a less fragmented patch structure but
also reduces landcover diversity due to the absence of Dunes (Table 22). The Flood
Pulse Concept (Junk et al., 1989) implies that floodplain landscape structure should be
more closely associated with flood pulse characteristics in areas that experience regular
flooding. The frequently inundated zone experiences inundation approximately once in
2.3 years on average (Table 12), as opposed to the yearly (ARI 1 year) flood events
highlighted in the FPC. This suggests that the landscape structure of floodplains can
also be substantially influenced by flows that are relatively rare and unpredictable.
The association between inundation patterns and patterns in the terrestrial landscape is
unclear. In addition to differences in inundation frequency, the patterns of inundation
also change substantially between about 60,000 ML day-1 and 65,000 ML day-1. This
flow level marks the Transition Phase of inundation patterns on the Lower Balonne
Floodplain (Table 13) and is used to stratify the floodplain into rare and frequently
flooded areas in this analysis (Figure 20). The fragmentation of inundation patterns is
highest in areas inundated below 65,176 ML day-1. In contrast, fragmentation of the
landscape is highest in areas inundated at flows above 65,176 ML day-1 (Table 21).
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It is difficult to isolate the influence of inundation patterns on the structure of terrestrial
floodplain landscapes because inundation patterns in more frequently flooded areas are
highly variable: highly fragmented at low flows and less fragmented at higher flows.
This data suggests one possibility, however, that more highly variable inundation
patterns create less fragmented landscape structures.
The most apparent difference in landscape structure between inundation frequency
zones is a transformation of the matrix from Open Grassland to Coolibah Open
Woodland in the frequently inundated zone. The Open Grassland and Coolibah Open
Woodland landcover types are very different in terms of their composition and character
(Table 16) and they provide very different habitat conditions for animal species on the
Lower Balonne Floodplain (Dick, 1990; Dick and Andrew, 1993). Differences in the
matrix may also influence the processes operating within each inundation frequency
zone (Forman, 1995a). For example, grasslands and woody vegetation species on
floodplains have very different dependencies on and responses to inundation
(Chesterfield, 1986; Roberts and Marston, 2000; Robertson et al., 2001). These
differences can influence productivity levels by controlling the volume and availability
of nutrients within terrestrial and aquatic ecosystems (Robertson et al., 1997; Spink et
al., 1998).

6.4.3. Resource development impacts
Resource development activities have influenced the landscape structure of the Lower
Balonne Floodplain in three ways. First, the extent of each landcover type has been
directly altered by landclearing and the development of agricultural infrastructure on the
floodplain. These activities have affected each landcover type differently, but have
included a substantial reduction of Open Grassland and Coolibah Open Woodland
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which form the matrix landcover types on the Lower Balonne Floodplain.
Second, the distribution and character of landcover types has been altered by
agricultural activities. For example, Dry Grassland primarily occurs in areas of low
inundation frequency adjacent to Open Grassland. This suggests that some areas of Dry
Grassland may represent areas of Open Grassland on which vegetative growth vigour is
low. The regular shape of the large patch of Dry Grassland in the lower central region
of the floodplain indicates impacts from grazing activities (Pickup and Chewings,
1994), which are often contained within fence lines. Grazing activities dominated land
use in this region of the floodplain throughout the period of image capture.
The close association between inundation conditions and the distribution of landcover
types (Figure 22) suggests that changes to the inundation regime may also affect the
structure of the floodplain landscape. Water resource development has made the
floodplain drier overall, with a smaller and wetter zone of frequent inundation than
under natural flows (Table 10). Flow changes such as these have impacted on many
floodplain-wetland ecosystems throughout Australia. The alteration of flows in the
River Murray, for example, have affected the condition and distribution of plant species
in the Barmah Forest (Kingsford, 2000). Giant rushes (Juncus igens) have encroached
into areas of increased inundation frequency, red gums are invading areas formerly
dominated by semi-aquatic Moira grass (Pseudoraphis spinescens) that are becoming
increasingly dry, and grasslands on the floodplain’s outer margins are suffering from
long-term drought (Bren, 1992; Chesterfield, 1986). The Macquarie Marshes have also
been affected by reductions in the frequency and variability of flooding and are now at
least 40 to 50 percent smaller than their original extent (Kingsford and Thomas, 1995).
The condition and extent of reed beds and river red gum forests has declined, along with
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the abundance and species richness of waterbirds in some parts of the system.
Similar changes are also likely to occur on the Lower Balonne Floodplain. In
particular, these results indicate an increased extent of Open Grassland and a
contraction of the expanse of Coolibah Open Woodland as the zone of frequent
inundation becomes smaller and wetter. Areas of Open Grassland may also become
more similar to Dry Grassland due to a reduction of the frequency of large floods that
inundate the floodplain’s outer areas. Ecosystems can take many years to adjust to a
new hydrological regime (Thoms and Walker, 1993), but their integrity is likely to be
more substantially affected by altering processes that control structure and functioning
than by altering the physical structure of the ecosystem itself (Hobbs and Norton, 1996).
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6.5. SUMMARY
1. Landcover types were mapped from a Reference Image composite of 7 Landsat TM
images captured over a period of 10 years. The Reference Image improves
landcover map accuracy by at least 14 percent over classification of a single date of
imagery, and produces a map that is between 82.5 and 85% accurate over the whole
of the floodplain landscape. This improvement in classification accuracy probably
occurs because pixel values in the Reference Image incorporate some of the
phenological and seasonal variation of plant species, which improves their
separability.
2. The Landscape of the Lower Balonne Floodplain is comprised from a highly
fragmented mosaic of diverse landcover types distributed in association with
inundation conditions, which control edaphic conditions and moisture availability.
The lateral zonation of landcover types is controlled by a complex interplay between
water availability near river channels and areas of high inundation frequency away
from river channels in the centre of the floodplain.
3. The zone of frequent inundation has a less fragmented landscape structure than the
rarely inundated zone. Landscape diversity is also lower in the frequently inundated
zone due to the absence of Dunes. There is also a transformation of the matrix
landcover type from Open Grassland to Coolibah Open Woodland in the frequently
inundated zone. This change in the matrix may have a substantial influence on the
processes operating within each zone.
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4. The structure of the floodplain landscape has been influenced by development
activities including clearing of native vegetation, and the construction of levees and
drainage channels. The inundation regime of the floodplain has also been affected
by upstream land and water resource developments. Changes to the flow regime are
likely to alter the distribution and condition of landcover types over the longer term,
including an increase in the extent of Open and Dry Grasslands, and a reduction in
the extent of Coolibah Open Woodland.
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Chapter 7.

