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Abstract

Land use practices over the last 200 years have dramatically altered the distribution and
amount of riparian vegetation throughout many catchments in Australia. This has lead to
a number of negative impacts including a decrease in water quality, an increase in
sediment transport and a decrease in the quality of terrestrial and aquatic habitats. The
task of restoring the functions of riparian zones is an enormous one and requires spatial
and temporal prioritisation. An analysis of the existing and historical functions of
riparian zones and their spatial distribution is a major aid to this process and will enable
efficient use of remediation resources. The approach developed in this thesis combines
remote sensing, field measurement and terrain analysis to describe the distribution of five
riparian zone functions: sediment trapping, bank stabilization, denitrification, stream
shading and large woody debris production throughout a large semi-arid catchment in
central Queensland. Each function is described in terms of an index that is derived by
modifying published algorithms that describe these functions so that they can be
calculated with spatial data. Each index describes on a scale of zero to one how active
each function is at any location within the catchment, and, how the changes in the
distribution and structure of riparian vegetation since European settlement have impacted
on each function. Each riparian function index was calculated using biophysical
attributes of the riparian vegetation and the dimensions of the adjacent stream channel.
Each attribute was either measured in the field, or calculated from pre-existing data, and
then linked to a classification of spatial data. This research uses recent developments in
terrain analysis and image processing in combination with remote sensing imagery that is
matched to the spatial and temporal scales of riparian zone phenomena. The parameters
required to calculate the riparian function indices were reliably predicted, based on an
independent set of field data.

The results of the riparian function indices indicate that there has been a large
decrease in the sediment trapping capacity in 1500 hectares of riparian zones that are
located on slopes >2% due to heavy grazing and land clearing in the riparian zone. There
is also an increased risk of bank erosion with 25% of lower order stream banks devoid of
any riparian vegetation. Removal of vegetation from the floodplain and riparian zones of
higher order streams has also lead to a 50% reduction in the denitrification potential of
riparian soils, and has removed the potential for future large woody debris recruitment
from 2500 hectares of 3 and 4™ order stream bank. Stream bank clearing has also lead
to an increase in the amount of sunlight reaching the surface of over 80% of 4™ and 5"
order streams, however 6™ order streams are in relatively good condition with only 8%
not receiving shade from woody vegetation. The approach developed in this thesis
provides new insight into the spatial distribution of riparian zone functions throughout
large catchments. It differs from previous approaches by enabling analysis that allows
the user to select key riparian functions for an application and by using input data that

can be obtained for large catchments in a cost effective manner.
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Chapter 1 Introduction

1.1 Introduction

This thesis develops a methodology for assessing the impact of riparian vegetation on
protecting waterways and their surrounding environment using a combination of satellite
imagery, field data, terrain information, and stream channel characteristics. This is a

pioneering cross disciplinary thesis on the use of spatial data for riparian assessment.

The native trees and grasses' beside rivers and streams (riparian vegetation) protect
waterways and their surrounding environment: by reducing the amount of pollution
entering the stream, and providing habitat for wildlife living next to and within the
stream. To manage riparian vegetation effectively, and maximise the protection it
affords, it is necessary to understand where in a catchment the riparian vegetation will
provide the greatest protection. Fieldwork was carried out in the riparian vegetation and
channels of streams and rivers within the study area to identify the existing riparian
vegetation and stream channel characteristics. The satellite imagery and terrain
information were used to extend these fieldwork observations to estimate what the

riparian vegetation was like elsewhere within the study area.

The key outcome of this thesis is new information that 1. quantifies how riparian
vegetation in different parts of the landscape is important in providing the following
functions: sediment trapping, bank reinforcement, denitrification, large woody debris
production and stream shading and 2. quantifies how changes to riparian vegetation since
pre-European times have impacted on these five functions. This new information will
enable the prioritisation of resources towards restoring riparian vegetation in critical
areas, and ensuring the preservation of important pieces of riparian vegetation that are

under threat by human activities.

1.2 The Functions Provided by Riparian Vegetation

At the catchment scale riparian vegetation provides the important functions described in
Table 1.1. Although riparian vegetation only occupies a relatively small area of the
landscape, its unique location at the interface between the terrestrial and aquatic
environment means that it plays an important role in maintaining both the terrestrial and
aquatic ecosystems. Human activity can impact on all of these riparian functions both
directly and indirectly. Direct human impacts on riparian function include removal of
riparian vegetation, damage to riparian vegetation by recreational vehicles, logging
activities, grazing and land clearing. Indirect human impacts include weed invasion, feral
animal activity, altered hydrologic regimes, increased salinity, altered fire frequency, and

increased nutrient and sediment loads.

! Non-indigenous species can be deleterious, altering bank stability and leaf litter
dynamics (Read and Barmuta, 1999).
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Table 1.1 The functions performed by riparian vegetation and buffer strips

Function Description

Hydrological rainfall interception, hydraulic resistance to overland flow and
functions floods

Geomorphic sediment trapping, bank stabilization/reinforcement,

functions

Geochemical denitrification, trapping nutrients associated with fine particles
functions

Terrestrial habitat for various avian, mammalian, and herpetofauna,
Ecological habitat corridors

functions

Aquatic providing shade for streams and waterholes, providing a source
Ecological of food via litter fall, and providing habitat via root mats and
functions large woody debris

The functions performed by vegetation in riparian zones are important because they

combine to achieve the following outcomes:

e Providing large woody debris to the floodplain and to the stream channels.

Large woody debris can have a number of positive influences including:

(0]

Providing hydraulic diversity, and thereby providing a range of in-

stream habitats within close proximity (Marsh et al., 2001).

Providing visual protection from avian and piscatorial predation

(Crook and Robertson, 1999).

Providing stable substrate for biofilms, and providing an egg laying site

for a range of native fish species (Marsh ez al., 2001).

Reducing near-bank flow velocities, and thereby increasing bank

stability (Abernethy and Rutherfurd, 1998).

Playing an important role in floodplain geomorphology, leading to
channel abandonment, and the formation of new waterholes (Tooth and

Nanson, 2000).

e Reducing the amounts of sunlight reaching the stream surface. This can have

the following positive influences:

(0}

Maintaining the trophic state of the stream, thereby reducing excessive

algal growth (Sponseller et al., 2001).

Reducing fluctuations in stream temperature, and thereby reducing
fluctuations in pH and dissolved oxygen, which in turn ensures a stable

environment for aquatic organisms (Bunn et al., 1999).
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e Reducing the amounts of sediment (both hillslope, and stream bank sediment)

entering the stream network. This provides a range of benefits including:

0 Reducing the turbidity and hence improving the aquatic environment
for native fish species (Crook and Robertson, 1999), and improving the

quality of drinking water available to stock.

0 Reducing sedimentation of waterholes improving the aquatic

environment for native fish species (Prosser et al., 2001).

0 Improving the lifespan of water reservoirs by reducing sediment inputs

(Prosser et al., 2001).

0 Improving the quality of water leaving the river mouth and entering the
receiving waters (either lakes or estuaries), with numerous benefits for

these near-shore environments (Johnson et al., 1999).

e  Reducing the amount of pollutants entering the stream network from adjacent

land uses. This can produce a range of benefits including:

0 Reductions in the eutrophication of in-stream and receiving waters

(Brodie and Mitchell, 2005).

0 Improved water quality for stock and human consumption, with
benefits including improved human health outcomes (Agrawal et al.,

1999; Basnyat et al., 1999).

0 Improved in-stream water quality with numerous benefits for the
aquatic ecosystem, both in-stream, and in the receiving waters

(Johnson et al., 1999).

1.3 Statement of Problem

The riparian vegetation functions listed above dominate in different parts of the
catchment depending on the climate, terrain and flow characteristics of the catchment.
However there is currently no means of quantifying where each process is important or
quantifying how changes to riparian vegetation have impacted on these functions.
Consequently, the spatial distribution of riparian functions and the pressures placed upon

those functions by human activity remains a significant gap in knowledge.

Information about the spatial distribution of the ecological, geomorphic, hydrologic and
geochemical functioning of riparian zones is needed from both a scientific and resource
management perspective. Information about the distribution of riparian vegetation
functions throughout a catchment is required from a scientific perspective to assist in
designing experiments that will better quantify the catchment scale functions of riparian

vegetation. This information can also be used to improve the representation of riparian
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vegetation functions within existing catchment-scale sediment and pollutant transport

models such as SEDNET (Prosser et al., 2001).

Information about the spatial distribution of riparian vegetation, how that riparian
vegetation functions, and how human activity can impact or improve these riparian
functions is also required to inform catchment management decisions. To meet goals
such as ‘end of valley’ reductions in sediment and pollutant loads, catchment managers
need to know i) where planting or restoring riparian vegetation will have the greatest
effect in reducing sediment and pollutant loads, and ii) where existing riparian vegetation
is providing valuable sediment and pollutant buffering functions, and needs to be
protected. Management decisions are currently limited by a paucity of such information.
The approach developed in this thesis provides this information using recent
developments in terrain analysis and image processing in combination with remote
sensing imagery that is matched to the spatial and temporal scales of riparian zone

phenomena.

1.4 Research Objective and Scope

The overall objective of this thesis is to develop a methodology that quantifies the
multiple functions performed by riparian vegetation across large catchments. To meet

this objective a number of key science questions are addressed:

1. Where within a large catchment is riparian vegetation functioning to trap
sediment, stabilise banks, remove nitrate, provide shade and provide large

woody debris?

2. How do these functions vary in terms of importance throughout the
catchment?
3. How has the capacity of riparian vegetation to perform these functions

changed as a result of European human activity?

The primary objective of this research was to address these questions by combining
remote sensing and terrain analysis to describe the spatial and temporal distribution of
riparian vegetation functions. The remote sensing and terrain analysis techniques used
were developed with two main criteria in mind. First, that they represented the riparian
vegetation dynamics at an appropriate spatial and temporal scale and second, that they
could be applied in a cost-effective fashion to large (>10 000km?) catchments. The
approach described in this thesis could be applied to the riparian zones of other semi-arid
catchments that are subject to grazing and cropping. However it is beyond the scope of
this research to develop a generic methodology that could be applied to any riparian zone

adjacent to any land use without modification.
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1.5 Outline of Approach

The approach taken in this thesis was to identify the full range of riparian functions based
on a review of the current literature. A subset of these functions have been described in
the literature in terms of models or algorithms, which can be modified, based on a series
of assumptions, into a series of riparian function indices that can be calculated using
spatial data. This subset was constrained by the capacity to establish a statistical
relationship between the parameters required to calculate the indices and a classification

of spatial data. Consequently this thesis consists of the following steps.

1. Describe a series of riparian function indices (RFIs) that represent various

riparian zone functions.

2. Identify the parameters required to calculate the riparian function indices
(RFIs) and identify which classification of spatial data each parameter will be

linked to.

3. Classify the spatial data (moderate spatial resolution satellite data, low spatial

resolution multi-temporal data and digital elevation models).

4. Evaluate the reliability with which each parameter was predicted by their

respective classifications using an independent set of field data.
S. Calculate the RFIs using the spatial parameters.

6. Evaluate the reliability of the RFIs based on the reliability of the parameters

required to calculate each RFI.

7. Discuss the capacity for using the RFIs to inform riparian zone management

decisions at the catchment scale.

8. Discuss the potential to incorporate the RFIs into existing catchment scale

sediment and pollutant transport models.

These steps are shown in Figure 1.1 The methodology developed for mapping RFIs was
undertaken in the Nogoa and Comet subcatchments of the semi-arid Fitzroy catchment in
Queensland, Australia. The parameters used to calculate the RFIs in these catchments
were either i) derived from field measurements at a series of locations, or ii) calculated
from pre-existing datasets. The accuracy of the parameter extrapolation was validated by
comparing the predicted parameters against observations made at an independent set of
field sites. In addition to the field data collected as part of this research, stream channel
cross-sections and stage height records supplied by the Queensland Department of
Natural Resources and Mines, and stream channel geometry and riparian vegetation data
from the State of the Rivers Reports (Henderson, 2000) were used to provide additional
data about the vegetation structure, channel geometry and flow characteristics within the

study area.
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|
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Figure 1.1 Flowchart showing research design

1.6 Thesis Organisation
The research embodied in this thesis is divided up into eight chapters. Chapter 2

identifies which riparian functions can be assessed using spatial data based on a review
of the literature. An index for each riparian function that can be described using spatial
data is also developed. These indices are calculated for a study area, which is described
in terms of land use, climate, hydrology and vegetation in Chapter 3. Chapter 3 also
describes the fieldwork that was undertaken to measure the parameters that are used to
calculate the RFIs, and describes how the field data were processed and separated into
calibration and evaluation datasets. These calibration and evaluation datasets are used in
Chapter 4 to describe the range of values observed for each parameter in the field, and to
assess the reliability with which each parameter could be predicted across the catchment.
It was not possible to make direct measurements of some parameters required to
calculate the RFIs. For these parameters it was necessary to use either pre-existing
datasets or literature values, the suitability of which is also discussed in Chapter 4.
Chapter 5 details the spatial data that were used to predict the parameters, with a brief

description as to why certain data types were used, and the advantages and limitations of
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those data types. Chapter 5 also describes how the classifications used to predict the
parameters were generated using remote sensing and terrain analysis, with some

discussion of the methods used, and the difficulties encountered.

Chapter 6 presents the indices and their reliability assessment based on the reliability of
the parameters. The index results are presented both as spatial maps, and as summary
statistics in terms of the range of each index value observed for each Strahler stream
order. The usefulness of the proposed methodology for understanding the contextual
importance and impact of riparian functions, and the potential for application to other
areas is discussed in Chapter 7. In addition, Chapter 7 describes the potential to combine
indices to focus on specific catchment processes, and identify an integrated riparian
management plan that can be tailored to meet catchment scale land management and
water quality goals. The conclusions made about using remote sensing and terrain
analysis to map riparian vegetation structure and function are contained in Chapter 8.
This chapter also details the conclusions drawn from the analysis of the riparian function

indices, and identifies areas for future research.
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Chapter 2 Defining Riparian Function Indices

2.1 Introduction

This chapter describes how some of the hydrologic, geomorphic, biochemical and
ecological functions of riparian zones can be quantified using indices. These indices are
based on published verbal and numerical descriptions of each function. The process of

defining each riparian function index (RFI) has a series of steps.

1. A physically-based, numerical description of a riparian function is identified

from the current literature.

2. The numerical description of each function is modified into an index that can
be calculated from parameters which can be predicted using spatial data, based

on a series of assumptions.

3. Each index is defined in terms of how that riparian funtion has changed since
pre-European times, and in terms of where within the catchment each function

is most important.

The ‘index’ approach has been used in this thesis because it encapsulates the existing
knowledge about riparian zone functions and allows information about the spatial
distribution of these functions to be calculated from a series of classifications that are

generated from satellite imagery and terrain analysis.

The functions performed by riparian vegetation operate at a range of temporal and spatial
scales. The indices are constructed from studies in the literature that describe the process
at a small (1-10 metres) scale. Each index is calculated using parameters that can be
measured, or calculated at this small scale. The parameters are either measured in the
field or calculated from the field data. Each parameter is then statistically linked? to one
of three classification systems: a vegetation classification, an estimate of grazing
pressure, or a stream order classification. A summary table of the parameters required to
calculate the indices, and the classifications they are linked to is presented at the end of
the chapter. There are two forms of each index. The local form, RFI,,, as seen in
Equation (2.1), uses a local reference point that compares the existing riparian vegetation
with the riparian vegetation that would have existed at the same location prior to
European settlement. The global form, RFI,qpa as seen in Equation (2.2), uses a ‘global’
or catchment scale reference point that compares the function performed by the existing
riparian vegetation with the maximum amount of that function being performed

anywhere within the catchment at present.

? Described in detail in Chapter 4
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2.1.1. RFligcal

The local form of each riparian function index is calculated by comparing the function of

the existing riparian zone with a reference riparian zone.

@.1)

Function performed by existing riparian zone }

RF] e =
focal [Function performed by the riparian zone in 1780

The reference riparian zone is the riparian zone at that location prior to European
settlement (referred to as 1780 vegetation by Carnahan (1989)). So if the riparian zone at
a specific location has similar vegetation to that encountered at that location prior to
European settlement, then the RFIj. will have a value of one. However, if the
vegetation has been altered then the RFI., will be less than one, and if all woody
vegetation has been removed then some of the RFIs will have a value of zero. The
RFIjca quantifies how the riparian function provided by a stand of vegetation at a
particular location in the channel network has changed as the result of removal or
alteration of riparian vegetation. Indices calculated based on a local reference point can
be considered ‘restoration’ indices insofar as, with the right restoration practices, and
time, every riparian zone throughout the stream network could theoretically attain an

index value of one.

The use of a local reference presents some challenges in terms of knowing what the
riparian vegetation was like at a certain location prior to European settlement. The map
of 1780 vegetation presented by Carnahan (1989) is too coarse for the purposes of this
thesis because it doesn’t include the narrow strips of riparian vegetation that provide the
functions that are of interest in this thesis. The vegetation maps contained in the Land
Unit Series (Gunn et al., 1967) which were generated during land capability surveys
carried out in the 1950s and 1960s are also to coarse for the purposes of this thesis,
insofar as they describe the riparian vegetation of some of the larger rivers, but do not
detail the distribution of the littoral vegetation. However their descriptions of the
riparian vegetation encountered during their surveys are detailed and are contained in
Gunn et al. (1967) and Story et al. (1967). Their descriptions have been simplified into a
general description of the pre-European riparian vegetation that coincides with the
vegetation classification system used in this thesis, which is based on the structural

classification system described in Specht (1970) and described in detail in Section 3.3.

2.1.2. RFlgopal

The behaviour of each riparian function at the catchment scale is captured by comparing
the function performed by the existing vegetation at a location within the stream network
with a ‘global’ reference value that represents the maximum amount of that function
being performed anywhere within the catchment by current vegetation. The calculation

of the ‘global’ RFI is shown in Equation (2.2).
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Function performed by existing riparian zone J 2.2)

RF lg]oba] = . . .. . .
Maximum function performed by existing riparian zone

The RFlyqa index values represent a ‘prioritization’ or ‘conservation’ index because
they identify areas within the catchment where certain stands of vegetation are
performing the maximum amount of a function, and it is these stands of vegetation that
are likely to be of high conservation value. RFIyq, values close to one indicate areas
where the process is most dominant within the catchment, and values close to zero
indicate areas where the process is of lower importance. The RFIyqpa places the function
performed by stand of vegetation into spatial context (at the catchment scale), whereas
the RFIj,, places the function performed by a stand of vegetation into a historical

context.

The short term (yearly) temporal behaviour of the riparian zone functions is not explicitly
described by the riparian function indices, however the parameters used to calculate the
indices do encapsulate some of the temporal variability within the system. Consequently
the index results need to be interpreted with an understanding of the different temporal

scales at which each process operates.

Table 2.1 lists the riparian functions that are quantified using the RFI approach. These
functions were chosen because they represent a cross section of the hydrological,
geomorphic, biogeochemical and ecological functions performed by riparian vegetation.
These functions were also chosen because published algorithms that describe these
processes on a physical basis were suitable for modification into RFIs. The sediment
trapping function of riparian vegetation is important because land use changes have lead
to increased hillslope erosion in many areas throughout the world, and riparian buffers
provide a valuable means of preventing sediment generated via hillslope erosion from
entering into the river network (Deletic, 2001). The bank reinforcement capacity of
riparian vegetation is important because stream bank erosion constitutes another major
source of in-stream sediment, and maintaining/restoring riparian vegetation is one of the
few aspects of bank erosion that can be directly managed (Abernethy and Rutherfurd,
1998). The potential for denitrification in riparian zone soils is of particular interest

because it provides a mechanism whereby potentially harmful nitrate is converted into

Table 2.1. A list of the riparian function indices described in this chapter

Type of function Riparian Function Index
Geomorphic Sediment Trapping Index (STI)
Bank Reinforcement Index (BRI)
Biochemical Denitrification Index (DNI)
Ecological Stream Shading Index (SSI)
Large Woody Debris Index (LWDI)
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atmospheric nitrogen gas and removed from the river network completely, potentially
mitigating upslope or upstream pollution (Hill et al., 2000). The capacity of woody
vegetation to provide large woody debris and shade to the stream channel are also
important because they maintain the in-stream aquatic environment by maintaining the
trophic state of the stream and providing a diverse range of habitats (Rutherford ez al.,
1997), in addition, large woody debris can alter in-stream hydraulics and rates of bank
erosion (Gurnell et al., 2002). Each of these functions have been the focus of numerous
previous studies at the stream reach and hillslope scale, and the distribution of these
functions at a catchment scale in some previous studies, notably bank stabilization
(Abernethy and Rutherfurd, 1998) and stream shading (Poole and Berman, 2001).
However, to the authors knowledge, the approach developed in this thesis is unique in its
use of remote sensing data that is matched to the spatial and temporal dynamics of
riparian zone phenomena in combination with recent developments in terrain analysis
and image processing to generate a suite of indices that describes the multiple functions
performed by each stand of riparian vegetation throughout a large (>10 000km?)

catchment.

Understanding the spatial distribution of riparian vegetation capable of performing these
functions, and understanding where within the catchment each process is most active is
important. It is important because, while management activities can restore or maintain
these functions, the cost of implementing these management actions is large, and the
resources available are limited. Consequently it is important to identify exactly where
particular management actions are likely to have the greatest effect in restoring or
maintaining a specific function. This is particularly important in large catchments that

drain into near-shore environments that are sensitive to sedimentation and eutrophication.

In addition to the indices listed in Table 2.1 a number of other RFIs were initially
considered in this thesis. They were the pollutant trapping index, the overland flow
interception index, the flood resistance index and the habitat fragmentation indices, as
described in the Appendices. They are not considered further in this thesis due to

difficulties associated with data collection, data processing, or index calculation.

2.1.3. Definitions

The term ‘riparian zone’ means different things to different people, and a comprehensive
review of the different definitions of ‘riparian zone’ is contained in Verry et al. (2004).
For the purposes of this thesis riparian vegetation is an inclusive term that refers to both
littoral vegetation (vegetation within fifteen metres of the stream bank) and floodplain
vegetation, as shown Figure 2.1. Littoral vegetation refers to vegetation immediately
adjacent to the channel, and floodplain vegetation refers to vegetation on the floodplain.
Similarly, the term ‘riparian zone’ refers to everything from the extent of historical

flooding on one side of the valley to the extent of historical flooding on the other.
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Riparian Zone for channels
adjacent to hillslopes

‘15m 15m

Riparian Zone for Large Channels with Foodplains

Riparian Zone

Sream banks or Littoral Zone

\E]oodglaig 15m 15m Floodglaig/

Figure 2.1 Two channel cross sections showing terminology used throughout this
thesis.

For small streams the riparian zone and the littoral zone are synonymous, however on
larger rivers the riparian zone contains both the littoral zones and the floodplains on
either side of the channel. To avoid confusion, all areas within fifteen metres of the
channel are referred to as littoral zones. Areas where hillslopes are drain directly into the
channel and no floodplain is present the area within fifteen metres of the channel is

referred to as hillslope littoral zones as shown in Figure 2.1. For larger rivers that have
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floodplains, the area fifteen metres either side of the channel is referred to as the

floodplain littoral zone, and the floodplains are referred to as floodplains.

2.2 Sediment Trapping Index

Riparian zones act to buffer streams from sediment and pollutants carried by shallow
overland flow from adjacent hillslopes (Vought ez al., 1995; Loch et al., 1999;
McKergow et al., 2003). The ground cover in riparian zones can act to trap sediment
carried in overland flow. Numerous studies have shown that the reduction in flow
velocity created by roughness elements in the overland flow path reduces the sediment
transport capacity, which leads to the deposition of sediment (Prosser et al., 1995;
Mufioz-Carpena et al., 1999; Carroll ef al., 2000; Deletic, 2001; Rose et al., 2002).
These studies are often based on field based studies or mathematical models that
represent a vegetated filter strip. The efficiency of vegetated filter strips (VFS) in terms
of trapping sediment is related to a number of factors including the length, slope,
roughness (often expressed in terms of the roughness coefficient Manning’s n) and
infiltration rate (Hairsine and Rose, 1992a; Loch et al., 1999; Deletic, 2001; McKergow
etal.,2003).

This function is important because it reduces the sediment and sediment-sorbed pollutant
loads entering the streams, thereby improving the downstream water quality and
increasing stream health. This function is also important because it reduces sediment
exports from coastal catchments into near shore waters, thereby protecting estuaries and
near-shore habitats from excessive sedimentation rates (Johnson et al., 1999).
Consequently, information about the spatial distribution of the sediment trapping

capability of existing riparian vegetation is of value.

Sediment transport happens at a range of micro-meso scales, from raindrop impact,
aggregate breakdown, entrainment and re-entrainment at a scale of millimeters (Hairsine
and Rose, 1992a) to the sheet and rill erosion processes operating at a scale of meters
(Hairsine and Rose, 1992b). Sediment transport processes at this scale have been the
focus of a number of studies (Hairsine and Rose, 1992a; Hairsine and Rose, 1992b)
(Vought et al., 1995; Palis et al., 1997; Loch et al., 1999; McKergow et al., 2003). Data
is not available at a catchment scale to drive sediment transport models that are based on
millimetre scale sediment transport processes for each riparian zone, but the processes
that operate at this scale can be represented in a sediment trapping index (STI). This
index describes the sediment transport capacity of the current riparian zone in terms of a
‘reference’ riparian zone that contains a high amount of ground cover. The derivation of

the STI from published sediment transport equations is described below.

Hairsine and Rose (1992a) presented Equation (2.3) for sediment concentration in
shallow overland flow when the factor limiting sediment concentration is transport,

rather than supply.
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Where F is the available stream power, K is a dimensionless factor expressing flow path

2.3)

in the Manning’s or Chezy equations, m is 5/3 or 3/2 depending on whether you use the
Manning’s or Chezy equations to describe kinematic flow, o is the sediment density,
pis the density of water, v; is the settling velocity of sediment size class i, / is the
number of sediment size classes, S is the slope, g is the acceleration due to gravity, ¢ is
the water flux per unit width and (Qcris the stream power at which re-entrainment

begins.

This expression assumes that sediment transport is limited by the ability of overland flow
to re-entrain the sediment. The transport limiting case has been chosen because the
shallow overland flow and associated sediment entering the riparian zone is hill slope
generated. Assuming that the shallow overland flow sediment carrying capacity is not
supply limited, then the re-entrainment and transport of that sediment is only limited by
the transport capacity of the flow. The hydraulically rough surface encountered in
vegetated riparian zones reduces the sediment transport capacity of the flow, thereby

enabling the riparian zones to act as sediment traps.

The sediment trapping index (STI) describes the sediment trapping capacity of the
current riparian zone (STC*™) in terms of a ‘reference’ riparian zone that contains a
high amount of ground cover (STC™*™ ™) which can be calculated using

STCCurrcnt

STl =————. 2.4
STCReference ( )

The total flux of sediment passing through a unit width of the riparian zone, where width
is measured parallel to the stream is the product of the overland flow transport potential
per unit width (¢) and the concentration at the sediment concentration at the transport

limit ¢, as described by Equation (2.3).

STC =qc, 2.5)
combining Equations (2.3), (2.4) and (2.5) gives

FK% L i 1 . i 0 Current
% pSq m -4 2
“Sw g
STI = Il = (2.6)
FK; L 2 1 - % Reference
o-p pSq M — q "Qer

Iy, g
I 1
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From Manning’s equation we know that

1
2
K = % Q2.7

where n is Manning’s hydraulic roughness factor.

Equation (2.6) can be simplified using the following steps

1.

By cancelling constant terms that are common to both the numerator and
denominator, m the constant in the Manning’s equation, p the density of water,

o the sediment density, and g the acceleration due to gravity.

Assume that the slope S in the riparian buffer strip hasn’t changed due to the

presence/absence of riparian vegetation, and is therefore common to both terms.

Assume that the runoff generated by the hillslope ¢ hasn’t changed. This
assumption is likely to be violated in areas where cropping or grazing practices
have altered the infiltration rate of the soil (Connolly et al., 1997). If the
assumption that ¢ hasn’t changed is accepted, then the available stream power F'

will also remain unchanged.

Assume that the sizes of each sediment size class i is unchanged. This
assumption will be violated if land use practices have altered the strength of the
soil aggregates, and thereby altered the proportion of sediment in each size
class, leading to an increase in the proportion of sediments in the finer sizes

(Blair and Crocker, 2000).

A further assumption is that {Qcris constant. This is based on the assumption
that the stream power threshold required to transport sediment is constant in
both scenarios. If upslope land use practices lead to a reduction in soil
aggregate strength, then Q¢ may be lower because of the presence of smaller
sediments in the sediment size distribution. If this was to occur then the
assumption of constant Qe would be violated, leading to potential
overestimates, or underestimates in the value of STI depending on the nature of
the land use change. The potential for land use change is not incorporated into
the STI, so if all the other assumptions are accepted then the expression for STI

can be described by

Based on these assumptions the expression for STI can be reduced to

nCurrem
STI = Rr:ference : (28)
rz

The Manning’s n values used to calculate this index are described in Section 4.2.
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The STI as described in Equation (2.8) assumes that the capacity of the riparian zone to
trap sediment is dependent solely on the Manning’s n of the riparian zone, irrespective of
the magnitude or sequence of erosion events that may occur. Thus the capacity of the
riparian zone to trap sediment without changing its hydraulic roughness is assumed to be
limitless. This assumption may be violated when the riparian zone is very narrow in
comparison to the contributing hillslope length or when time between events is
insufficient to permit the vegetation to assimilate the sediment and grow back to reinstate

hydraulic roughness (Karssies and Prosser, 1999).

The other assumption of the STI is that all overland flow leaving the hill slope passes
through the riparian zone with its associated roughness characteristics. In practice,
preferential flow pathways, such as roads, stock tracks and stock watering points enable
overland flow to bypass riparian filters. The impact that these assumptions have on the

reliability of the STI results is discussed in Section 6.2.

Overland flow from hill slopes travels down slope through riparian zones (Rustomji and
Prosser, 2001). Thus, in small streams that are adjacent to hillslopes (coupled streams
sensu Church (2002)), ground cover in the riparian zone filters overland flow entering the
riparian zone from the adjacent hillslope. For larger streams with floodplains, the
floodplains often separate the hillslope from the main channel. In these areas the slope S
of the riparian zone is zero for both the actual and reference case, and Equation (2.3)
predicts limited overland flow if the slope is close to zero. Consequently the STI is only
calculated for riparian zones within the catchment that are both adjacent to hillslopes and

adjacent to the channel (hillslope littoral zones as seen in Figure 2.1).