Plant growth vigour
7.1. INTRODUCTION
This Chapter examines the spatial and temporal patterns of plant growth vigour on the
Lower Balonne Floodplain at the landscape-scale. Plant growth vigour levels have an
important influence on nutrient and energy levels on floodplains and in the adjacent
aquatic and terrestrial ecosystems (Morton et al., 1995; Robertson et al., 1997; StaffordSmith and Morton, 1990; Thorp and Delong, 1994). Floodplains are highly productive
(Junk et al., 1989) but the complex interaction of factors that control productivity levels
can create patterns of productivity that are highly variable in space and time (Di et al.,
1994; Kogan, 1990).
Two research questions are addressed in this Chapter:
1. Does long-term plant growth vigour differ between zones of different inundation
frequency?, and
2. Do changes in climate, river flows and land use activities influence plant growth
vigour levels over time and if so how?
The Subsidy-Stress Hypothesis (Odum et al., 1979; Odum et al., 1995) predicts that the
highest growth vigour on floodplains will occur in areas of moderate inundation
frequency. Very high or very low inundation frequency places stresses on plants which
reduces their growth vigour. Water is the main limitation of plant growth on the Lower
Balonne Floodplain (Ogden and Thoms, 2002), however, and it is predicted that growth
vigour on this system will be directly correlated with the availability of water.
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Maximum growth vigour is therefore likely to occur in areas that are most frequently
inundated or that have long-term access to water, and the lowest growth vigour may
occur in the driest parts of the floodplain.
Plant growth on floodplains is also characterised by oscillation between periods of high
and low vigour. Temporal variations in the growth vigour of floodplain plants are
governed by regional climatic conditions (Nemani et al., 2003), inundation (Junk et al.,
1989; Robertson et al., 2001), which may occur at the landscape scale (Ward et al.,
2002a), and the response of individual landcover types to climatic and inundation
conditions (Davenport and Nicholson, 1993). An assessment of growth vigour
dynamics at the landscape scale must therefore consider factors at the regional,
landscape and patch scales.
Plant growth vigour is also influenced by land and water resource use activities. In
contrast to natural influences, which are integral to the functioning of healthy
floodplains, land use activities tend to degrade ecosystem functioning (Poff et al.,
1997). The Ecosystem Distress Syndrome (Rapport et al., 1985; Rapport and Whitford,
1999) identifies key symptoms of distressed ecosystem functioning including changes
in long-term primary production levels, an increased amplitude of growth vigour
fluctuations in response to disturbance events and a reduced resilience to disturbance
forces. Persistent or severe distress can cause a state-change in ecosystem functioning
which can undermine the mechanisms that support productivity and biodiversity
(Rapport, 1999; With and Crist, 1995). Identifying the impact of land use activities on
the functioning of floodplain ecosystems is complicated, however, by the different
temporal and spatial scales of impact from land and water use activities, and the highly
variable and dynamic character of floodplain ecosystems.
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7.2. MATERIALS AND METHODS
7.2.1. Vegetation index selection
Many satellite imagery-based studies of plant growth vigour have used the Normalised
Difference Vegetation Index (NDVI) to measure plant cover and growth vigour
characteristics (Bouman, 1992; Davenport and Nicholson, 1993; Foody and Curran,
1993; Fuller, 1998). It has been suggested, however, that the NDVI may be unsuited to
studying vegetation in Australia’s semi-arid regions because many plant species
common to the region have a distinctively low near-infra-red reflectance, which can
make them appear to be in poor condition in NDVI images when they are in fact in
‘normal’ good health (O'Neill, 1996a; 1996b; O'Neill et al., 1990).
The suitability of indices for describing plant growth conditions on the Lower Balonne
Floodplain was assessed by comparing groundcover plant biomass samples collected at
58 sites in May 1999 to pixel values in the image captured on 26 April 1999. Ideally,
biomass sampling for vegetation index validation would have been collected from a
range of landcover types, at sites located in all areas of the floodplain and at the time of
image capture. A sampling program of that magnitude was beyond the scope of this
project, however. The biomass samples used in this thesis were collected as part of a
concurrent experiment being conducted for a wider project to which this work
contributes (Ogden and Thoms, 2001). Groundcover biomass was sampled because of
its importance as stock-fodder in grazing properties on the floodplain, and because of its
high dependence upon rainfall and inundation for moisture supplies. It was not possible
to collect biomass samples at the time of satellite overpass, or to purchase cloud free
imagery for the dates of biomass sampling, but flow volumes and rainfall depths
between sample collection and image capture were low (Figure 25) and evaporation
levels tend to be relatively low at this time of year (Figure 3). The condition of
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vegetation is unlikely to have changed substantially between image capture and field
sampling these dates.

Figure 25. River flows and rainfall between the dates of image capture and biomass sampling in
April and May 1999.

The total aboveground biomass of groundcover vegetation (non-woody species) was
sampled from within grazing exclosures in 4 reaches adjacent to the Culgoa and Narran
Rivers, and Brairie Creek. Plants within circular 1m2 quadrats inside these exclosures
were cut at just above the soil surface, and samples were bagged and returned to the
laboratory where they were oven dried at 80ºC until their weight was stable. Plant
biomass was then recorded in grams per square metre. Differences in plant biomass
inside and outside the grazing exclosures were not measured but impacts from grazing
appeared to be low in most areas. Further details about the biomass sampling methods
are provided in Ogden and Thoms (2001).
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O’Neill (1996b) recommended six alternative indices for plant condition assessments in
Australia’s semi-arid regions (Table 23). Three vegetation indices had similarly high
correlation coefficients with the biomass samples (Table 23). These were the Mid-Infra
Red Index 2 (MIR2: r = 0.580), Soil Adjusted Vegeation Index 2 (SAVI2: r = 0.574)
and the Normalised Difference Vegetation Index (NDVI: r = 0.573). The SAVI2 was
not used because it was not possible to identify an appropriate soil adjustment factor to
compensate for the highly variable soil characteristics of the floodplain. The MIR2
index performed well but its sensitivity to changes in plant cover and soil moisture are
comparatively poorly known compared to the NDVI. In addition, there is less than 1
percent difference in correlation coefficients between the MIR2 and the NDVI. For
these reasons, and to provide the greatest consistency with other similar studies, the
NDVI was used in further analyses.
Table 23. Spearman’s correlation coefficients between vegetation indices calculated from the image
captured on 26 April 1999 and total grassland plant biomass sampled from 14 to 22 May
1999.
Index

Formula

r

Reference

NDVI

(TM 4 – TM 3) /
(TM 4 + TM 3)

0.573*

(Tucker, 1979)

STVI

(TM 5 × TM 3) / TM 4

-0.400*

(Thenkabail et al., 1994)

MIR1

TM 4 / TM 5

0.514*

(Thenkabail et al., 1994)

MIR2

TM 4 / TM 7

0.580*

(Thenkabail et al., 1994)

MIR3

TM 4 / (TM 5 + TM 7)

0.544*

(Thenkabail et al., 1994)

SAVI2

([TM 4 – TM 3] /
[TM 4 + TM 3+0.5])*1.5

0.574*

(Huete, 1988)

*Correlation is significant at the 0.01 level (2-tailed)
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7.2.2. Productivity/inundation frequency measurement
The spatial relationship between inundation frequency and plant growth vigour was
measured by comparing the NDVI composition of each flood ARI zone in the
inundation frequency map (Figure 17) and between zones of rare and frequent
inundation based on the extent of inundation at 65,176 ML day-1 (Figure 20). Pixel
values in the NDVI transformed Reference Image were divided into five classes based
on their standard deviation from the mean, and the proportion of each NDVI class in
each flood ARI zone was calculated. The five classes were: LOW (< mean – 2SD);
MODERATELY LOW (> mean – 2SD and < mean – 1SD); MODERATE (mean
± 1SD); MODERATELY HIGH (> mean + 1SD and < mean + 2SD); and HIGH (>
mean + 2SD).