It is worth noting that riparian filter strips can be established in a relatively short time
frame (months). This is important to keep in mind when comparing the STI to other

riparian zone functions that can take considerably longer to re-establish.
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2.3 The Bank Reinforcement Index

Littoral® vegetation reinforces stream banks by altering the hydrology and mechanical
strength of the stream bank (McKenney et al., 1995; Abernethy and Rutherfurd, 1998;
Abernethy and Rutherfurd, 2001). The following mechanisms strengthen the stream
bank:

1. Canopy cover intercepts rainfall, thereby reducing rain splash and soil

moisture levels;

2. Canopy cover also reduces soil desiccation and frost heave;
3. Evapotranspiration increases the matric suction of the soil*, and;
4. Roots, both coarse and fine, increase the shear strength of the soil (Abernethy

and Rutherfurd, 2001; Simon and Collison, 2002).

The weight of littoral vegetation increases surcharge on the littoral soil, this can either
strengthen or weaken the bank depending on the circumstances. Under certain
circumstances littoral vegetation can also act to weaken the bank, for example: flow
concentration down plant stems and through soil macropores can create localised areas of
high pore water pressure; and the increased surcharge of vegetation can lead to increases
in shear stress (McKenney et al., 1995; Simon and Collison, 2002). Most authors report,
however, that strengthening effects significantly outweigh the detrimental effects of
littoral vegetation on bank stability (McKenney et al., 1995; Abernethy and Rutherfurd,
1998; Abernethy and Rutherfurd, 2001; Simon and Collison, 2002).

The dominance of the bank strengthening processes depends on the position in the
catchment (Abernethy and Rutherfurd, 1998). The study of Abernethy and Rutherfurd
(1998) describes the dominance of destabilising influences in the Latrobe catchment i.e.
sub-aerial processes such as frost heave and soil desiccation dominate in the upper parts
of the catchment; fluvial entrainment dominates the mid sections of the catchment and
mass failure dominates the lower section of the catchment. Their study also describes
how littoral vegetation protects stream banks from these bank erosion processes in

different parts of the catchment.

The reduction in bank erosion afforded by littoral vegetation is particularly important
because stream bank erosion is one of the three major sources of in-stream sediment
(along with hillslope erosion and gully erosion) (Prosser et al., 2001), and can be the

dominant source of in-stream sediment for some catchments (Prosser et al., 2001).

3 The term “littoral” here refers to woody vegetation immediately adjacent to the channel
as shown previously in Figure 2.1, this is referred to by some other authors as riparian
vegetation.

* This is of particular importance in semi-arid environments, where banks are often un-
saturated, and the loss of matric suction is a leading cause of bank failure (Simon and
Collison, 2002)
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Stable stream banks area also important from an ecological point of view because they
provide habitat for a range of species such as: the platypus (Ornothorynchus anatinus)

(Serena et al., 1998); and various salmonid species (Armstrong ef al., 2003).

In the latest version of SEDNET, Wilkinson et al. (2005) quantifies the impact of littoral

vegetation on bank erosion using the PR parameter in Equation (2.9)

BE, = Coeff x Power x (1 - PR, ) x FloodplainFactor . 2.9)
From Equation 15 in Wilkinson et al. (2005), where BE| is the volume of bank material
contributed to the stream link from bank erosion over a 100 year interval Coeff is a
variable used to account for reasonable maximum rates in stream links that have been
subject to extensive clearing of littoral vegetation, or increased flow rate from inter-basin
water transfers, Power is the bankfull stream power, PR, is the proportion of stream
banks along stream link that have littoral vegetation present, and FloodplainFactor is a
factor that reduces the amount of bank erosion if the floodplain is less than 100 metres

wide to account for the presence of rock (which would not contribute to bank erosion) in

channels that lack a significant floodplain.

The PR, parameter used by Prosser et al. (2001) and by Wilkinson et al. (2005) was

calculated using a 100 metre resolution map of woody vegetation. For example if woody

vegetation was present in 40 out of the 100 pixels adjacent to link L then the PR,

parameter would be calculated as 0.4. Whilst this level of detail was suitable for the
national scale sediment transport modelling for which it was developed, higher spatial
resolution satellite imagery allows us to map littoral vegetation in greater detail.
Furthermore, higher spectral resolution enables the mapping of vegetation structure’,
which can in turn be used to describe the influence of littoral vegetation on bank erosion
in greater detail as described below. Littoral vegetation reduces bank erosion via three

mechanisms:
1. By reducing the amount of sub-aerial preparation;
2. By reducing the velocity of fluvial attack; and

3. By reducing the amount of mass failures by increasing the soil cohesion

(Abernethy and Rutherfurd, 1998).

The relationship between vegetation structure and these three mechanisms is discussed

below.

> The vegetation structural classification used in thesis is that described by (Specht;
1970)
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Sub-Aerial Preparation

Sub-aerial preparation is a term that covers a range of processes, such as frost-heave,
rain-drop impact, and bank/soil desiccation (Abernethy and Rutherfurd, 1998). Sub-aerial
preparation is described by Abernethy and Rutherfurd (1998) as a second order effect in
the overall gamut of bank erosion processes. Percentage foliage cover is an important
control of many sub-aerial processes such as rainfall interception, and desiccation

(Abernethy and Rutherfurd, 1998).

Percentage foliage cover is also strongly positively correlated with the number of trees
per hectare (1) (Adjusted R* = 0.9), Consequently, a reduction in A, will coincide with a
reduction in percentage foliage cover. The reduced percentage foliage cover will in turn
reduce the amount of protection from sub-aerial preparation, leading to an increased
likelihood of bank erosion. Therefore A provides a rough approximation of the influence
of littoral vegetation on the amount of sub-aerial preparation. The reason for using A
rather than percentage foliage cover is that A strongly influences the other two erosion
processes, as discussed below, and therefore provides a good parameter to approximate

the influence of littoral vegetation structure on all three processes.

Fluvial Attack

Banks erode from fluvial attack when high velocity flows near the bank have sufficient
force to mobilise the bank material, resulting in scour and in some cases undercutting the
banks (Abernethy and Rutherfurd, 1998). Abernethy and Rutherfurd (1998) describe
influence of littoral vegetation on fluvial attack in terms of the change in stream power @
that can be attributed to the presence of large woody debris (LWD). LWD is generated
over time by woody littoral vegetation (Piégay and Gurnell, 1997; Gurnell et al., 2002;
Montgomery and Piégay, 2003), and the presence of LWD in the channel reduces the
stream power @ by reducing the flow velocity term, V, and reducing the hydraulic radius

term, R. Stream power o is given by

o = pgRVS (2.10)
where p is the density of water (kg m™), g is the acceleration due to gravity (m s) and §
is the local energy slope (tan 0) from Equation 1 in Abernethy and Rutherfurd, (1998).
The volume of LWD in the stream can be predicted as a function of A as described in
Section 2.6. To summarise, littoral vegetation with a high A will generate a large amount
of LWD into the adjacent channel, thereby reducing the amount of fluvial attack at the
stream bank. In areas where littoral vegetation has been removed (A = 0) the volume of
LWD will diminish steadily over time, increasing the rate of fluvial attack in these
locations. The relationship between @ and LWD volume is described in detail in the

Appendices.



Defining Riparian Function Indices 2-13

Bank Collapse

Bank collapse or mass failure occurs when the shear stress exceeds the shear strength of
the material that makes up the stream bank. Littoral vegetation reduces the likelihood of
bank collapse by increasing shear strength of the bank material via the presence of tree
roots (Abernethy and Rutherfurd, 1998). The amount of bank reinforcement provided by

tree roots is described as the variable ¢, in terms of the relationship for the maximum
depth of tension cracking H C in Equation 14 of Abernethy and Rutherfurd (1998) which
is

H':MN (211)
c S .
3y

where: ¢ is the material cohesion in kPa, ¢, is the reinforcement provided by tree roots in

kPa, y is the bulk unit weight (kN m™), and Ny is the dimensionless stability factor.

Abernethy and Rutherfurd (2001) describe the spatial distribution at the individual tree
scale of ¢, values for two littoral tree species. The ¢, for individual trees (¢, rrez ) Were
used to calculate bank average ¢, values are calculated using Equation (2.12) as described

below, this process is described in detail in the Appendices.

Calculating bank average c;,

To calculate the ¢, value at any point along a stream bank where woody vegetation is
present the ¢, rrgr value is divided by the average distance between trees (NND) as
shown in Equation (2.12).

C, TREE

C Bank = NND (2.12)

NND

NND/2

BH

Figure 2.2 Graphical representation of the ¢, gank calculations, BH is bank height,
and the shaded area represents the portion of the stream bank reinforced by tree
roots
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The average distance to the nearest tree can be calculated using the nearest neighbour
distance (NND). This distance is calculated based on the number of trees per hectare A.
From the equations listed on page 39 of Jupp and Lovell (2000) we know that NND is a

function of the number of trees per hectare A as described by

NND =i‘ (2.13)

Ji

The use of the NND parameter to calculate the distance between trees along the edge of
streams is based on the assumption that the average distance to the nearest tree is the
same adjacent to the stream as it is elsewhere within the floodplain for vegetation of a
given structural type. This assumption may be violated because the nearest neighbour

statistics are affected by edge effects (such as those created by a stream bank).

Combining Equation (2.12) and Equation (2.13) and gives

Cr_pank = Cr_trEE X \/Z : (2.14)
So, as the number of trees per hectare increases, the probability of encountering tree
roots in a stream bank increases, and the amount of tree roots that would be encountered,
also increases. As a result of this, stream banks with littoral vegetation that has a high
A will have a higher shear strength, and will therefore be less prone to bank collapse, than

those with low or zero A.

Calculating the bank reinforcement index (BRI)

Based on the discussions above, the number of trees per hectare (A) provides a
reasonable approximation of the bank stabilizing effect of littoral vegetation for all three
of the bank erosion processes discussed, insofar as areas with high A will have more
protection from erosion processes than areas with low A or no littoral vegetation. Based

on this the PR, term in Equation (2.9) has been replaced by a normalized A term such that

BE, = Coeff x Power x (1 -\, ) x FloodplainFactor , (2.15)

where A,is calculated using

A = , (2.16)

with Ayr being the number of trees per hectare for vegetation type vt and Ay is the

maximum number of trees per hectare.

Quantifying changes in local bank erosion rates
To compare whether bank erosion rates at a given location have changed between the
pre-settlement littoral zone conditions and the present, Equation (2.15) is substituted into

Equation (2.1) to give the bank reinforcement index (BRI)

[Coeﬁ” x Power x (1 -\, )x FloodplainFacz‘or]CurTem

:| Reference *

BR[local = (2 1 7)

[Coeff x Power x (l -7, ) x FloodplainFactor
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Equation (2.17) can be simplified based on a series of assumptions: If we assume that :
1. there are no inter-basin water transfers (Carroll pers com 2003);

2. that the maximum rate of bank erosion is not reached in either the current or

reference case; and

3. that the bankfull stream power term Power is unchanged between the current

and pre-settlement cases.

then the Coeff and Power terms cancel out. This is based on the assumption that land
use changes upstream in the catchment haven’t altered the rainfall-runoff characteristics
of the catchment, and it ignores the impact that LWD may have on Power (although this
influence of LWD is implicit within the A, term as discussed above). A further
assumption is that at any given location the floodplain width remains unchanged between

pre-settlement conditions and the current day.

If these assumptions are accepted then Equation (2.17) can be re-written as

current
)\,”

BRI

(2.18)

local )\’reference :
n

Comparing bank erosion rates across the catchment
To identify locations throughout the catchment where bank erosion is likely to occur, and
to identify locations where littoral rehabilitation would reduce the severity of bank

erosion.

Local
Coeff x Power x(1-1,, )x FloodplainFactor
BRIy =1~ [ d ( ) 7 ]

(2.19)

[Coeﬁ‘ x Power x (1 -7, )>< FloodplainF' actor]Mmmum

Assuming that there is no need to cap the maximum erosion rate using the Coeff term

and that there are no interbasin transfers then Equation (2.19) can be simplified to

[Power x (1 -, )>< Flooa’plainFacz‘or}LQCal

BRIglobal =1- (220)

Maximum

[Power x(1=2,)x FloodplainFactor]

The values for BRIy, also range between zero and one, values close to one indicate
areas of stable banks, Whereas values close to zero indicate areas where bank erosion is
most likely to occur, thereby identifying areas where riparian vegetation rehabilitation is

likely to have the greatest impact in reducing in stream sediment loads.



2-16 Defining Riparian Function Indices

2.4 The Denitrification Index

The denitrification index (DNI) has been developed in this project because it represents
one of the important biogeochemical processes served by riparian zone vegetation, and it
is important for maintaining the water quality for human and ecological purposes.
Excessive amounts of nitrate have been linked to a range of negative human health
impacts, and it is considered a carcinogen (Caraco and Cole, 2001). Excessive nitrogen
loads also alter the trophic state of streams, leading to dramatic changes to the food web
(Wilcock et al., 2002). Riparian zones can remove nitrogen from the soil and from
groundwater in a variety of ways. Nitrogen can be removed via direct uptake by plants

or via microbial denitrification.

Microbial denitrification is of particular interest, because the nitrogen is converted into
gaseous forms of nitrogen N,O and N, thereby removing the nitrogen from the riparian
system completely. Microbial denitrification typically occurs when denitrifying bacteria
are subjected to anaerobic conditions associated with inundation/submersion, and during
this period use nitrate rather than oxygen to break down dissolved organic carbon (DOC)
(Sigunga et al., 2002; Chen and MacQuarrie, 2004). This process is limited by a number
of factors, including: the amount of DOC present and the contact time between the nitrate
enriched water and the DOC. The concentration of nitrate can also limit this reaction.
However nitrate concentration is not considered to be limiting in this thesis because in-
stream nitrate levels in the study area (Section 3.2) are frequently above the upper limit
set by the Australian and New Zealand Environment and Conservation Council

(ANZECC) (Noble e al., 1997).

In humid areas, denitrification takes place when nitrogen enriched shallow groundwater
enters the riparian zone from the adjacent hillslope, and then travels through the rooting
zone of riparian vegetation towards the stream (Cirmo and McDonnell, 1997; Abdelouas
et al., 1999; Gold et al., 2001; Flite III et al., 2001; Wilcock et al., 2002; Hill et al.,
2004). There is also evidence to suggest that the denitrifying potential of riparian zones
can be dramatically reduced if the groundwater can bypass the riparian root zone via
gravel lenses (Burt et al., 1999), or via phreatic : hyporheic ground water exchanges

below the root zone (Hill et al., 2000).