7.2.3. Temporal variations in growth vigour
Temporal variations in plant growth vigour were measured by comparing NDVI pixel
values calculated from each of the 13 images. Growth vigour variations at the
landscape scale were calculated from the mean whole-floodplain NDVI value of each
image. Growth vigour variations in each landcover type were calculated by stratifying
each of the 13 NDVI images into landcover types based on the landcover map (Figure
21).
For the temporal analysis, the extent of agricultural land shown in the most recent image
(26 April 1999) was masked from all other dates of imagery to ensure that productivity
measurements were calculated from the same extent of the floodplain landscape in each
image.

120

Chapter 7. Plant growth vigour

7.3. RESULTS
7.3.1. Spatial distribution of plant growth vigour
The NDVI transformed Reference Image shows the long-term spatial distribution of
plant productivity classes across the floodplain (Figure 26). There is an apparent
association between areas of higher inundation frequency and higher NDVI levels
(Figure 17). Areas of higher growth vigour occur near the frequently inundated central
region of the floodplain, adjacent to river channels, and in the upstream regions of the
floodplain. Lower growth vigour occurs in rarely inundated areas to the west of the
Culgoa River, and in small patches throughout the eastern parts of the floodplain
downstream of the large agricultural developments (Figure 26).
Figure 27 shows a similar proportion of NDVI classes in the zones of rare and frequent
inundation. Both inundation frequency zones are dominated by vegetation in the
Moderately Low and Moderate NDVI classes, with a slightly larger proportion of Low,
Moderately High and High NDVI classes in the frequently inundated zone. Stratifying
the floodplain into inundation ARI zones (Figure 17), however, reveals a non-linear
association between inundation frequency and NDVI classes.
The combined proportion of vegetation in the High and Moderately High NDVI classes
is largest where flooding occurs between 1 and 1.15 years, and decreases with
decreasing flood frequency. Vegetation in the Moderately Low NDVI class is common
in areas of very high or very low inundation frequency, and Low NDVI vegetation is
common only where flooding occurs more frequently than once per year. This pattern
of plant growth vigour resembles the distribution predicted by the Subsidy-Stress
Hypothesis (Odum et al., 1979; Odum et al., 1995).
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Figure 26. Spatial distribution of NDVI levels across the Lower Balonne Floodplain
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Proportion of zone occupied by NDVI class.
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Figure 27. NDVI class composition in zones of rare and frequent inundation

Figure 28. NDVI class composition of ARI zones.
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7.3.2. Temporal dynamics
7.3.2.1. At the landscape scale
Landscape-scale NDVI values are highly variable over time at the landscape-scale
(Figure 29). Variations in NDVI at this scale are significantly negatively correlated
with median monthly evaporation at St.George (Spearman’s r= -0.702; P<0.01) but not
with total monthly rainfall (r=-0.282) or peak daily Balonne River discharge in the 14
days before image capture (r=-0.065). Mean landscape scale NDVI is highest in Winter
(0.349), lowest in Summer (0.201), and moderate in Spring (0.288) and Autumn (0.285;
Figure 29).
0.50
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Autumn Mean

Jul 96
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0.40
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Figure 29. Variation in mean landscape-scale NDVI over time.
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River flows are associated with NDVI dynamics at the landscape-scale, however. The
lowest NDVI (0.132) occurred on 19 January 1993 (Figure 29) following low river
flows and rainfall (Table 8) and in summer when evaporation rates are highest. The
highest NDVI (0.459) occurred on 6 July 1996 following moderately high peak daily
and total discharge volumes, and in winter when evaporation levels are lowest.
Flows can also modify NDVI values from their average seasonal levels. The highest
non-winter NDVI (0.388) occurred on 3 March 1997, which followed moderately high
river flows and high rainfall. The lowest winter NDVI (0.238) occurred on 26 August
1997 following the lowest river flows and second lowest rainfall in this series of
images. Variations in landscape scale NDVI values therefore reflect a complex
interaction between climatic conditions and river flows.

7.3.2.2. In landcover types
Most landcover types exhibited their lowest productivity levels in January 1993 and
highest productivity around July 1996 and March 1997 (Figure 30), but each landcover
type has a distinctive pattern of NDVI dynamics that is associated with its location in
relation to water resources, and its plant and soil composition. Table 24 shows
landcover types ordered from left to right by their tendency to occur in areas of
relatively frequent or rare inundation. Riparian Forests, for example, have the highest
long-term mean and median NDVI and usually have the highest NDVI in each image.
Riparian Forests also have a relatively highly variable NDVI, and the largest range and
standard deviation of NDVI values over time. Conversely, the growth vigour of
landcover types that most commonly occur in rarely inundated parts of the floodplain
tends to be lower and relatively invariant over time. The main exception to this is in
Dunes, which have a relatively high long-term mean NDVI. The reasons for this are
unclear. Vegetative growth vigour in Dunes is highly seasonal and responsive to
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moisture levels (Table 16). The integration of images that show high growth vigour in
Dunes into the Reference Image may produce a higher than expected NDVI.
Alternatively, it could be caused by the coarse sandy substrates in Dunes, which
contrast with the substrates in all other landcover types on the Lower Balonne
Floodplain.
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Figure 30. NDVI dynamics over time for a subset of landcover types.

Differences in the minimum NDVI between landcover types are also associated with
differences in their landscape structure (Table 25). Significant negative correlations
occur between the minimum NDVI over time, the extent of the landcover type (Area,
%Land, LPI; r=-0.82), and the number and size of patches (NP, TCA; r = -0.78).
Landcover types that occupy a large extent of the floodplain, or that consist of many
patches or large patches, tend to exhibit a lower minimum NDVI than landcover
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types that consist of smaller patches or have less fragmented patch structures. The
shape complexity of patches (AMN_SHAPE) is also negatively correlated with
minimum NDVI (r=-0.70), and landcover types with more complex patch shapes tend
to have a lower minimum NDVI than landcover types with simpler patch shapes.

Min -0.046 -0.296 -0.268 -0.271

Claypan

Dune

Dry Grassland

Open
Grassland

Open Forest

Nutgrass

Lignum/ Dark
Soils

Coolibah Open
Woodland

Riparian Forest

Table 24. NDVI summary statistics for landcover classes.