In semi-arid regions denitrification occurs via the same mechanism, but under different
circumstances (Abdelouas et al., 1999, Schade, et al., 2002). In these regions
denitrification is likely to occur when nitrogen enriched water enters the root zone of
vegetation adjacent to the channel during the rising arm of the hydrograph, spends a
period of time in the root zone, and then returns to the channel during the falling arm of
the hydrograph (Schade et al., 2002). Denitrification can also occur when flow goes
overbank, and water infiltrates into the floodplain (Caraco and Cole, 2001). This occurs
when the flood duration is sufficient so that the dissolved oxygen levels drop to the point

where microbes start to metabolise nitrate (Sigunga er al., 2002). Under these
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circumstance denitrification can occur at any location throughout the floodplain, if
dissolved organic carbon is available (Hill es al., 2000), and provided that the soil
remains wet enough for denitrification to occur. Studies of denitrification in semi-arid
areas with vertisol soils (similar climate and soil type to those encountered in the study
area of this research) have found that denitrification occurs when the water holding
capacity (WHC) of the soil exceeds 60% for more than twenty hours and occurs rapidly
when WHC exceeds 80% (Sigunga et al., 2002). Once WHC exceeds 60% there is a lag
period of twenty hours whilst available oxygen is used up (Sigunga et al., 2002), after
which denitrification begins to take place. In a study of vertisols from the Fitzroy
catchment® , Powlson ef al. (1988) found that 25% of denitrification took place in the
first two days (after the initial lag) and all denitrification took place (i.e. available carbon

supplies were consumed) within seven days. It is worth noting that a number of authors
report incomplete denitrification (i.e. NOj is reduced to N,O rather than N, ) when

WHC is less than 100% (Luo et al., 1998).

Previous authours have described the spatial distribution of denitrification at a range of
scales via a number of methods including: direct observations (via piezometer nests and a
variety of chemical tests) (Burt et al., 1999); numerical modelling of the chemical
processes governing denitrification (Chen and MacQuarrie, 2004); 3 dimensional soil
maps (Cosandey et al., 2003), by correlating land use within the riparian zone with
nitrate concentrations at various points in the stream network (Basnyat et al., 2000), and
by using wetted perimeter of the river channel to estimate the area available for
denitrification (Bartkow and Udy, 2004). These methods were not suitable for this thesis
because they were either developed in humid riparian zones (where denitrification take
place under different circumstances as discussed above) or they required extensive

datasets that are not typically available.

The DNI is calculated using the equations contained in Chen and MacQuarrie (2004),
that have been simplified based on a series of assumptions. These equations have been
manipulated as described below to calculate the amount of denitrification performed by
the current riparian vegetation, as compared to the riparian vegetation at that location
prior to European settlement. The index provides an estimate of denitrification potential
rather than a figure in terms of kilograms of nitrogen per hectare per year for a particular
stand of vegetation. The calculation of the DNI is detailed below, and contains a number

of steps as follows.

1.  Modify an existing denitrification model to account for the circumstances under

which denitrification occurs in the study area.

% The Nogoa and Comet catchments that form the study area for this thesis are sub-
catchments of the Fitzroy catchment.



2-18 Defining Riparian Function Indices

2. Estimate the amount of water soluble carbon for riparian soils for both the

current riparian zone, and pre-settlement.

3. Calculate the number of denitrification events that are likely to occur at any

given location/soil depth.

Modifying an existing denitrification model
Equation (2.21) is taken from Equation 16 in Chen and MacQuarrie (2004) and is used to

calculate the change in nitrate over time. It represents both nitrification and

d| NO;3
u = ratiolkzXlF(Xl) NH, X 02
dt Kyn, +NH, Ko, +0,

2.21)

NO: K
—ratiosk, X, F (X,) CH,0 x % — [x Odl
Keno + CH,0 KNOé +NO; Ko+ 0,

where ratio; is the mass ratio of NO; to NH,, k; is the reaction rate constant for the
conversion of NH, to NOj, X, is the nitrifying biomass F(X)) is the biomass growth
inhibition function as defined by Equation (2.22), Ky, is the ammonia half-saturation
constant (M/L3)7, K02 is the oxygen half-saturation constant, ratio; is the mass ratio of

NOj; to DOC, CH,O represents the amount of dissolved organic carbon (DOC), X; is the

heterotrophic biomass, F(X;) is the biomass growth inhibition function (same form as

Equation (2.22)) for the biomass X5, Ky, is the DOC half-saturation constant (M/LY),
Ko, is the nitrate half-saturation constant, K ; is the inhibition constant of oxygen
(M/LY).
F(X))+ L (2.22)
K, +X,
For the purposes of this index we are only considering denitrification. In which case

Equation (2.21) can be simplified to express the process of denitrification as shown in

Equation (2.23).

d| NO;
u = —ratio;k, X, F(X,)
> (2.23)

| CHO || NO, || Ko
Ko tCH,0 | | Ky, #NO; | | Ko, +0,

The DNI is calculated by comparing the current rate of denitrification with a reference

rate. So the for soil depth range x the DNI takes the form shown in Equation (2.24).

7 Mass per length cubed

41 Comment [11]: Hi Peter, you’ll notice some

inconsistencies with the NO3 superscripts (the
minus sign is present in some cases and absent in
others, this will be fixed prior to final submission)
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0.25-BF
0.5-0.25

Figure 2.3 Channel cross section showing soil depth ranges (x)
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f
Where £, represents the time at which conditions in soil depth range x (values for x are 0-

0.5m, 0.5-1m, 1-2m and 2m-3m and 3m - BOC where BOC is the base of the channel,

and the soil depth O represents the top of the bank, as shown in Figure 2.3) become
suitable for denitrification (i.e WHC exceeds 60% for more than twenty hours) and 7,
represents the time at which conditions are no longer suitable for denitrification, and if

t, is greater than eight days (Powlson et al., 1988)then it is assumed all possible

denitrification has occurred. NDNES"™ and NDNER®®™*®  represent the probability

of conditions being suitable for denitrification to occur at soil depth x during any given

year for the current and reference case respectively.

Calculations of NDNE are contained in Section 4.4.4 If all terms are included, then

Equation (2.24) can be re-written as Equation (2.25)

n Current
| ~ratiosky X, (X | - 20 NOs Kox xNDNEC™™™!
Keitz0 *CH20 | | Koy *NOs || Koy +0; ||

0

DNI = (2.25)

y CILO NO © Reference
_‘. —ratiosky X, F (X, )X{ < jCH S }{K +;\IO }{ Ozl } «NDNEFefernce
o cHyo TCH; N0z TNO;3 i

Equation (2.25) can be simplified greatly because Ratios, the mass ratio of NO5 to DOC,
k4 the reaction rate constant are common to both the numerator and denominator. If we
assume that nitrate is not limiting in either the current or reference case then the term

NO;

Ko, NO;

cancels from both the top and bottom of Equation (2.25). Please note
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that this represents a scenario whereby remnant (or reference) riparian vegetation has
unlimited nitrate supplied to its root zone, rather than representing the amount of
denitrification that would have occurred prior to settlement (which would have been
strongly limited by the small amount of naturally occurring nitrate). Furthermore if we

assume that for a soil depth range x that the inhibition due to oxygen, represented by the

term {& is the same in both the current and reference case, then that term also
Ky, +0,

cancels. A further assumption is that the heterotrophic biomass X, available to

metabolise the nitrate is constant for both the current and the reference case. This
assumption is likely to be violated in areas where tree clearing in the past has resulted in
a reduction of below-ground biomass over time, which is in turn likely to lead to a
decrease in the amount of heterotrophic biomass. It is also assumed that the space

available for growth of heterotrophic biomass, represented by the term K, in the F(x,)

term (show previously in Equation (2.22)), is the same for both cases, and is not limiting
in either. This assumption may be violated if land use practices have altered the bulk
density of the soil. Under these assumptions and if the rainfall-runoff relationship
upstream of the riparian zones is considered constant, and the river is unregulated (i.e.
the frequency and duration of denitrification events at soil depth x haven’t changed) then

DNI can be calculated using Equation (2.26).

t Current

¢ CH,0
K. +CH,O
DNIx - t - = : Rxeference (2'26)
¢ CH,0O

KenotCH0 |

f
Where t, is the time at which soil moisture in depth range x exceeds 60% WHC, and ,,,
is the time at which soil moisture falls below 60% WHC. On the other hand if the river
is regulated then the frequency of denitrification events at soil depth x may be altered in

which case the DNI, is calculated using Equation (2.27).

t Current

: < CEé)H ; « NDNEfurrent
DNIX - 1y, ,TO — - Re);‘erence (227)
CH2 O x NDNEjeference

Ken,otCH,0

)
If we assume that the concentration of CH,O or dissolved organic carbon is much less
than the half saturation content KCH’O, and we assume that for every denitrification

event f, is greater than eight days (eight days being the sum of the twenty hours
(approximately 1 day) lag between WHC exceeding 60% and denitrification beginning as
described by Sigunga et al. (2002) and the seven days during which all available organic
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carbon is consumed as described by Powlson et al. (1988). Then the integration of the
Monod equation calculates the amount nitrate removed from soil depth x is equal to the
amount of dissolved organic carbon present at soil depth x at time zero multiplied by

ratios the mass ratio of NOj to DOC. If these assumptions are accepted then Equation

(2.27) can be re-written as

WSC;"™™ x NDNE; "™

DNI_ = .
x WSCfeference % ND NEfeference

(2.28)

Where WSCE"™ and WSCRe®rn represent the amount of water soluble carbon

(WSC)(kg m™) that would become dissolved organic carbon in the presence of water

under current vegetation/land cover and reference vegetation cover respectively.

Having calculated DNI, at every depth range x using Equation (2.28) it is now possible to
calculate DNI using

x=0
DNI= ) DNI,. (2.29)

x=BOC

2.5 Stream Shading Index

Vegetation that overhangs, or is immediately adjacent to a stream channel or waterbody
provides shade for that waterbody. The shading function of riparian vegetation is
important for two reasons: 1. it reduces fluctuations in water temperature, which in turn
reduces fluctuation in dissolved oxygen and pH levels within the stream; and 2. it
reduces the amount of light reaching the stream. The reduction in light levels can reduce
the growth of filamentous algae and exotic macrophytes, thereby maintaining the existing
trophic level of the benthos (Sponseller ef al., 2001) and the stream (Bunn et al., 1999).
Temperature and biochemical stability are also important for maintaining the ecological
values of the stream both locally and downstream (Poole and Berman, 2001; Sponseller

etal.,2001).

The stream shading function of riparian vegetation has been the subject of numerous
studies (Sponseller ef al., 2001, Poole and Berman, 2001). Many of these studies report
that the influence of shade on temperature stability is dependent on the position of the
stream in the stream network, and the prevailing hydrologic conditions. For example
riparian shading will have a large influence on small stream with small flow volumes,
whereas riparian shading will have less of an influence on large streams, with large flow
volumes. For larger streams, stream temperature is more dependent on the water
temperature of tributary streams and hyporheic flows that contribute to the larger stream
reach (Poole and Berman, 2001). Therefore quantifying the influence of riparian
vegetation on stream temperature at the stream reach to catchment scale requires

information about the spatial distribution of riparian vegetation, and the structure of that
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vegetation. In areas of low flow variability, the emphasis should be on quantifying the

structure and distribution of vegetation adjacent to low order streams.

The importance of stream shading adjacent to high order streams increases in stream
networks with high degrees of flow variability. This is because aquatic ecology becomes
dependent on isolated waterholes and ponds in high order stream reaches when the water
ceases to flow, and such isolated sites are particularly sensitive to the degree of thermal
buffering provided by riparian vegetation (Pusey and Arthington, 2003). Consequently
the spatial distribution of riparian vegetation capable of producing shade to high order
streams is important, particularly for stream networks subject to highly variable flow

volumes such as those found in semi-arid or drought prone regions.

A number of previous studies have described models that calculate the amount of
sunlight reaching the stream surface in different environments, for example: Chen et al.
(1998a) and Chen et al. (1998b) describe a radiative transfer model for the amount of

sunlight reaching a stream in a montane region of north America.

The aim of the stream shading index (SSI) developed in this thesis differs to the stream
shade model described in Chen et al. (1998a) and Chen et al. (1998b), because it
estimates the importance of a stand of riparian vegetation in providing shade to the
stream, rather than calculating the amount of sunlight reaching the stream surface. This
is an important distinction because it means the index is calculated for a stand of
vegetation, not for the body of water. This is consistent with the other RFIs that describe
the role that riparian vegetation plays in certain functions, without comprehensively
describing the function itself. Because the SSI has a different objective to previous
stream shading studies, it has been calculated from basic principles using a simplfied
channel geometry and canopy geometry as described in Figure 2.4. The calculations of
stream shade geometry (as described in Figure 2.4) is based on the assumption that the
water in the channel, and all waterholes are formed at the centre of the channel (i.e. the

location of the thalweg is not accounted for in these calculations).

The amount of shade provided to the stream by riparian vegetation (SSV) was calculated
for each canopy channel geometry combination using Equations (2.30) through to (2.46).
Figure 2.4 is similar to Figure 3 p308 in Chen et al. (1998b) but differs in its description
of channel geometry and the omission of a solar azimuth term (the reasons for omitting a

solar azimuth term are discussed below).



Defining Riparian Function Indices 2-23

- -

cw

Figure 2.4 A simplified channel cross section with all the parameters used to
calculate the SSI.

Figure 2.4 shows a simplified riparian cross section with a stream channel and riparian
vegetation adjacent to the channel, where: BH is the bank height; CW is the channel
width; TH is the tree height; Cr4p is the canopy radius; 77TH is the tree trunk height,

where TTH = (TH - C

RAD

); OS is the offset distance between the top of the bank and the
first tree trunk; CCD is the distance between the centre of the crown and the centre of the
channel; O,y and O are the proportion of half the solar track occluded by riparian

vegetation and the stream bank respectively, assuming a solar azimuth that tracks from

90°, directly overhead to 270° (which applies for the study area during summer time),
and O is the proportion of the solar track during which sunlight reaches the stream
surface unimpeded.

The simplified channel cross section shown in Figure 2.4 only represents half the solar

track (90°) because the index is designed to describe the importance of a stand of riparian

vegetation in providing shade to the channel. Assuming that the riparian vegetation
doesn’t overhang the entire channel (i.e. O, +0;, <907) then the importance of a

stand of riparian vegetation in reducing the amount of sunlight reaching the stream can
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be calculated as 0, as described in Figure 2.4. The assumption that 0y 0, < 90°

applies to vegetation:channel geometries of high order streams observed in the study

area.

To calculate the proportion of half the solar track occluded by stream bank the angle

Oy, is calculated as

05y = arctan (2.30)

BH
)
2
where cw represents the centre of the channel. The proportion of the solar track that
H Tep prop

is occluded by riparian vegetation, represented by the angle GRV is calculated in

Equations (2.31) through to (2.35).

(BH+TTH)

Where 0.1 represents the angle taken from the horizontal to the top of the tree

0py.pry = arctan (2.31)

trunk. The portion of the solar track blocked by riparian tree height (rather than canopy

overhang) is represented by the angle GTTH , which is calculated in Equation (2.32).

Orm= (eBH+THH Oy ) (2.32)
To calculate the additional portion of the solar track blocked by the tree canopy the angle

0C rap » 1t is necessary to calculate the distance from the midline of the stream to the top

of the trunk CCD as shown in Equations (2.33) and (2.34) respectively.

2
CCD =, |(BH+TTH)  + ((Czwj - OS] (233)
CRAD
0C,,, =arctan oD (2.34)

The portion of the solar track occluded by vegetation is taken as the sum of the angles of
tree height, and canopy diameter as calculated in Equation (2.35).