-0.05

-0.214 -0.199 -0.028 -0.146

Mean 0.152

0.001

0.037

0.012

0.111

-0.013 -0.026

0.054

-0.083

Median 0.149

0.015

0.056

0.034

0.116

0.002

-0.024

0.055

-0.079

Max 0.303

0.117

0.148

0.138

0.201

0.081

0.098

0.106

-0.018

Range 0.349

0.413

0.416

0.409

0.251

0.295

0.297

0.134

0.128

Std Deviation 0.110

0.114

0.113

0.113

0.066

0.084

0.087

0.034

0.041

Frequently inundated

Rarely Inundated

Table 25. Spearman’s correlation coefficients between landscape-scale pattern metrics and NDVI
variables
NDVI Variable
Minimum

Mean

Median

Max

Range

Standard
Deviation

Area (ha)

-0.82*

-0.33

-0.25

-0.17

0.47

0.49

%Land

-0.82*

-0.33

-0.24

-0.14

0.47

0.51

NP

-0.78*

-0.28

-0.22

-0.08

0.40

0.50

LPI (%)

-0.82*

-0.60

-0.52

-0.42

0.43

0.47

MN_AREA (ha)

-0.65

-0.30

-0.20

-0.15

0.38

0.35

AMN_SHAPE

-0.70*

-0.30

-0.20

-0.10

0.43

0.46

TCA (ha)

-0.78*

-0.30

-0.20

-0.13

0.48

0.47

MN_CORE (ha)

-0.63

-0.30

-0.22

-0.18

0.43

0.37

CONTAG (%)

-0.46

-0.43

-0.34

-0.36

0.28

0.18

IJI (%)

0.03

0.53

0.55

0.46

0.10

0.06

Note: Codes and ranges for variables are shown in Table 15; * = significant at 0.05
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7.3.2.3. Resource use impacts on NDVI dynamics
A linear regression model was used to explore the impact of land use activities on the
dynamics of plant productivity at the landscape scale. First, a ‘no-change’ model was
created from a linear combination of NDVI values measured from each of the landcover
types in each of the 13 images in this study (Table 26). A comparison between the nochange model and the landscape-scale NDVI measured from the images (Figure 31)
shows that the model accurately represents the trend of landscape-scale NDVI dynamics
over the period of image capture (r2 = 0.962; F = 278.2; df = 1,11; P<0.0001; SE =
0.02) but has a slightly higher range and slightly lower median than the measured data
(Table 27).

r2=0.962

Figure 31. A comparison of the mean whole-floodplain NDVI dynamics measured from the images
and the modelled NDVI data.
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Table 26. Beta coefficients and the

Table 27. NDVI characteristics of the

intercept for each landcover type in the ‘no

measured pattern of dynamics and the ‘no-

change’ regression model.

change’ regression model.

Landcover type

Beta value in
‘no-change’
model

Riparian Forest

-0.522

Coolibah Open Woodland

0.432

Lignum/Dark Soil

1.164

Nutgrass

-2.873

Open Forest

-1.305

Open Grassland

1.940

Dry Grassland

2.314

Dune

1.953

Claypan

-2.197

Intercept

0.060

Whole
floodplain
(measured)

No change
(modelled)

Min

0.132

0.123

Mean

0.276

0.276

Median

0.266

0.249

Max

0.459

0.455

Range

0.327

0.332

Std
Deviation

0.095

0.093

The effect of altering the landscape structure of the floodplain on the landscape-scale
dynamics of productivity was simulated by adjusting the beta coefficients of the
relevant landcover types in the model (Table 28) and calculating the landscape-scale
NDVI produced by each modelled scenario. Landscape-ecology attributes greater
influence on ecosystem dynamics to landcover types that occupy a large extent of the
landscape (Forman, 1995a). Adjusting beta values to represent a reduction in the extent
of a landcover type therefore simulates a change in the influence of that landcover type
on the dynamics of the ecosystem at the landscape-scale.
The model was used to simulate the potential impact of reducing the extent of the
matrix landcover types (Coolibah Open Woodland and Open Grassland) on the
dynamics of plant growth vigour at the landscape scale (Table 28, scenarios A and B).
Halving the beta value for Coolibah Open Woodland (Figure 32A) reduces the range
and standard deviation of landscape-scale NDVI values, and lowers mean NDVI by
about 24 % over the no change model (Table 29). However, the pattern of growth
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vigour dynamics over time remains relatively unchanged. In contrast, halving the beta
value for Open Grassland (Figure 32B) reduces mean NDVI by 80 percent (Table 29)
and causes a virtual inversion of growth vigour dynamics from the no-change model.

No change
(modelled)

50% Coolibah
Open Woodland

50% Open
Grassland

Flow change
response
(Chapter 5)

Table 28. Beta coefficients for each landcover type in modelled scenarios

Riparian Forest

-0.522

-0.522

-0.522

-0.587

Coolibah Open Woodland

0.432

0.212

0.432

0.324

Lignum/Dark Soil

1.164

1.164

1.164

1.309

Nutgrass

-2.873

-2.873

-2.873

-2.873

Open Forest

-1.305

-1.305

-1.305

-1.305

Open Grassland

1.940

1.940

0.970

2.183

Dry Grassland

2.314

2.314

2.314

2.893

Dune

1.953

1.953

1.953

1.953

Claypan

-2.197

-2.197

-2.197

-2.197

A

B

C

Model Scenario:

No change
(modelled)

50% Coolibah
Open Woodland

50% Open
Grassland

Flow change
response
(Chapter 5)

Table 29. NDVI characteristics of the modelled resource use impact scenarios.

Min

0.123

0.158

-0.029

-0.196

Mean

0.276

0.223

0.047

0.219

Median

0.249

0.195

0.030

0.186

Max

0.455

0.371

0.223

0.594

Range

0.332

0.213

0.252

0.790

Std Deviation

0.093

0.066

0.069

0.209

A

B

C

Model scenario
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Figure 32. Comparison between modelled mean whole-floodplain NDVI dynamics and NDVI
dynamics modelled on: (A) 50% reduction of Coolibah Open Woodland; (B) 50%
reduction of Open grassland; and (C) the distribution of landcover types predicted from
changes to the flow regime of the Balonne River at St.George (Chapter 5).
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The final scenario (Figure 32C) is based on the results of Chapter 5, which predicts that
changes to the flow regime of the Balonne River will change the distribution and
character of landcover types on the floodplain. These changes include a desiccation of
rarely inundated areas, and increased wetness and reduction in size of the frequently
inundated area. This model (Table 28, scenario C) indicates an increased range and
standard deviation of NDVI values over the no-change model (Figure 32C; Table 29)
including a slight reduction in the long-term mean and median NDVI, primarily due to
lower plant growth vigour during drought.

7.3.3. Threshold transformation
Levels of change in the extent of matrix landcover types that might cause a threshold
transformation in the functioning of the floodplain ecosystem at the landscape scale
were examined by progressively reducing the beta coefficients of Coolibah Open
Woodland and Open Grassland in the no-change model, and measuring the response of
the standard deviation of landscape-scale NDVI values over time. The standard
deviation of NDVI values represents the amplitude of growth vigour variations between
images, which can indicate a change in the sensitivity of the ecosystem to disturbances
(Rapport et al., 1985; Rapport and Whitford, 1999).
Reducing the area of Coolibah Open Woodland caused a near-linear reduction in the
standard deviation of landscape-scale NDVI values and showed no obvious threshold in
the magnitude or direction of change (Figure 33). Conversely, reducing the area of
Open Grassland causes a non-linear trajectory of change in the standard deviation of
NDVI values. Initially, the standard deviation decreases as the beta value is reduced,
then increases to a maximum when Open Grassland is reduced by 99 percent of its 1993
extent. The threshold change in the standard deviation of NDVI values occurs when the
extent of Open grassland is reduced by 30% (Figure 33).
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Figure 33. The influence of incremental reductions in Coolibah Open Woodland and Open
Grassland, from their extent in 1993, on the standard deviation of landscape-scale NDVI
values over time.

7.4. DISCUSSION
7.4.1. Plant productivity and inundation frequency
The results of this stuffy suggest a close association between the frequency of
inundation and the growth vigour of vegetation on the Lower Balonne Floodplain. The
highest growth vigour occurs in areas flooded approximately annually, and the lowest
growth vigour occurs in areas inundated more frequently than once per year (Figure 28).
Consequently, the initial prediction of this Chapter that there would be a direct
correlation between plant growth vigour and inundation frequency is not supported by
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these results. Instead, they indicate a subsidy-stress relationship between plant growth
and inundation (Odum et al., 1979; Odum et al., 1995) by showing a unimodal
distribution of plant productivity in relation to flood frequency.
The occurrence of the lowest plant growth vigour in the areas of highest inundation
frequency on this dryland floodplain seems paradoxical on the Lower Balonne
Floodplain where plant growth is limited primarily by water availability (Ogden and
Thoms, 2002). But there are a several possible explanations for this relationship. Plants
in drought-prone areas tend to have adaptations that enable them to endure drought
rather than waterlogging (Roberts and Marston, 2000) and are more susceptible to longterm or very frequent inundation than extended drought (Briggs et al., 1994). The
location of the lowest growth vigour in the most frequently inundated areas may
therefore be caused by soil anoxia.
Patterns of productivity may also have been affected by the alteration of inundation
patterns by land use activities. In particular, inundation in the main flowpath is now
restricted to a narrow floodway between levee banks (Chapter 5) and this has inevitably
changed the frequency and duration of inundation in that area. The likely net impact of
the land use activities is that a greater proportion of overland flows is now routed
through the constricted central flowpath, making this area wetter over the long term than
under pre-development conditions. These changes have occurred over a period of 10 to
15 years, which is a relatively short period of time compared to the lifecycle of many of
the tree species that inhabit the flowpath area. Inundation conditions along the main
flowpath may now be intolerable to the species that became established in that area
under the former inundation regime.
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Mapping errors including non-linear spectral mixing of landcover conditions in the
Reference Image may also have influenced these results. The Reference image is
comprised from images that show the floodplain in low flow conditions, but some
mixed pixels may have occurred through subtle differences in water levels between
images. Overall, however, the Reference Image has provided a useful representation of
long-term productivity patterns on this highly dynamic landscape.

7.4.2. Temporal dynamics of productivity levels
The dynamics of productivity at the landscape scale are controlled by a combination of
factors at the regional, landscape and patch scales. Regional climatic conditions provide
the major control of growth vigour levels, but inundation, which occurs at the landscape
scale, can modify productivity levels from those expected in the prevailing climatic
conditions. Each landcover type also has a distinctive pattern of growth vigour
dynamics that is related to its composition and distribution across the floodplain, and
each makes a unique contribution to growth vigour at the landscape-scale. Together
these factors create a pattern of plant growth vigour that is highly variable over time at
the landscape scale.
The strong negative correlation between median monthly evaporation and growth
vigour is not surprising given the high variability of wetting and the semi-arid climate in
this region. Evaporation levels are highly seasonal but relatively invariant between
years compared to rainfall and inundation (Figure 3) which are intermittent and
unpredictable on this system. Approximately 50% of the landscape of the Lower
Balonne Floodplain is occupied by grasslands (Table 16), which tend to be highly
responsive to evaporative aerodynamics and changes in moisture levels (Chesterfield,
1986; Roberts and Marston, 2000; Specht, 2000). Many of these species also have
highly seasonal growth patterns (Cunningham et al., 1992) which are closely
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correlated with the seasonal patterns of evaporation over the long term. Differences in
plant species between landcover types may therefore be an important factor in the
change in drought susceptibility between modelled landcover change scenarios.
The association between the spatial pattern of landcover types and their growth vigour
dynamics over time is more complex (Table 25). Landcover types that occupy a larger
area, or are comprised from many patches or patches with more complex shapes, exhibit
a lower minimum NDVI over time than landcover types that occupy a smaller area, or
that are comprised from fewer patches with simpler shapes. It is not possible to identify
a direct causal relationship between landscape structure and productivity dynamics from
this analysis because the structure of the landscape changes in association with
inundation frequency and inundation and landscape structure are therefore not
independent. These results suggest, however, that larger, more fragmented and more
complex landscape structures may have an increased susceptibility to drought stress.
This effect may be caused by changes in the perimeter to area ratio of patches. Small
patches have lower perimeter to edge ratio than large patches of the same shape, which
can reduce the exposure to external moisture and nutrient resources of smaller patches
(Naiman et al., 1988). Conversely, however, complex patch shapes have a higher
perimeter to area ratio than simple patch shapes of the same size, which would
theoretically increase their exposure to external resources (Frohn, 1998) resulting in a
response opposite to the one observed in this study.
Alternatively, the increased drought susceptibility of landcover types comprised from
larger patches may arise because they extend across a larger range of inundation
frequency zones, including areas that are rarely inundated. However, landcover types
that exhibit low NDVI minima include Coolibah Open Woodland (-0.296), Nutgrass
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(-0.271) and Lignum/Dark Soils (-0.268), which tend to occur in relatively frequently
inundated areas (Figure 22; Table 16). This suggests another possibility, that vegetation
in frequently inundated areas is more dependent upon inundation for survival than
vegetation in rarely inundated areas and is therefore more susceptible to drought stress
than vegetation in rarely inundated areas.