Ory =011 T0C k. (2.35)
The proportion of half the solar track where direct sunlight hits the stream surface 0

is calculated using



Defining Riparian Function Indices 2-25

Ops = (90" — (O + 0y )) (2.36)

To calculate the amount of shade provided by a stand of vegetation it is necessary to
calculate how much direct sunlight is blocked by that stand of vegetation. From basic

principles the amount of sunlight () reaching a horizontal surface is equal to the solar

constant E multiplied by the cosine of the incident angle (0)® as

a=Excosf (2.37)
If we ignore losses due to scattering, and diffuse radiation then the amount of sunlight

reaching a horizontal surface over a period of time t,-t; can be calculated using

4
a =Ej cos0de. (2.38)
eo

where 90 is the incident angle at time 0 and 6, is the incident angle at time 1. Taking

the integral of Equation (2.38) produces

a=E[sin6]) (239)

which is equal to

a=E(sin6, —sin,) (2.40)

The time at which the solar angle is higher than the angle of the stream bank be equal to

Opg.ry » and the time at which the solar angle is higher than the riparian vegetation be

equal to Opg and the time at solar zenith (noon) be equal to 0,. Then the amount of

sunlight reaching the stream if there is no riparian vegetation present is given by

a=FE [sin6m+Rv - sinf, ] (2.41)
and the amount of sunlight reaching the stream if there is opaque riparian vegetation
present is given by

a=E|[sin0 g —sin0, | (2.42)

So the amount of sunlight that reaches the stream when riparian vegetation is present,
expressed as a proportion of the total that would otherwise reach the stream surface is

calculated using

_E [sinODS -sinf, ]

E [$in0 g,y -sinb,, |

(2.43)

Here the solar constant terms cancel, and the solar zenith terms cancel so that the amount

of sunlight that reaches the stream ripvegsun expressed as a proportion of the total

¥ This ignores atmospheric attenuation.
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amount of sunlight that would other wise reach the stream can be calculated using
Equation (2.44).

sin 0

ripvegsun = (2.44)

SH.
Then the amount of shade provided by riparian vegetation (if it is considered opaque) can

be calculated using

ripvegshade =1—ripvegsun. (2.45)
However the riparian vegetation is not opaque and the amount of shade provided by the
riparian vegetation is directly proportional to the percentage foliage cover (PFC)
assuming that the leaf angle distribution of the foliage is random then the amount of

shade provided by a stand of vegetation can be calculated using

SSV = ripvegshadex PFC . (2.46)
Where SSV is the stream shading due to vegetation, and PFC is the percentage foliage

cover, based on the assumption that there is more than one tree adjacent to the channel.

The SSljoc is calculated by comparing the amount of shade provided by the existing
vegetation with the amount of shade provided by the vegetation encountered at that
location in the catchment prior to settlement. If we assume that the channel geometry

hasn’t changed, since pre-settlement then the SSIj,., can be calculated using

_[ssv
local [SSV]

]CUUCHT

(2.47)

reference *

SSIglobal
To calculate the SSIyqp., an index that identifies the location in the stream network
where vegetation has the greatest influence on the amount of stream shade, it is necessary

to account for the impact of stream orientation on stream shade.

Stream orientation has an influence on the importance of a particular stand of vegetation
in providing shade to the channel. For example a stand of vegetation located at the end
of an east-west oriented stream will have a greater influence on the amount of sunlight
reaching the stream than a stand of vegetation located at the end of a north-south oriented
section of the stream network. This is because stands at the end of east-west oriented
streams cast long shadows along the channel at low solar angles, whereas for north south
oriented streams the shadows fall on the opposite bank rather than the channel (Figure

2.5). To account for this effect stands of vegetation the following steps were taken.

1. Calculate Equations (2.30) to (2.46) for a series of points starting at the centre
of the channel, and then every 15 metres further from the bank as shown in
Figure 2.6 A line of best fit was fitted to the points calculated in step 1, and the

equation for that line identified, as shown in Figure 2.6
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Figure 2.5 Different shade geometries for east-west, and north-south oriented
streams

2. The amount of sunlight blocked from reaching the stream surface by riparian
vegetation is calculated by integrating the equation identified in step 2

between the centre of the channel and the far bank as shown in Figure 2.5.

The line of best fit shown in Figure 2.6 is given by Equation (2.48)

SSV =30.2DIST® (2.48)
where DIST is the distance in metres between the first point for which SSV is calculated

25%

20% -

15% -

10% -

5% -

Amount of direct sunlight blocked (%)

0% T T — =
0 50 100 150 200 250

Distance from bank (m)

Figure 2.6 The amount of sunlight blocked by a stand of (closed forest) riparian
vegetation on a bank adjacent to a long section of east-west flowing (4™ order)
channel.



2-28 Defining Riparian Function Indices

(the middle of the channel, as given by CW/2), and the bank at the end of that east-west
oriented section of channel (hereafter referred to as BEW) as shown in Figure 2.5. More
generally the amount of sunlight blocked by a stand of vegetation on an east west
oriented section of stream (hereafter referred to as riparian vegetation east west (RVEW)
can be described using Equation (2.49) calculated by integrating Equation (2.48) as

shown in

SSV =aDIST’ (2.49)
Where the coefficients @ and b are calculated using the process described above for every
vegetation type and stream order combination.
BEW
SV = | aDIST'dDIST (2.50)
w2

Integrating Equation (2.50) gives

apIST" 1
4 f } 2.51)

b

where fis the constant of integration.

SSVryew = |:

Cw/2

The SSIgobar is calculated for each stand of riparian vegetation by comparing the SSV
(calculated using either Equation (2.46) or Equation (2.51) depending on whether the
stream is north-south or east-west oriented) value of the current riparian vegetation with
that of maximum amount of shade provided by riparian vegetation anywhere in the
catchment. The SSIyo also accounts for the probability of a waterhole forming at that

location in the stream network as shown in Equation (2.52)

B SSVCum:nt XPWh
global SSVReference X PWh

Where Pwh represents the probability of a waterhole forming at that location in the

SSI

(2.52)

stream network Pwh is calculated as a function of Strahler stream order.

The simplifications made in calculating this index apply only to a relatively limited range
of geographic locations. This is because the sun is assumed to have an azimuth angle of
90, which is true for areas between the tropics during mid-summer (i.e. the time when
stream shading is likely to have the greatest impact on stream temperature). For areas

outside the tropics solar azimuth angle would need to be included in the calculations of
Opy and O, .
The SSI also doesn’t include variations in terms of flow height, the index is calculated

for a canopy and channel geometry consistent with a waterhole located in the centre, and

at the bottom of the channel. This is consistent with period of time when low water

volumes will be sensitive to the shading influence of riparian vegetation. The GBH and

Oy could be recalculated for other stage heights if required.
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One of the important advantages of the SSI is that enables the identification of areas of
woody vegetation that are providing shade to the stream. Conserving these areas is of
importance because the process of regenerating riparian vegetation to provide stream
shade can take many years before the stream shading levels are returned to those found in

remnant riparian vegetation.

2.6 Large Woody Debris Index

Remote sensing technology provides an opportunity to map LWD loads via two different
techniques. The first technique is to identify the LWD directly from the image. This
approach requires high resolution imagery such as aerial photography or airborne scanner
imagery. Previous studies using this technique to map LWD have reported mixed
results. Aspinall (2002) reports a high degree of success mapping LWD using high
spatial resolution (1-5 metre pixels) hyperspectral data, Wright et al. (2000) on the other
hand report limited success using similar data, albeit with a different image analysis
technique. High resolution hyperspectral data is well suited for studies of small areas of
interest. However the acquisition, processing and analysis costs involved make such an
approach prohibitively expensive for projects covering large areas. The approach is also
limited by its reliance on the LWD to be visible from the air it is unable to identify LWD
in cases where the LWD is submerged or beneath the forest canopy. The second
approach is to use a statistical relationship between the volume of standing timber on a
stream bank and the amount of LWD in the channel to predict the amount of LWD in the
channel from a map of standing timber volumes. The map of standing timber volumes is
based on a vegetation classification derived from remote sensing imagery. The second

approach is used in this thesis.

The hydraulic influence of LWD is important from an ecological perspective, where the
diversity in hydraulic conditions created by the LWD can lead to scours, increased pool
width, a broader range of exposed substrate types, and areas of high, low and turbulent
flow (Fetherston et al., 1995; Abe and Nakamura, 1996; Dudley et al., 1998; Wallerstein
etal.,2001).

LWD is particularly important in the aquatic ecology of semi-arid areas, where highly
variable stream flow can result in large rivers being reduced to a series of isolated water
holes during dry periods. During such dry periods the waterholes act as refugia for the
aquatic ecosystems of these rivers. Consequently the presence of LWD in waterholes is
even more important to protect fish and other aquatic organisms from terrestrial predators
(Crook and Robertson, 1999). The fact that some waterholes are initiated by the
hydraulic effects of LWD (Knighton and Nanson, 2000) further emphasises the
importance of LWD in semi-arid systems. Furthermore, when rivers in semi-arid (and
other climatic) areas flood, LWD provides a velocity refuge (Crook and Robertson,
1999).
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The statistical relationship between LWD and standing timber volumes used in this thesis
is contained in Marsh et al. (2001). Marsh et al. (2001) described the correlation
between Eucalyptus sp dominated riparian vegetation and LWD for Australian streams
from a range of different climates (R* of 0.9). The correlation between the volume of

standing timber on the stream bank and in-channel LWD.

LWD=02xVEG, -0.054 (2.53)
Where LWD is the volume of large woody debris per linear metre of stream bank (m® m°
Y, and VEGy is the density of standing timber on stream bank (m® m™). It is worth
noting that these are unusual units. These units were used by Marsh et al. (2001) to
remove the influence of stream width on the volume of LWD, so that irrespective of
whether a stream is 20 metres or 100 metres wide, the bank top vegetation will still
generate the same volume of LWD (Marsh pers com 2002). The conversion of the units
of cubic metres of LWD per linear metre of bank (m® m™) used in Marsh ez al. (2001)
into the units of square metres of LWD projected in the channel cross-section (m’ m?)

used in Abernethy and Rutherfurd (1998) is contained in the Appendices.

Assuming that the LWD recruitment rates, have not altered since pre-settlement

conditions then the LWDI,, can be calculated using

current

[wood A]
[WOOdA ]reference :

Where wood, is the volume of above ground woody biomass (m* m™). This assumes that

LWDI, (2.54)

ocal —

any LWD generated by the vegetation prior to its being cleared is no longer present,
which may not be true given that LWD generated by Eucalyptus sp. can be very dense’,
and consequently can take some time to decompose (Robertson et al., 1999). This also
assumes that LWD density in the channel is solely a function of vegetation on the
adjacent banks, and is not transported during flood events. For areas where Eucalyptus
sp. is the dominant source of LWD, the LWD pieces are dense with only weak positive
bouyancy and the transport capacity of the flow is low, these assumptions are reasonable
(Marsh et al., 2001) . Care would need to be taken in applying this approach if the

above conditions were not met.

? The term dense here refers to the density of the wood itself in kg m™ rather than the
density of LWD in the channel in terms of m® m™
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I-WDIgIobaI
From an aquatic ecology perspective, the functions provided by LWD i.e. hydraulic
diversity, visual protection, velocity refugia, substrate for biofilm growth and egg laying
sites, can all be represented by the blockage ratio B, as defined by

(LWwD m*)

B=-———~. (2.55)

(Csam?)
Where LWD is the area of LWD projected into the stream flow expressed as m*/m?
rather than m*/m®).If we assume that the LWD are randomly oriented, then B represents
surface available for biofilm to grow on, and also approximates the visual protection and

velocity protection afforded by LWD. Substituting Equation (2.55) into Equation (2.2)

gives
[ B]Local
LWDI yopar = = Giogat - (2.56)
B]
Local . : . Global |
Where [B ] is the blockage ratio calculated for the adjacent channel and [B ] i

the highest blockage ratio encountered anywhere within the catchment.

Established woody vegetation is required to generate LWD. Consequently riparian
management strategies aimed at maintaining levels of LWD within stream networks fall
into two categories, protection of existing vegetation that is capable of producing LWD,
and LWD replacement. The protection of existing vegetation is the preferable
management option, because LWD replacement, whilst effective (Gerhard and Reich,
2000) can be very costly to implement at large scales. Planting trees in riparian zones
has the long term effect of generating LWD to the stream, however the timescales

involved for trees to reach maturity and begin large wood generation are large (decades).

2.7 Chapter Summary

This chapter has developed a suite of indices that quantify key of the function performed
by riparian zones. Each index was developed by modifying published algorithms that
describe each riparian function on a physical basis. The algorithms were modified into
indices based on a series of assumptions. The modifications were made so that each
index can be calculated throughout large catchments using parameters that can be
predicted using a classification of remote sensing data. These indices will provide us
with new information about the multiple functions performed by riparian vegetation
throughout a catchment. By combining this information with knowledge about the local
hydrology and ecology, it will be possible to assess the importance of each function for
any stand of riparian vegetation. This information enables catchment managers to make
decisions about the allocation of resources for projects aimed at protecting and restoring

riparian zones and the functions they perform.
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Table 2.2. Summary of the parameters required to calculate riparian function indices

Index Parameter

STI Manning’s n

BRI The number of trees per area ( A ), the volume of standing timber per area
(wood,), the average bank height for each stream order (BH), the average
canopy diameter (C)

DNI Percentage Foliage Cover (PFC), Number of denitrification events (NDNE)
the volume of standing timber per area (wood,)

SSI Percentage Foliage Cover (PFC) Mean Tree Height (TH), Channel
Dimensions (CW and BH), the average canopy diameter (C), Offset between
top of bank and first tree (OS), Probability of a waterhole (Pwh)

LWDI the volume of standing timber per area (wood,), Channel Dimensions (CW
and BH),

Each index is based on one or more parameters, and they are calculated for riparian zones

in different parts of the landscape, the dominance of each process in different parts of the

catchment is described in Chapter 5 in the context of the study area which is described in

Chapter 3.

Table 2.2 summarises the parameters required to calculate each index.

Chapter 3 describes the catchment where this research was undertaken, and how the field

data were collected. The ways in which these parameters were measured in the field or

were calculated from the field data are described in Chapters 3 and 4 respectively.

Chapter 4 also detials how these parameters were linked to the classifications that could

be generated using remote sensing and terrain analysis.



Study Site: The Fitzroy Catchment 3-1

Chapter 3 Study Site: The Fitzroy Catchment

3.1 Introduction

The riparian function indices developed in Chapter 2 were calculated for the Nogoa and
Comet subcatchments of the Fitzroy catchment in Queensland, Australia. The Fitzroy
catchment was chosen for use as a study area for three reasons. First, the sensitivity of
the receiving waters, in this instance the Great Barrier Reef Marine Park, makes the need
for riparian zone management particularly pressing. Second, the large scale of the
catchment means that riparian zone management cannot be implemented simultaneously
throughout the catchment, hence the need for a tool that enables identification of
particular parts of the catchment where riparian zone management is likely to have the
greatest effect. Third, the pressures placed on riparian zones in the Fitzroy, such as
grazing in the riparian zone and cropping on the floodplains are found in many semi-arid

and sub-humid catchments both in Australia and around the world.