7.4.3. The impact of resource use activities
Models are the only practical means of exploring the potential impacts of land use
activities on ecosystem functioning at the landscape scale. Models inevitably simplify
complex systems, however. The models in this Chapter do not consider changes in the
disturbance regime, the interaction between landcover types, or the adaptation of plants
following landscape restructuring, for example. These results are supported by other
sources of information, however, showing that floodplain grasslands are highly
responsive to moisture levels (Chesterfield, 1986; Dick, 1990). The strong effect of
Open Grassland in the model (Figure 32C) reflects that growth vigour variations in this
landcover type make a major contribution to the dynamics of growth vigour at the
landscape scale. Conversely, floodplain trees are less responsive to short-term
inundation conditions (Robertson et al., 2001). This is reflected in the reduction in
long-term growth vigour levels by reducing the influence of Coolibah Open Woodland
in the model (Table 29) rather than a change in the dynamics of growth vigour over time
(Figure 32B). This model therefore appears to reasonably represent changes in
terrestrial plant growth vigour from changes in the landscape structure of this
floodplain.
The modelling in this Chapter indicates that impacts on growth vigour from land and
water resource use activities can be subtle, or affect the dynamics of productivity in
complex and unexpected ways. Long-term average productivity at the landscape
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scale may be relatively unaffected by changes to the structure of the landscape, and
impacts may instead be expressed as a change in the range of productivity levels over
time (Table 29) and a tendency towards more substantial reductions in productivity
during drought. The occurrence of periods of high growth vigour in substantially
altered landscapes (Figure 32D) indicates that simple metrics of plant growth vigour
such as long-term average or maximum plant growth vigour levels, may be poor
indicators of changes in the functioning of floodplain ecosystems in response to
resource use activities. Instead, the assessment of impacts on floodplain ecosystem
functioning from changes to its landscape structure should consider the direction and
magnitude of change in the response of productivity levels to drought or flood events,
and average productivity levels over the long-term.
There is little quantitative data in the Ecosystem Distress Syndrome (Rapport et al.,
1985; Rapport and Whitford, 1999) against which to identify symptoms of distressed
ecosystem functioning. In general, the lack of change in long-term average productivity
levels in the models in this Chapter (Table 29) is inconsistent with the symptoms of
degraded ecosystems and it is not possible to conclude that the Lower Balonne
Floodplain is distressed. Primary production can respond in a range of ways to
ecosystem distress, however. Primary productivity in North American desert grasslands
that have been impacted by overgrazing and associated land use activities, for example,
may remain relatively unchanged from their natural levels as stress intensifies, then
decrease abruptly as disturbance exceeds a threshold level (Rapport and Whitford,
1999). The model indicates that the dynamics of productivity in this degraded state of
functioning may include a virtually inverted productivity response to disturbance
impacts and a reduction in long-term average productivity levels (Figure 32C). These
characteristics of productivity dynamics are consistent with the key indicators of
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ecosystem distress identified in the Ecosystem Distress Syndrome (Rapport et al., 1985;
Rapport and Whitford, 1999).
This analysis predicts a threshold transformation in ecosystem functioning when the
extent of Open Grassland is reduced by 30% from its extent in 1993 (Figure 33). On an
almost identical distribution showing the level of landscape fragmentation in association
with anthropogenic landcover, Wickham et al., (1999) identified a threshold
transformation at the point where the relationship varied from its initial horizontal
orientation, and not at the bottom of the curve as in this thesis. The descending slope is
much shallower in this analysis than in Wickham et al., however, and it was felt that the
transition from descending to ascending standard deviation of NDVI values was the
clearest threshold in this relationship. Using the criteria of Wickham et al., the
threshold might be identified at a clearing level of around 5 to 10%. The extent of Open
Grassland was reduced by 17% between 1993 and 1999 (Figure 24) and the rate of
clearing since that time is not known.
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7.5. SUMMARY
1. The association between the distribution of plant growth vigour levels and
inundation frequency is unimodal on the Lower Balonne Floodplain, with the
highest growth vigour levels occurring in the area inundated approximately
annually. Vegetation with very low growth vigour is common only in areas flooded
more frequently than once per year. This indicates a subsidy-stress relationship in
which plant growth vigour is limited by soil anoxia in areas that experience very
frequent inundation, and by drought stress in areas that are rarely inundated.
2. The temporal dynamics of plant growth vigour is determined by factors operating at
the regional, landscape and patch scales. Productivity dynamics at the landscapescale are significantly correlated with median monthly evaporation levels. River
flows are not significantly correlated with the landscape-scale dynamics of growth
vigour, but flows can influence growth vigour from the levels expected in the
prevailing climatic conditions. Each landcover type also has a distinctive pattern of
productivity that is related to its composition and location, and possibly its
landscape structure, and each makes a unique contribution to the dynamics of
productivity at the landscape scale.
3. A model of landscape-scale growth vigour dynamics created from NDVI
measurements of each landcover type over time was used to test the impact of
resource use activities on the dynamics of growth vigour at the landscape scale. The
impact on long-term average productivity levels may be subtle, and periods of high
productivity may occur in substantially altered landscapes, but the pattern of
productivity response over time may be substantially affected. In addition to
average productivity levels, the assessment of impacts on floodplain ecosystem
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functioning from changes to its landscape structure should also consider changes in
the direction and magnitude of growth vigour response to drought or flood events.
In particular, an increased susceptibility to drought appears to be a key indicator of
ecosystem distress on this floodplain.
4. It is not possible to conclude whether or not the Lower Balonne Floodplain is
exhibiting symptoms of distressed ecosystem functioning from this analysis. The
model indicates a threshold in the functioning of the floodplain when clearing of
Open Grassland exceeds 30% of its extent in 1993. The most highly variable plant
growth vigour levels occur when the extent of Open Grassland is smallest. These
changes are consistent with the symptoms of distressed ecosystem functioning.

141

Chapter 8. Conclusion

Chapter 8.

Conclusion
8.1. SUMMARY
Presently, a lack of data and poor understanding of the landscape-scale characteristics of
floodplains hampers our ability to balance human exploitation of resources with the
preservation of floodplain ecosystems (Sheldon et al., 2002). Remote sensing enables
structures and processes in floodplain ecosystems to be observed and measured at the
landscape scale; a scale that is integral to the functioning of many floodplain
ecosystems. This thesis illustrates the kinds of information that can be achieved using
these techniques. These include measuring the complex and dynamic patterns of
inundation, characterising the landcover of a large and diverse floodplain landscape,
quantifying the relationship between flows and landscape structure, and calculating the
influence of regional, landscape and patch-scale factors on the functioning of floodplain
ecosystems. This information may improve our ability to manage floodplains
sustainably as pressure for exploitation of their resources increases.
A summary of main results of this study and their implications are shown in Table 30.
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Table 30. Results and implications of this study

Result

Implications

Objective 1. Map inundation at a range of flow levels
Developed a two-part inundation mapping

Enables inundation to be accurately

method using band-ratio and change

mapped on systems with highly variable

detection techniques

soil background conditions

Combining inundation maps shows that

Illustrates the importance of mapping

the main floodwater flowpath on the

inundation patterns by showing that the

Lower Balonne Floodplain is along its

distribution of inundation frequency may

medial axis away from river channels

be distinctive on different floodplains
Inundation frequency on the Lower
Balonne Floodplain mapped for the first
time at the landscape scale

Objective 2. Measure inundation patterns at a range of flow levels
Different aspects of inundation patterns

Identifies the importance of measuring

change in different ways in response to

inundation patterns, rather than assuming

flow increases

inundation conditions from river flow
records

There are three phases of hydrological

Changes in river flows may affect the

connectivity at different flow levels, each

potential performance of different aspects

with distinctive patterns of inundation

of floodplain functioning, not only the
extent over which those functions occur
Reinforces the importance of flow
variability for maintaining the structural
and functional integrity of floodplains

143

Chapter 8. Conclusion
Result

Implications

Connectivity conditions change

The abrupt transition to highly integrated

substantially over a small flow range

inundation patterns may mark an

between about 60,000 ML day-1 and

important ecological threshold in the

65,000 ML day-1

functioning of the Lower Balonne
Floodplain

Resource development activities have

The floodplain is drier overall, and the

reduced the frequency of large floods and

zone of frequent inundation is smaller and

increased the frequency of small floods

wetter than under natural flow conditions

Objective 3. Map the character and distribution of landcover types
Developed and tested a Reference Image

The Reference Image is a conceptually

composite of Landsat TM images

simple image dataset that improves
landcover classification accuracy and
provides a long-term perspective of
dynamic landscapes