The Fitzroy catchment is Australia’s second largest (142 000km®) seawards draining
catchment. The catchment drains into the Great Barrier Reef Marine Park, and sediment
transported out of the catchment has impacted on the reef during previous flood events
(Hutchings et al., 2005). Consequently, there is a need to reduce the amount of sediment
delivered by the Fitzroy river to protect sensitive near shore environments including the
Great Barrier Reef (O’Reagain et al., 2005). One way of reducing the amount of
sediment delivered by the Fitzroy river is to maintain and restore riparian zones within
the catchment. To do this it is necessary to identify the sediment trapping and bank
stabilizing capacity of the existing riparian vegetation within the catchment, thereby
enabling the identification of areas where riparian vegetation needs to be restored. In
addition to sediment trapping, riparian zones also perform a range of other important

functions, as discussed previously in Chapter 2.

To calculate the RFIs developed in Chapter 2 it is necessary to know the spatial
distribution of each parameter listed in Table 2.2. Existing vegetation maps do not
describe the riparian vegetation in sufficient detail to enable the calculation of the RFIs,
so field work was carried at thirty eight riparian zones throughout the study area to
establish the relationship between vegetation structure (sensu Specht (1970)) stream
order (Strahler, 1964) and the parameters listed in Table 2.2. The second half of this
chapter describes the fieldwork in terms of the methods used to collect the various
measurements, and the distribution of the field sites in terms of land use and stream

order.
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3.2 Description of Study Area

The study area of this research is the Fitzroy catchment in north-eastern Australia.
Detailed fieldwork was performed in sections of the Nogoa and Comet sub-catchments of
the Fitzroy catchment as shown in Figure 3.1.  The RFIs listed in Chapter 2 were only
calculated for the area indicated by the rectangle in Figure 3.1 (19 365 km?). The
analysis was limited to this area only because of a lack of a high resolution digital
elevation model (DEM) for the whole catchment. The high resolution DEM was required

for the calculation and analysis of the RFIs.

The climate in the study area is sub-tropical and semi-arid. There are three distinct
seasons in the Nogoa and Comet Catchments as described in Gunn et al. (1977). The
three seasons occur between May to August, September to December, and January to

April.

During May to August the high pressure systems prevail, bringing fine clear days and
cold nights. Temperatures range from maximums between 20°C and 25°C with
minimums between 5°C and 10°C. This is the driest season with approximately 15%
(between 75 and 100mm) of average annual rainfall received during this period. The
rainfall during this period is associated with troughs that form between successive high
pressure systems, and is of low intensity compared to the rainfall experienced during the

other two seasons.

120°0'0"E 135°0'0"E 150°0'0"E
1 L 1
e i T A N
B S L%
& & o w
PN, ¢ e . o
- ,,,&’“ ot - } ) \ ro
B o
o
- =)
3
-
Y. Yy e ’
[
0 500 1,000 1,500 2,000 2,500 ]
HHH I | I J Kilometers A

L] Ll I

Figure 3.1 Location of the study area, catchment shown in grey and focus area
shown by the black square
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The period between September and December sees maximum temperatures increase
rapidly to maximums between 27°C and 35°C and minimums between 8°C and 20°C,
with up to 15 days in excess of 38°C. The dominant rainfall mechanism during this
period is convectional storms, and the rainfall intensities associated with these storms can
be very high. Rainfall during this period ranges between 175 and 200mm and represents

approximately 30% of the average annual rainfall.

From January through to April the inflow of moist maritime air increases, and tropical
cyclones will effect the catchment every other year on average. These cyclones and
subsequent rain depressions deliver the largest proportion (55% or between 400 and
600mm, although event totals vary widely) of average annual rainfall, however this can
all be delivered in one or two events. The rainfall intensities associated with these events
are also very high, and are often associated with subsequent flood events. The area is
subject to high levels of evaporation, between 1600-1900mm annually, and evaporation
is greater than precipitation all year round. The variable rainfall and high evaporation

rates have a large impact on the hydrology of the catchment(Gunn et al., 1967).

The whole river system was ephemeral prior to the installation of major irrigation dams
such as Fairbairn reservoir (Noble et al., 1997), and unregulated sections of the stream
network remain ephemeral. However, some of the larger streams flow for much of the
year. For the purposes of this study a channel network was derived from a digital
elevation model, both of which are shown in Figure 3.2. Sections of the stream network

are classified using Strahler stream order after Strahler (1964) as shown in Figure 3.2.

First order streams have a contributing area of at least 5km®. The low order (1*' and 2"
streams are highly ephemeral, only flowing during and immediately after rainfall events.
Higher order (3™-6") streams have a base flow component, but will cease to flow as the
dry season progresses. As flow ceases throughout the stream network, waterholes form
along higher order streams. The mean annual suspended sediment loads for the two
catchments within the study area are 1 350 000 tonnes for the Nogoa catchment and 621
000 tonnes for the Comet catchment. These two catchments also have the highest mean
annual suspended sediment concentration of all the sub-catchments in the Fitzroy basin
with 2.03 g L and 1.46 g L! in the Nogoa and Comet respectively (Values from local
SEDNET modelling described in McKergow et al. (2005)).
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1st order streams
nd order streams

3D order

3rd order streams

4D order

4th order streams

5D order

5th order streams

60 order

6th order streams

Figure 3.2 Channel network colour coded according to Strahler stream order



Study Site: The Fitzroy Catchment 3-5

3.2.1. Vegetation Types

Vegetation in the study area is dominated by two genera, Eucalyptus and Acacia. The
vegetation type and structure for the whole study area are described in detail in the land
unit series contained in Gunn et al. (1977) and Story et al. (1967). The land unit
descriptions are included here to provide the reader with an understanding of the
lithology, terrain, soils, dominant genera and vegetation structure contained in the study
area. The land units are not used in the calculation of the STIs because the spatial

resolution of the land unit coverage is too low.

The upland land units encountered in the area are summarised briefly in Table 3.1. Low
order (1, 2" and 3" order) streams drain through all of these land units. The floodplain

and channel land units associated with higher order (4™ 5™ and 6") streams are described

in greater detail in Table 3.2

Table 3.1 Brief description of all land units within the study area

Land Lithology | Terrain Soils Vegetation Dominant
Unit Structure genera
Nos.
1-38 | Tertiary land | Hills, ridges, Massive earths Woodland Eucalyptus
surface undulating or forest or Acacia
terrain
39- Tertiary Plains to Cracking clays Woodland Acacia
53 weathered undulating or forest
zone terrain
54- Quartz Mountains and | Skeletal soils and | Woodland Eucalyptus
61 sandstone hills texture contrast or forest Casuarina,
soils or Calitris
62- Metamorphic | Hills Skeletal and Woodland Eucalyptus
63 texture contrast or forest
64- Mixed Mountains and | Skeletal, texture | Woodland Eucalyptus
75 sediments hills contrast and or forest
cracking clays
76- Granite Hills, rolling Skeletal and Woodland Eucalyptus
82 to undulating texture contrast
terrain
83- Volcanics Mountains and | Humic massive Woodland Eucalyptus
90 hills, rolling to | earths cracking or forest
undulating clays and texture
terrain contrast soils
91- Argillaceous | Plains and Texture contrast, | Grassland Eucalyptus
102 | sediments undulating dark brown, grey | woodland or | or Acacia or
terrain brown and forest grassland
cracking clay
103- | Basalt Elevated Humic massive Grassland Eucalyptus
111 plateau, hills earths, cracking Forest or
rolling terrain | clays and woodland
skeletal soils
117- | Described in detail in Table 3.2
135
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The most important feature of Table 3.1 is that all land units supported woodland or
forest prior at the time of the survey, which was carried in the 1960s prior to the
extensive land clearing schemes of the late 60s and 70s. The most important feature of
Table 3.2 is that all floodplain classes support either woodland or open forest, and that
littoral zones located on floodplains (listed as channels in the terrain category of Table
3.2) typically support open forest, with the exception of anastomosing sections of the
channel network that sometimes support woodland adjacent to the channel. For the
purposes of the calculating the RFIs the pre-European vegetation class distribution has

been simplified to the following:
1. Low order (1%, 2", and 3") streams were surrounded by woodland;

2. The main channels of high order (4", 5™ and 6™) stream were surrounded by

open forest; and
3. The floodplain and small channels on the flooplain supported woodland.

Note that this simplification of pre-European vegetation is on the conservative side. In
other words, it will tend to under predict the amount of open forest and/or closed forest
that may have been encountered in riparian zones prior to European settlement. The
implications of these assumptions on the reliability of the RFIs are discussed in Chapter

7.

Table 3.2 Description of the floodplain and channel land units within the study area

Land Lithology | Terrain Vegetation Ccw BH
Unit Structure
No.
117-119 | Alluvium Sandy levees Grassy N/A N/A
coarse to and drainage Woodland
medium floors
texture
120-121 | Alluvium Broad levees Grassy N/A N/A
and back slopes | Woodland
122 Alluvium Channels Open Forest 30-90 3to 10
metres | metres
123-124 | Alluvium Levees Open Forest N/A N/A
medium to and Woodland
fine texture
125 Alluvium Plains Woodland N/A N/A
fine associated with
textured major streams
127-130 | Alluvium Plains and Open Forest N/A N/A
fine drainage floors
textured
131-132 | Alluvium Plains, terraces, | Open Forestor | N/A N/A
fine back swamps Tussock
textured Grassland
135 Alluvium Channels Open Forest 2-15 1-8
fine anastomosing or | and/or metres metres
textured braided Woodland
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3.2.2. Land Uses

The land uses within the Fitzroy catchment are predominantly grazing, cropping (both
dryland and irrigated) and mining. There are also areas of remnant native vegetation in
the form of national parks and state forests. The distribution of each land use within the

study area is shown in Figure 3.3

Within the grazing land use, some of the region is subject to ‘treed grazing’ where cattle
graze beneath trees, indicating that the area has either not been completely cleared in the
first place, or is experiencing some re-growth. The remaining catchment area is subject
to grazing on cleared land. Some graziers will clear the majority of their land but leave
shade trees scattered throughout paddocks. Some graziers are also in the practice of
clearing most of the land but maintaining strips of riparian vegetation to provide shade
for the cattle and provide some protection for the riparian zone. Graziers, whose
properties abut or contain high order channels, often fence off the channel, although the
distance between the edge of the bank and the fence varies widely. Despite the fact that
these areas are fenced off, they are generally still subject to some level of grazing,

particularly if feed levels elsewhere in the property are low (Carrol pers com 2002).

Dryland cropping practices vary within the study area as well, although it is difficult to
ascribe proportions, because practices can change relatively quickly. The main
variations in cropping practice are different cropping cycles, different tillage practices,

and different stubble retention practices.

Traditional cropping cycles were typically summer sorghum followed by winter wheat,
however many farmers are now using opportunity cropping, and will plant a crop
(generally sorghum, wheat or sunflowers) that is appropriate for the season that the rain
precedes. The tillage practices include conventional tillage, controlled traffic and zero
till. The different tillage practices are often associated with different stubble retention

practices, depending on the preferences of the farmer and the harvesting machinery used.

Mining National Parks and
% ——— Gtate Forests
il 3%

Diryland Cropping
20%

Grazing

Figure 3.3 Proportions of different land uses in the Fitzroy catchment
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Figure 3.4 Satellite imagery showing erosion prevention measures

Crops such as wheat and sorghum typically generate relatively large amounts of stubble
(although stubble retention practices will alter the amount left after harvest) and
sunflowers generate very low amounts of stubble (irrespective of harvest method). An
understanding of stubble/groundcover management practices within the study area is
particularly important when assessing the importance of the STI throughout the

catchment.

Many dryland cropping areas contain grassed waterways and in some locations riparian
buffer strips. Many of these grassed waterways and buffer strips are relatively broad (in
excess of 15 metres). Grassed waterways of these dimensions are required to capture
hillslope generated sediment, because the rainfall events, whilst infrequent, can have very
high rainfall intensities (up to 100mm an hour). The amounts of runoff, and associated
sediment generated by such events necessitates relatively broad buffer strips. It is
interesting to note that in some instances these buffer strips can be identified in the

satellite imagery used in this project, as shown in Figure 3.4.

Irrigated cropping represents a relatively small proportion of the catchment, and the
practice of laser levelling fields, and the associated irrigation networks essentially
disconnects the irrigated cropping areas from many riparian processes (STI, BRI,
ALWDI, SSI). However the location of irrigated cropping on the floodplain is important
in terms of the DNI particularly in light of the very high nitrogen concentrations

associated with some forms of irrigated cropping (Noble et al., 1997).

3.3 Field data

Fieldwork was carried out in the study area for a number of purposes:

1. To establish the relationship between field measurements of parameters (i.e.
canopy dimensions, stream channel dimensions), and the classification
schemes that would be used to spatially extrapolate those parameters (i.e.

vegetation structural class, Strahler stream order) (as described in Chapter 4).
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2. To verify the reliability with which these parameters could be spatially
extrapolated (as described in Chapter 4).

3. To provide training and evaluation sites for the vegetation and land cover
classification that is generated from the satellite imagery (as described in

Sections 5.2).

This section describes where the fieldwork was carried out in terms of land use and
stream order, it also describes the measurement techniques used in the field, and the
limitations of these measurement techniques. This section details the breakdown of field
sites into two sets used as a training set and a separate series that was used as an
evaluation set (for the purposes of establishing and testing the relationship between
various parameters and the classification schemes used to extrapolate them as described

in Chapter 4).

3.3.1. Field Data Collection

The fieldwork was conducted from the 9™ of October to the 22™ of November, 2002
during which period data was collected at 38 sites. The distribution of field sites in terms
of land use and stream order are shown in Table 3.6. The uneven distribution of sites
between land uses, and the low number of 2™ order streams sampled are the result of
difficulties experienced accessing riparian zones. A single transect of measurements was
made at each site, extending from one side of the riparian zone to the other at right angles

to the channel. The edge of the riparian zone was identified via one of two methods:

1. The edge of riparian vegetation (i.e. vegetation on either side had been
cleared).
2. A distinct break in slope indicating the end of the riparian zone/floodplain

A photo showing data being collected along a transect is shown in Figure 3.5 The
transects varied in length from relatively short (45 metres) for the riparian zone of one
particular 1* order stream up to quite long (790 metres) for the riparian zone (littoral and

floodplain) of a 6™ order stream).

A number of canopy and channel attributes were surveyed along each transect as
described in Table 3.3. Many of the measurement techniques used in this study are
identical to those described in The Australian Land and Soil Survey (McDonald et al.,
1990). A thorough discussion of the limitations of these techniques is contained in the
appropriate sections of McDonald et al. (1990). A brief description of the limitations is

contained below.
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Table 3.3 Description of survey techniques

Survey Type | Attribute measured Measurement Units
Technique

Vegetation Distance to tree from the start of the | Tape transect m

Survey '’ transect''
Distance off the tape to the base of | Paced distance m
the tree'!
Diameter of tree at breast height' DBH tape cm
Crown type (degree of openness) ' Visual estimate %
Tree Height" Clinometer m
Canopy Width " Paced distance m
Canopy Depth Clinometer m
Canopy Shape | Visual assessment | none

(spherical/ellipsoid/inverted triangle )
12

Separation between one tree and the | Paced distance m
next (edge of canopy to edge of
canopy) 2
Proportion of ground cover type'* Visual assessment | %
Channel Channel width Tape and | m
Survey clinometer survey
Bank Height Tape and | m
clinometer survey
Land Use Land use adjacent to the riparian | Visual assessment | none
zone
Presence or absence of riparian | Visual assessment | none
fences

This vegetation survey technique was used because it captures the vegetation structural
parameters that influence canopy reflectance (Walker ef al., 1986) and allows for
calculation of tree density using plotless techniques (Jupp and Lovell, 2002). There is
potential for distance errors along the transect (i.e. the tree recorded at 7 metres from the
start of the transect may only be 6.8 metres from the start of the transect) because tape
tension is difficult to maintain. These errors are non-random, because they are likely to
be larger further from the start of the transect. These errors would create problems for a
project focussing on the location of individual tree crowns, but they are unlikely to cause
errors in this project, where the smallest unit of riparian vegetation considered is 15

metres by 15 metres.