Described landcover in terms of 10

Landscape of the Lower Balonne

landcover types with diverse soil and

Floodplain mapped for the first time at the

vegetation characteristics

landscape-scale from satellite images

The distribution of landcover types is

The lateral and longitudinal zonation of

associated with differences in inundation

landcover types at the landscape scale is

frequency at the landscape scale

associated with water resource availability,
sediment deposition patterns and the
edaphic control of vegetation distribution
Altering patterns of inundation may
influence the distribution and condition of
landcover types
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Objective 4. Measure the structure of the terrestrial floodplain landscape
The landscape structure of the Lower

High fragmentation levels measured from

Balonne Floodplain is highly fragmented

other arid inland fluvial landscapes
suggests that they may be among the most
highly fragmented landscapes

Each landcover type has distinctive spatial

Differences in landscape structure between

characteristics

landcover types may influence their role
and functioning within the floodplain
ecosystem

At the landscape scale, the Lower Balonne

Open Grassland dominates the functioning

Floodplain is a mosaic of diverse

of the Lower Balonne Floodplain

landcover types intersected by river

ecosystem at the landscape-scale

corridors of Riparian Forest, within a
matrix of Open Grassland
Frequently inundated areas have a more

Inundation can influence on the structure

complex patch structure but contain fewer

of floodplain landscapes, even in systems

landcover types than rarely inundated

that experience unpredictable and highly

areas

variable flows

The spatial dominance of Coolibah Open

Coolibah Open Woodland forms the

Woodland increases substantially in the

matrix landcover type in the zone of

zone of frequent inundation in contrast to

frequent inundation

all other landcover types
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Objective 5. Measure the distribution of plant productivity levels across the floodplain
The relationship between plant growth

Suggests a subsidy-stress relationship in

vigour and inundation frequency is

which plant growth vigour is limited by

unimodal, with high vigour in areas of

moisture availability and soil anoxia

moderate inundation frequency and lower
vigour in areas of rare or long-term
inundation

Plant growth vigour on dryland
floodplains may be limited by excessive
inundation

Objective 6. Measure the dynamics of plant productivity over time
Landscape-scale growth vigour dynamics

The growth vigour dynamics of floodplain

are determined by climatic conditions,

ecosystems are a complex interaction of

river flows and the response of its

variables operating at regional, landscape

composite landcover types

and patch scales

Each landcover type has a distinctive

Each landcover type makes a unique

pattern of growth vigour dynamics that is

contribution to the dynamics of growth

related to its composition and distribution

vigour at the landscape-scale

in relation to water resources

Restructuring floodplain landscapes can
alter the dynamics of growth vigour at the
landscape-scale

Open Grassland makes the major

Supports the identification of Open

contribution to the dynamics of growth

Grassland as the matrix landcover type at

vigour at the landscape-scale

the landscape scale.
Growth vigour dynamics of the entire
floodplain ecosystem may be most
sensitive to changes in the extent of this
landcover type
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Implications

Substantially altered ecosystems may

Assessments of the impact of resource

experience periods of high growth vigour,

development on ecosystem functioning

and average growth vigour may be

should consider a range of changes in

affected subtly

productivity conditions in addition to
maximum or average productivity levels
Increased susceptibility to drought may be
a key indicator of distressed ecosystem
functioning

Modelling indicates a threshold in the

Reducing the proportion of Open

standard deviation of landscape-scale

Grassland below this level may undermine

growth vigour when the Open Grassland is the functioning of plant growth vigour
reduced by 30% of its extent in 1993

cycles that support native and human
communities on the Lower Balonne
Floodplain

8.2. IMPLICATIONS OF THIS THESIS
This thesis has implications in three main areas: it has included the development and
testing of image processing and analysis techniques suited to studying diverse and
dynamic ecosystems at the landscape-scale; it contributes to information about
floodplain ecosystems by quantifying aspects of floodplain structure and functioning at
the landscape-scale; and it has implications for future management of the Lower
Balonne Floodplain.

8.2.1. Image processing and analysis
The two-part inundation mapping technique developed in this thesis (Section 5.2.1)
combines the advantages of band-ratio and change detection comparison techniques for
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identifying different characteristics of inundation, and minimises the influence of the
diverse soil background on the accuracy of inundation maps. Though it was not
possible to quantify the accuracy of the inundation maps, researchers and local residents
familiar with the Lower Balonne Floodplain and the floods shown in these images
confirm that these maps accurately represent the extent of inundation. This technique
has been used to map inundation in other large and complex wetland ecosystems with
diverse soil backgrounds (Sims and Thoms, 2003).
Landcover types were mapped from the Reference Image (Section 6.2.1), a conceptually
simple method of integrating images captured on different dates which preserves the full
flexibility of manipulation of the original image dataset. The Reference Image
improves the accuracy of landcover identification over single-date images, and provides
a long-term perspective of dynamic landscapes that is useful for examining the
association between inundation frequency and plant growth vigour, for example. These
techniques have been developed on Landsat TM imagery which, with its long archive of
historical data and moderate spatial, spectral and temporal resolution, is likely to be
widely used for landscape-scale studies for the foreseeable future (Wang, 2004). These
techniques could be adapted to other image datasets with similar band characteristics.