Pacing distances is a rapid way of collecting multiple distances, however it is relatively
imprecise, particularly where terrain is rough or there are significant obstacles. Each

person collecting paced distances needs to be calibrated to establish the relationship

1% (McDonald et al., 1990)

""" Measured for trees and shrubs

2 Measured for trees only

" For every 5 metres of the transect the proportion of the following ground covers were
recorded: bare soil; leaf litter, large woody debris, the riparian grasses
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Figure 3.5 Data being collected along a transect.

between pace distance and metre distance. Both data collectors had a pace of 1+ 0.1

metres, which leads to a random 10% error in paced distances.

The maximum paced distance measured was 15 paces, consequently the maximum error
would be approximately 1.5 metres, which is considerably less than the pixel size (15
metres X 15 metres) of the satellite imagery used to generate the vegetation and land

cover classification.

There are a number of error sources associated with using a clinometer to estimate tree
height. Firstly assessing the location of the top and base of a canopy, particularly
Eucalyptus canopies is subjective. If we consider a random error of +2° this will lead to
an error in height estimates of +1.8 metres for a tree height measured 15 metres from the
base of the tree. If the paced distance errors described above are included in the 15
metres then the errors in height measurements increase to +2.5 metres. Both of these
errors are random and are therefore likely to cancel each other out for sufficiently large

sample sizes.

Visual assessment was used to measure canopy closure and percentage ground cover. It
was also used to identify the land use adjacent to/within the riparian zone at the time of
data collection, and to observe the presence/absence of fences. For the last two purposes
visual assessment is logical and foolproof, there is however some limitations in using

visual assessment for measuring canopy closure and percentage ground cover.

These limitations are based around the fact that any visual assessment is inherently
subjective. A degree of objectivity was provided for the canopy closure measurements

by using a reference sheet as shown in Figure 6 on page 71 of McDonald ef al. (1990).
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Repeatability was assessed for the ground cover measurement by comparing the ground
cover percentages recorded by different field data collectors for the same stretch of
transect (discrepancies between data collectors were random and were no greater than
10%).

The measurement errors associated with the tape and clinometer surveys made of channel
dimensions will be combination of the errors associated with tape transects (based on the

tension of the tape) and the errors associated with the clinometer survey.

3.3.2. Field Data Preprocessing

Prior to analysis, described in Chapter 4, the field data were sorted according to three

criteria:
1. vegetation surveys were sorted according to vegetation structure;
2. percentage ground cover surveys were sorted according to adjacent land use;
and
3. channel surveys were sorted according to stream order.

Changes in vegetation type (based on the dominant tree species in the overstory) were
recorded for each transect wherever they occurred along the transect. For example at one
site the dominant canopy species changed four times along the transect (Table 3.5). The
change in vegetation type (based on dominant canopy species) was used to define
subsections of each transect. The canopy and height measurements for each individual
tree along these subsections were collated and used to identify the vegetation structure of

that subsection.

An example of the results of this process for site 2 are shown in Table 3.5. The
vegetation structural classes used in this study are based on the vegetation structural
classification system described in Gunn et al. (1977). This system classifies vegetation
structural types according to the height and canopy closure of the tallest stratum (Specht,
1970). Woody vegetation within the study area was predominantly tall (10m to 30m
high) The vegetation classification described in Table 3.4 forms the basis for all
subsequent analysis of riparian vegetation and vegetation structure. Because only tall (10
to 30 metres) vegetation was observed in the study area, the classes are referred to
without the tall prefix, i.e. tall woodland as described in Table 3.4 will be referred to
simply as woodland. The vegetation parameters (Table 3.3) for each of the subsections
described in Table 3.5 were sorted according to vegetation structure. These
measurements were used to calculate the range of vegetation parameters for each

structural class.



Study Site: The Fitzroy Catchment

3-13

Table 3.4 Summary of vegetation structural classes and abbreviations.

Class Name Height of | Canopy Closure Abbreviation
tallest stratum

Tall Closed Forest 10 to 30 metres | 100% to 70% (Dense) TD

Tall Open Forest 10 to 30 metres | 70% to 30% (Medium) ™

Tall Woodlands 10 to 30 metres | 30% to 10% (Sparse) TS

Tall Open | 10 to 30 metres | 10% to 1% (Very Sparse) vV

Woodlands

An example of this process is shown in Table 3.5. It is important to note that some
measurements, such as diameter at breast height (DBH) are made for every tree, whereas
for others, such as percentage foliage cover, a single value is calculated for each section
of the transect. The reason for this is that some measurements can be made for
individual trees, i.e. each tree along the transect will have a separate DBH. Whereas the
percentage foliage cover for a section of transect is calculated using the average canopy
closure, average canopy radius and average intercrown gap (described in greater detail in
Chapter 4), and these values are calculated using the individual canopy measurements
and gap measurements for every tree in that section of the transect. The measurements
made for each tree are listed in Table 3.3, the parameters calculated for each section of
transect are percentage foliage cover (PFC), the number of trees per hectare (1), the
volume of standing timber per hectare (wood,). The calculation of parameters from

individual measurements is described in detail in Chapter 4.

The percentage of ground cover survey data were sorted according to the land use

adjacent to the riparian zone, and used to calculate Manning’s n. The channel width and

Table 3.5. Different vegetation types and structural classes and parameter
measurements observed along a transect.

Distance | Dominant overstory | Structural | DBH (cm) PFC (%)
Along species class
Transect
Eucalyptus 25,31,22... 33
microtheca, and pn=250=2.5,N=20
0-85 Acacia harpophylla Woodland
85-100 Channel
E. tesselaris, E. 40, 55, 33... 19
polycarpa Open n=45oc=4.5,N=10
100-163 Woodland
E. tesselaris, 66,40, 71... 65
Closed u=>550=8.5,N=10
163-185 Forest
Casuarina 69,44, 81... 71
cunninghamiana, Closed pu=650=7.5 N=8
185-200 | Melaleuca bracteata Forest
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Table 3.6 Distribution of Training and Validation Sites

Stream Order Training Sites Validation Sites
Ist 11 7
2nd 3 1
3rd 7 3
4th 2 1
5th 1 0
6th 1 1
Land Use

Grazing 15

Cropping 7 4
Crown Land 3

bank height parameters observed for each transect were sorted according to Strahler
stream order. In this context the Strahler stream order represents a form of classification,
and it is this classification that will be used to spatially extrapolate these parameters.
These measurements were used to calculate average bank heights and channel widths for

each stream order.

3.3.3. Training and Validation Sites

The field sites were divided into two subsets. The first set was used to establish a
relationship between field observations and the classification schemes used to extrapolate
the parameters. The second set was used to assess the predictive skill of this relationship.
The sites were divided on a two thirds : one third basis into the training and validation
subsets respectively (Table 3.6). The sites included in each subset were identified using
a stratified random sampling technique. The stratification was based on stream order and
land use, so that each set contained a two thirds : one third split of each stream order and
each land use. In the event that there were an uneven number of sites, the extra site was

placed in the training subset.

3.4 Chapter Summary

This chapter has described the study area that includes portions of the Nogoa and Comet
catchments. The study area is described in terms of: climate, which is semi-arid; land
use, which is predominantly grazing, dryland cropping with a small amount of irrigated
agriculture; and vegetation which is dominated by Eucalyptus and Acacia species.
Rainfall and consequently stream flow are both highly variable, with the entire stream
network drying to a series of waterholes during periods of drought. The chapter also
details when, where, how and why field data were collected, and describes how the field

data were sorted prior to analysis, which takes place in Chapter 4.
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Chapter 4 Riparian Zone Parameters

4.1 Introduction

To calculate the riparian function indices described in Chapter 2 for every stand of
riparian vegetation in the study area it was necessary to predict the spatial distribution of
the parameters required to calculate each index. Parameters, calculated from the field
measurements (Chapter 3) were linked to vegetation/land cover or stream order
classifications so that each parameter could be predicted for any given location within the
study area. This chapter describes how field measurements of ground cover, vegetation,
and channel characteristics were statistically summarized and linked to classifications of
land use, vegetation and stream order, respectively. The statistical summaries of these
field data i.e. average tree height or median channel width are the parameters used to
calculate RFIs. An independent set of field data were used to assess whether observed
parameter values were consistent with predicted parameter values. This chapter also

describes the assumptions made in extrapolating each parameter.

Using maps to spatially predict attributes is an established practice in cartography and
geographic information systems (GIS) (Bolstad; 2003). The practice enables a series of
observations made at a range of locations to be linked to a classification scheme. By
classifying a broader area with the same classification scheme it is then possible to
estimate the attributes elsewhere within the area with a degree of confidence. One
example of this practice is the use of aerial photography to spatially extrapolate soil
characteristics as detailed in Gunn et al. (1977). Soil characteristics observed at a
number of sparse points are linked to vegetation characteristics, and air photo
interpretation is then used to describe the spatial extent of the vegetation characteristics,
thereby inferring the spatial distribution of the underlying soils. There is significant
potential for errors in this practice, and it is important to characterise the relationship
between the attributes and the classification scheme used to extrapolate those attributes.
It is also important to test the reliability of these extrapolations using an independent set

of data.

The following parameters were not directly measured in the field, Manning’s n of
shallow overland flow, and the distribution of water soluble carbon with depth, these
measurements were not collected because the instrumentation and fieldwork required to
calculate these data for all of the riparian zone scenarios encountered in the study area
would limit the practicality of applying this approach to other areas. For these
parameters, the most suitable values were either identified from the literature, or
calculated from third party datasets. Values from the literature and third party datasets
were linked to, and extrapolated by, the relevant classification scheme. The applicability
of the literature values for the study area is discussed for each literature derived value.

The additional datasets used in this analysis are the channel cross sections, maximum
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daily stage height records and stage-discharge curves for all the stream gauging stations
in the study area (Queensland Department of Natural Resources and Mines, and Bureau
of Meteorology). In addition to this, the data collected as part of the State of the Rivers
reporting (Henderson, 2000) were used to provide additional land use, vegetation and

channel dimension data.

4.1.1. Statistical Analysis Applied to the Field Data

The data for each parameter that is linked to field data are subjected to a series of

processing steps and statistical tests. These steps are as follows.

1. The measurements of each parameter collected during the field work were split

up into classes
a. Manning’s n measurements were split up into land use classes.

b. Vegetation measurements (tree height, DBH etc) were split up into

vegetation structural classes.

c. Bank geometry measurements (bank height and channel width) were

split up according to Strahler stream order.

2. The distribution of each parameter in each class was characterised. This step
was performed on all the field data in each class to assess whether parameter
values were normally distributed. This step was done prior to separating the
parameters into two groups because the sample size for some parameters was
quite small (N<15). Parameters found to be normally distributed were
represented using means and standard deviations, graphically represented by
mean diamonds. Non-normally distributed data were represented using median
and quartile values, graphically represented by box plots. This step was
undertaken to establish the relationship between each parameter, and the

classification scheme that was used to spatially extrapolate that parameter.

3. The parameter distribution of each class was compared with the parameter
distribution of other classes. This step was performed to establish whether each
class in the classification contained a significantly different parameter

distribution, or whether there was some overlap between classes.

4. The parameter measurements were split into two groups: calibration (predicted)

and validation (observed), and the summary statistics calculated for each group.

5. The predicted values were compared with observed values to assess whether the
observed parameter values were significantly different from those predicted.
For parameters with a normal distribution (identified in step 2) an un-paired ¢
test was used to compare the predicted and observed values. For parameters
that were not normally distributed the predicted and observed values were

compared using a non-parametric Wilcoxon rank-sum test. Parameters that
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have significantly different predicted and observed values are identified. The
potential causes of this difference are discussed briefly, and the implications for

indices calculated using this parameter are also discussed.

6. The summary statistics calculated from all the fieldwork data are used to assign

parameter values to each classification.

A flow chart summary of these steps is contained in Figure 4.1 (H, is the null hypothesis,
and H, is the alternative hypothesis).

All measurements
of a parameter
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Measuraments for class 1
Measurements for class 2 Test distribulion of
Measurements for class... measwements
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distributed?
...... /“--- - -
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Figure 4.1. Statistical tests applied to the field data to identify parameter values.
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For parameters where stream gauging station data and/or State of the Rivers data were
included in the analysis, these data were split evenly into the calibration and validation
sets. This approach was taken to avoid errors due to different measurement techniques.
The parameter value identified in the final (bottom) step of the flow chart is listed in a
table at the end of the analysis for each parameter, and it is these values that are used to
calculate the RFIs developed in Chapter 2. The level of statistically significant

difference, is o = 0.05 for all tests applied in this thesis.

4.2 Parameters Linked to a Land Use Map

4.2.1. Manning’s n for Shallow Overland Flow

The Manning’s n parameter described here refers to the resistance of partially-submerged
elements subject to shallow overland flow. Literature values (Loch ef al., 1999) for
Manning’s 7 of ground cover classes under these flow conditions, that correspond closely
with the ground cover classes identified in the Fitzroy catchment are given in Table 4.1.
The Manning’s n for each 5 metres of a transect (n5y) was based on a weighted average
of the values listed in Table 4.1 where the weightings were based on the proportion of

that ground cover over that 5 metres of the transect observed in the field data.

nsm :((PRG * g )+ (PG xnpg )+ (Pre X1y )+ (Pas X”Bs)) 4.1)
where P is the proportion of the riparian grass, Ppg is the proportion of buffel grass,
Py, is the proportion of leaf litter, and Pps is the proportion of bare soil such that

Prg + Py + Pp + Py =1. Thus, for a 5 metre length of transect containing 60% buffel
grass, 30% leaf litter and 10% bare soil, the Manning’s » for that 5 m (nsy) would be
calculated as: Manning's ny, =((0.6x0.28)+(0.3x0.15)+(0.1x0.08)) = 0.221

Large woody debris (LWD) is considered as an obstruction to flow rather than a
roughness element when calculating the Manning’s n for this index and consequently
was omitted from the calculation of the nsy values. Thus, the proportion of ground cover
used in Equation (4.1) is the proportion of the area that excludes the LWD. For example,
if LWD had been present for 20% of a 5 metre section of the transect all the other

Table 4.1. Manning’s n values for ground cover types

Ground Cover Class Manning’s n value (Loch et al. 1999)
Bare Soil (n55) 0.08
Leaf Litter (n;;) 0.15
Leptochloa digitata, Mnesithea | 0.20

rottboellioides,  Arundinella  nepalensis
(Riparian grasses'*) (1zq)

Cenchrus ciliaris (Buffel Grass") (nzq) 0.28

' Riparian grasses with an upright habit, generally with a lower amount of contact cover
than buffel grass.
' Dense grass with a spreading habit, with a generally high amount of contact cover.
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proportions would be divided by 0.8 so that the proportions summed to unity.