8.2.2. Quantification of floodplain structure and functioning at
the landscape scale
Observing and measuring inundation patterns at the landscape scale provides a different
perspective on structures and functioning from regional studies, which have largely
considered the presence or absence of inundation in whole or parts of wetland and
floodplain systems (Puckridge et al., 2000; Roshier et al., 2001), and from small scale
studies that cannot readily encapsulate the diversity and dynamics of conditions at
larger scales (Nachtnebel, 1995). The occurrence of the most frequently inundated
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area of the Lower Balonne Floodplain along its central axis rather than adjacent to river
channels, for example, is a substantial and distinct departure from most descriptions of
floodplain inundation patterns in the literature (Anderson et al., 1996). This illustrates
the importance of measuring inundation patterns directly, rather than assuming
inundation patterns based on flow levels.
In particular, this thesis addresses aspects of the Flood Pulse Concept (Junk et al., 1989)
and its application to dryland floodplains. This thesis quantifies the spatial dimension
of flood pulses, an aspect of flood pulses that has rarely been studied at the landscape
scale (Benke et al., 2000), and illustrates the variability of patterns of inundation
between flows. The Flood Pulse Concept describes the importance of relatively deep
inundation for facilitating access to the floodplain by aquatic animals, and also of
shallow inundation in the ‘moving littoral’ zone for boosting primary productivity. This
thesis shows that inundation patterns can change dynamically between different flow
levels, and that no single flow level creates inundation patterns that maximise
connectivity, aquatic habitat provision and potential productivity. This analysis
therefore quantifies some aspects of the importance of flow variability for maintaining
the high biodiversity and the functional integrity of floodplains at the landscape-scale
(Poff et al., 1997; Puckridge et al., 1998)
The Flood Pulse Concept (Junk et al., 1989) is primarily based on evidence from large
tropical floodplains that experience regular flood pulses of long duration, and it
considers infrequent an unpredictable inundation to be primarily destructive and a
hindrance to adaptation. Conversely, inundation on many dryland river floodplains,
including the Lower Balonne Floodplain, is unpredictable and often brief, and terrestrial
processes may dominate for long periods during drought. This thesis shows that, even
when flows are highly variable and unpredictable, increased inundation frequency
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can reduce the fragmentation of landcover types and create a more highly contiguous
patch structure compared to areas where inundation is rarer. The landscape structures
that influence the landscape-scale functioning of floodplain ecosystems should therefore
be considered in relation to the historical frequency of inundation, rather than in
association with the distribution of annual, large or predictable inundation events
specifically.
This thesis also addresses the landscape-scale association between landscape structure,
patch structure and ecosystem functioning. Initially, it shows that the distribution and
spatial character of landcover types within a highly fragmented mosaic can influence
their role within the floodplain ecosystem. Open Grassland was identified as the matrix
landcover type at the landscape scale, for instance, because it occupies a large area of
the floodplain and is highly connected with other landcover types. Grassland plant
species can be highly responsive to evaporative aerodynamics and moisture conditions
(Chesterfield, 1986; Specht, 2000), and growth vigour modelling (Section 7.3.2.3)
indicates that changing the proportion of Open Grassland has the most substantial
impact on the dynamics of productivity at the landscape scale. The dominance of
ecosystem functioning attributed to the matrix landcover type in landscape ecology
(Forman, 1995a; Forman and Godron, 1986) is therefore supported by this thesis.
In terms of plant growth vigour, the description of a subsidy-stress interaction (Odum et
al., 1979; Odum et al., 1995) in which the long-term, landscape-scale distribution of
plant growth vigour is limited by very high or very low moisture levels compliments
other studies that identify moisture levels as the primary control of plant productivity on
this floodplain (Ogden and Thoms, 2001; 2002). Adaptation to drought has been
implicated in the increased mortality of floodplain plant species in areas of very
frequent or long-term inundation (Briggs and Thornton, 1999), and this thesis
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illustrates that plant growth vigour may be restricted by high moisture levels even in
semi-arid regions.
Temporal variations in growth vigour at the landscape scale are a composite of the
growth vigour dynamics of the individual landcover types, and each landcover type has
a distinctive pattern of growth vigour dynamics over time. One of the most important
challenges in landscape ecology is to quantify the link between patterns in the landscape
and ecosystem functioning (Wu and Hobbs, 2002). Theoretically, the patch structure of
each landcover type should influence its growth vigour dynamics by controlling the
exposure to resources and interaction with other parts of the landscape (Forman, 1995b;
Li and Wu, 2004), but the influence of the patch structure of each landcover type on its
growth vigour dynamics is difficult to quantify on the Lower Balonne Floodplain,
however, because different patch structures are associated with zones of different
inundation frequency. Consequently, it is not possible to isolate the influence of patch
structure from inundation conditions in this study.
This thesis also describes some of the potential impacts on the functioning of floodplain
ecosystems from changes to its landscape structure or inundation patterns. Landscape
restructuring and flow alterations are amongst the greatest threats to the sustainability of
floodplain ecosystems (Kingsford, 2000; Sheldon et al., 2002) but their potential
impacts on the functioning of floodplains are difficult to quantify because of the
naturally high complexity, diversity and variability of floodplain ecosystems. The
model presented in this thesis, which is founded on principles of landscape ecology
(Forman and Godron, 1986) and hierarchical patch dynamics (Wu and Loucks, 1995)
illustrates a method to explore the potential impacts of those activities.
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The model suggests that resource use activities can affect vegetation growth vigour in
subtle and complex ways that are poorly characterised by average long-term ecosystem
performance. In particular, an increased susceptibility to drought may be a key
indicator of distressed ecosystem functioning, as identified in the Ecosystem Distress
Syndrome (Rapport et al., 1985; Rapport and Whitford, 1999). The accuracy of these
predictions is not known, and should be assessed by comparing these results with future
landscape-scale assessments of growth vigour dynamics of the remnant native
ecosystem on the Lower Balonne Floodplain.

8.2.3. The Lower Balonne Floodplain
Many aspects of the natural functioning of the Lower Balonne Floodplain have been
substantially altered by recent resource development activities, and it is likely to be
many years before these changes are accommodated into the processes and structures
within the remnant floodplain ecosystem (Cullen et al., 2003; Thoms and Walker,
1993). Native species and human populations depend upon the functioning of natural of
processes within this floodplain ecosystem for their survival. Undermining the
structures and processes that support these functions may therefore have important
environmental and social consequences. Development of the Lower Balonne
Floodplain has occurred entirely within the bounds of legislation and further
development may occur. If there is in future a desire or necessity to restore some of the
natural character and dynamics of the ecosystem of the Lower Balonne Floodplain, then
the description in this thesis of its structures and functioning, recorded on the cusp of its
transition from a largely natural to a largely controlled ecosystem, may be useful when
determining restoration targets.
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8.3. RECOMMENDATIONS FOR FUTURE STUDIES
Quantifying the effect of pattern on process is likely to remain one of the principle
challenges for landscape-ecology in the foreseeable future (Li and Wu, 2004). A
primary obstacle to further developing our understanding of the influence of the
structure of a landscape on its functioning is the impracticality of conducting
experimental studies at the landscape scale. This thesis poses several questions that
might be valuable avenues of exploration should it become possible to conduct
experimental analyses at the landscape scale.
This thesis identified an association between inundation patterns and the structure of
floodplain landscapes. The landscape structure of frequently inundated areas is less
fragmented than in areas where inundation is rarer. The pattern of inundation changes
at different flow levels, and more frequently inundated areas therefore experience a
wider range of patterns of inundation over time. One possibility is that more highly
variable inundation patterns may create less fragmented landscape structures. This
could be explored by manipulating the variability of inundation patterns in zones of
identical inundation frequency, and observing the landscape patch structures created
within each inundation pattern zone. The implications of this relationship, if true,
include that the response of floodplain ecosystems to altered flow regimes may be the
formation of more highly fragmented landscape structures.
An association was also identified between patch shapes and the temporal dynamics of
growth vigour in a range of landcover types. In particular, this thesis suggests that
larger patches, or landcover types with complex or highly fragmented landscape
structures, may be more susceptible to drought stress than smaller patches or landcover
types with less fragmented or more simply-shaped patch structures. The potential
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influence of these aspects of landscape structure should be explored under controlled
inundation conditions at the landscape scale.
Future studies should also monitor the Lower Balonne Floodplain. Native species and
human populations on the floodplain depend on the integrity of the floodplain
ecosystem for their prosperity. This thesis suggests that inundation variability and the
extent of Open Grassland are the key aspects of the structure and functioning of the
Lower Balonne Floodplain and should be monitored in particular. The complexity and
dynamics of this system makes impacts from development activities on the functioning
of the ecosystem difficult to identify, but particular attention should be directed to
monitoring plant growth vigour levels during drought. An increased susceptibility to
drought may be an early indicator of distressed ecosystem functioning on this
floodplain.
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This appendix is available as:
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Appendix B; Previews of Landsat Images

9 March 1999; 26,450 Ml

25 March 1999; 35,036 Ml

26 April 1999; 413 Ml
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