To enable the spatial extrapolation of Manning’s n values across the landscape, a
relationship between Manning’s n values and a remotely sensed land surface coverage
(either a land use map or a vegetation map'®) was established. The nsy values were
related to land use because there was no systematic relationship between vegetation
structure and nsy;. The nsy values relate to the riparian zones adjacent to each land use,
not the land uses themselves. This means that the land use adjacent to the riparian zone

is used to infer land use and ground cover within the riparian zone.

The nsy values for all of the sites (except the crown land sites) are shown in Figure 4.2
divided up into three land uses: heavy grazing; light grazing and cropping. The heavy
grazing sites were identified based on observations in the field and subsequent analysis
of the ground cover data. Figure 4.2 shows the combined distribution of nsy according to
land use. It is interesting to note that none of the outliers exceed a value of 0.2 for the
heavy grazing sites, indicating that there are no areas of high grass cover at these sites.
Please note that classes that have different letters (as seen in Figure 4.2) are
significantly different at the 95% confidence interval, this convention is used

throughout this thesis.

The Shapiro-Wilk test for normal distribution indicated that the distribution of nsy values

are normally distributed (p<0.0001) in each class (cropping, heavy grazing and light

| 7Y

T T
Cropping Heavy Grazing Light Grazing

Land Use

Figure 4.2. Distribution of Manning’s nsy, values for each land use."’

18 Direct remote sensing of the ground cover is not possible in many riparian zones
because tree canopies prevent identification of different ground cover types.
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grazing), so students ¢ tests were used on all subsequent tests of nsy. The 5 metre
intervals over which ground cover was observed during the fieldwork represent a sample
of a much larger population (where that population is the groundcover in riparian zones
throughout the study area). For the purposes of this study it is assumed that distribution
of the sample (cropping N= 235, light grazing N=400, heavy grazing N=270) is the same
as the distribution of the population. The samples were compared using students ¢ tests

based on the following hypotheses,
Ho pur = oz
H; o # pee,

where 44y, and g4y, are the mean values for land use 1 and land use 2 respectively.
These hypotheses were used to compare cropping with light grazing, cropping with

heavy grazing, and light grazing with heavy grazing.

A bare soil class with the Manning’s n contained in Table 4.1 was included in the land
use/land cover map in addition to the three classes above. This class was included
because bare soil can be identified adjacent to stream channels in the imagery, and
irrespective of land use, bare soil immediately adjacent to the channel will not act as a

sediment trap, but rather act as a sediment source.

The field data for the current study were collected in the dry season during a drought
period, and consequently represent the lower end of the range of possible ground cover
values (at the end of the wet season when grass cover is high the Manning’s » for all
riparian zones are likely to be higher). The temporal variability of the Manning’s » and
the other vegetation parameters is beyond the scope of this thesis. However this could be

investigated further using multi-temporal remote sensing as detailed in Section 5.2.3.

Assumptions made in extrapolating the parameter
Assumption 1: Land use adjacent to a riparian zone is a reasonable predictor of

Manning’s n in the riparian zone.

Based on the statistics described in Table 4.1 this is a reasonable assumption at the time
the field data were collected. This assumption is likely to be relatively stable over time
unless riparian zone management changes. This is due to the fact that while total cover
changes relatively quickly as plants grow and wilt the ground cover may change
relatively slowly with the accumulation of litter, the growth of biological crusts and the

expansion of plant basal area. There is also a causal mechanism for this relationship,

'7 The box plots in this chapter have the following format, the box is defined by the 25"
to 75% percentiles of the data, the line inside the box is the median, and the whiskers are
defined by the 10™ and 90" percentiles, all data outside this range (outliers) are described
by a black dot.
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insofar as grazing within the riparian zone will directly influence the amount of ground

cover and thereby the Manning’s n.'*

Assumption 2: The Manning’s n values collected from the literature are reasonable

estimate of Manning’s n values for the ground cover types observed in the field.

The values used in this study were, to the authors’ knowledge, the most suitable values
available in the literature. The Manning’s nsy values could be adjusted in the future if
more pertinent values (i.e. those based on observations in the study area) become
available. The literature values were obtained from a flume-based study (Loch et al.,
1999) of the sediment trapping efficiency of four types of filter strip. The four types of
filter strip were dense paspalum(Paspalum wettsteinii), swamp grass (Schoenus
brevifolius) leaf litter, and tree litter'® receiving runoff from turn-out drains in pine
forests in South Eastern Queensland. The site descriptions of each flume contained in
Loch et al. (1999) were carefully examined to identify which sites were most similar to

ground conditions observed in the field.

The influence of fencing off the riparian zones on ground cover and Manning’s nsy were
also assessed and the results are shown in the Appendices. The influence of riparian
fences was not pursued further in this thesis due to a lack of spatial data about the

location of riparian fences.

Comparing predicted nsy with observed nsy
To assess whether land use was suitable for extrapolating Manning’s » the average of the
nsy values recorded at validation sites were compared with the average of the n5SM

values at the calibration sites using unpaired students ¢ tests.

The results at the 95% confidence interval are given in Table 4.2. Based on the
comparison of the calibration and validation datasets the spatial extrapolation predicts the

average nsy of riparian zones adjacent light grazing accurately at the 95% confidence

Table 4.2 Results of statistical comparison of predicted and observed mean nsy

values.
Land Use Cropping Light Grazing Heavy Bare Soil
Grazing
Null Hypothesis | Reject Accept Reject N\A
(Ho)
Trend Cal>Val No trend Cal<Val N\A
Value wused to | 0.165 0.163 0.130 0.080
calculate STI

'8 Discussions with local farmers indicated that even where riparian zones were fenced
off the riparian zones were subject to some grazing.
' Branches twigs and stumps resulting from logging
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interval. For cropping areas the calibration data predicts higher nsy values than those
observed in the validation dataset. The most likely reason for these results is that some
of the riparian zones adjacent to cropping are subject to light grazing when cattle are
released onto the fields to graze on the stubble after crops have been harvested (Carroll
pers com. 2003). If this practice occurred in more of the validation sites than the
calibration sites then this would potentially explain the difference. For the heavy grazing
class the values observed in the validation set were higher than those predicted from the
calibration set. The reasons for this are unclear, although a larger sample size and data
on stocking rate may provide insight into the cause of this discrepancy. It is worth noting
that even though the ns\ observed at the heavy grazing validation sites were higher than
predicted, they were still significantly lower (p<0.001) than the nsy observed in the

riparian zone adjacent to cropping and light grazing.

To calculate the sediment trapping index (STI) the Manning’s nsy values listed in Table
4.1 these values are entered into Equation (2.8). The results given in Table 4.2 mean that
the STI values calculated for cropping and light grazing will be essentially the same. The
STI values calculated for areas subject to heavy grazing will be lower than those
calculated for the other two land uses. As a consequence of this the reliability of this
index will depend on the capacity to discriminate areas subject to heavy grazing from

areas subject to light grazing.

4.3 Parameters Linked to a Vegetation Structural Map
4.3.1. Percentage Foliage Cover (PFC)
The percentage foliage cover (PFC) of the tallest stratum is the proportion ground area

covered by foliage. Calculating the PFC is a three step process as described in
McDonald et al. (1990):

Step 1. Calculate the Crown Separation Ratio (C) as the ratio of the mean gap between

crowns to the mean crown width given by
¢ = MeanGap_ 4.2)
Mean Width
Step 2. Calculate the Percentage Crown Cover (%CC) from a relationship with C

(Penridge and Walker, 1988)

shoc=—20 @3)
(1+0)
Step 3. Calculate Percentage Foliage Cover (PFC) from CC by
PFC=%CC x crown type “4.4)

Crown type is defined by the degree of canopy openness, as described in Figure 6 on
page 71 of McDonald et al. (1990). To illustrate this two photos of different crown types
are shown in Figure 4.3, where. The PFC data collected at all sites was sorted according

to structural class and tested to see if the data were normally distributed.
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Figure 4.3. the example on the left has a cover of 65% (low degree of canopy
openness), and the example on the right has a cover of 30% (high degree of canopy
openness)

The Shapiro-Wilk test for normal distribution indicated that the values are not normally
distributed (p = 0.328), consequently non-parametric tests are applied to PFC values, and

the median, rather than the mean PFC value is linked to the vegetation classification.

The PFC measurements made during the fieldwork represent a sample of a much larger
population (where that population is the percentage foliage cover of each vegetation class
throughout the study area). For the purposes of this study it is assumed that distribution
of the samples in each class (Closed Forest N= 7, Open Forest N=11, Woodland N=50
Open Woodland N=13) is the same as the distribution of the population for each class.

The small sample sizes for the closed forest, open forest and open woodland classes may

Foliage Cover (%)

T

Closed Forest Open Forest Woodland Open Woodland

T T T

Figure 4.4 The distribution of PFC for each structural class (showing all outliers)
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not fully characterise the population, and are insufficient to carry out conclusive
statistical tests in the case of the two forest classes. However the samples collected for
each class are consistent with the expectations in terms of the relative PFC values, in
other words, the expected trend in PFC, closed forest>open forest>woodland>open
woodland was observed in the majority of samples. The PFC for each ‘calibration’
transect segment were sorted according to structural class as shown in Figure 4.4 This
relationship fits in with expectations insofar as areas with high degree of canopy closure

have a high percentage foliage cover.

Each structural class is significantly different from the others, as indicated by the fact

that each box plot has a unique letter.

Assumption 1. It is possible to discriminate canopy classes from satellite imagery.

This is a reasonable assumption because canopy closure affects the way light is reflected
from the canopy, and previous studies have shown that it is possible to discriminate
canopy classes from satellite imagery (Walker et al., 1986). This assumption is tested

using a confusion matrix in Section 5.2.2

Assumption 2. That PFC is stable over time.

It is likely that PF'C will change over time, particularly given that some tree species in
the study area are deciduous. While the absolute values of PFC are likely to change over
time, the relative values of the PFC are likely to stay the same (i.e. it is unlikely that a
stand of vegetation identified as open woodland will develop a higher PFC than open
forest. An extended fieldwork campaign involving additional data acquisition would be
required to describe the temporal variability of PFC, and as such is beyond the scope of
this thesis. Given that the PFC values are calculated for the end of the dry season, they
represent the lower end of the PFC range that would be encountered in these riparian

zones.

To assess whether the vegetation structural classification was reliably extrapolating PFC
the median values recorded at validation sites were compared with the median of the
PFC values at the calibration sites using a Wilcoxon Rank Sum tests to test the following

hypotheses.
Hymedian,,; = median,

H; median.,; # median,,,.
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Table 4.3 Results of statistical comparison of predicted and observed median PFC

values.
Structural Class Closed Forest | Open Forest | Woodland | Open Woodland
Null Hypothesis | Sample to | Sample to | Accept Accept
(Hp) small small
Trend No trend No trend No trend No trend
Value used to | 489 30.7 15.6 8.2
calculate SSI

These hypotheses were used to test every vegetation structural parameter, but are not
shown for subsequent parameters in the interests of brevity. The results at the 95%
confidence interval are shown in Table 4.3. These results indicate that observed values
are not significantly different to the predicted values for PFC across the two woodland
classes. Visual assessment of the predicted and observed values for the two forest
classes shows similar values in both predictions and observations in each class, and the
values for both classes fit in with expected trends closed forest>open forest>both
woodland classes Based on this the vegetation structural classification can be used with
confidence to predict PFC for woodland classes. There are insufficient data to assess
whether PFC can be reliably predicted for the forest classes. However given that the
same factors determine PFC in both woodland and forest vegetation classes (in this
environment water availability), and that PFC directly influences the way vegetation
reflects light (and thereby the signal received by the satellite) it is assumed for the
purposes of this thesis that vegetation structure can be used to predict PFC for the forest

and woodland vegetation classes.

The stream shading index (SSI) is the only index that uses the PF'C parameter. The PFC
parameters were collected towards the end of the dry season (October to November) and
are likely to represent the lower end of possible PFC values. As a consequence of this
the SSI calculated using these ‘dry season’ PFC values may underestimate the amount of
shade provided by riparian vegetation for periods that support a higher PFC, such as
those experienced at the end of the wet season. However this is unlikely to change the
information provided by either SSI;oc4 or SSIg op4r because both indices are ratios and
the relative difference between the PFC of any two vegetation types is likely to remain
the same (i.e. a woodland will have a lower PFC than a closed forest irrespective of
whether the PFC data are collected during the dry season, or at the end of the wet

season).

4.3.2. Tree Height (TH)

Tree heights were measured using a clinometer as part of the field work as described in
Section 3.3.2. The vegetation height refers to the height of the top of the canopy of the
tallest strata as described in McDonald et al. (1990). The range of tree heights observed

for each structural class is shown in Figure 4.5
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Figure 4.5. The distribution of tree heights for each height

The Shapiro-Wilk test indicated that tree heights were normally distributed (p<0.0001).
Consequently average values are used to characterise this parameter, and the predicted
and observed values are compared using unpaired students ¢ tests. The open forest class
is significantly taller than the other 3 classes, with overlap between the remaining 3
classes. The tree height measurements made during the fieldwork represent a sample of
a much larger population (where that population is the height of individual trees in each
vegetation class throughout the study area). For the purposes of this study it is assumed
that the distribution of the samples in each class (Closed Forest N= 85, Open Forest
N=106, Woodland N=718 Open Woodland N=107) is the same as the distribution of the

population for each class.

To assess whether the vegetation structural classification was reliably extrapolating tree
height the average values recorded at validation sites were compared with the average of
the tree height values at the calibration sites using a series of unpaired student’s ¢ tests.
The results at the 95% confidence interval are as shown in Table 4.4. These results
indicate that the classification can be used to predict tree height for the two forest classes,

but not for the two woodland classes. The reason why the observed tree heights were

Table 4.4 Results of statistical comparison of predicted and observed mean TH values.

Structural Class Closed Forest | Open Forest | Woodland | Open Woodland

Null Hypothesis | Accept Accept Reject Reject
(Hy)

Trend No trend No trend Cal>Val Cal>Val
Values wused to | 134 14.7 13.7 12.5

calculate SSI
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significantly lower than predicted for the two woodland classes is unclear, although land
clearing and regrowth may mean that some of the vegetation is not at climax, which
could explain the height differences. The difference between the predicted and observed
average value was less than 1 metre in the case of woodland and less than 3 metres in the
case of open woodland. Whilst these discrepancies will result in different SSI values, the
variation between SSI values (less than 1% of incoming solar radiation) is not of great
concern. The stream shading index (SSI) is the only index that uses the tree height
parameter. To calculate the SSI the canopy radius (C,,s) values listed in the following
section are subtracted from the tree height (TH) values shown in Table 4.4 to calculate

the tree trunk height (77H) which is entered into Equation (2.31).

4.3.3. Canopy Radius (C;aq)

The technique for measuring canopy radius is described in Section 3.3.1. The range of

canopy radius measurements observed for each vegetation type is shown in Figure 4.6.

The Shapiro-Wilk test indicated that canopy radius (C,,,) values were normally
distributed (p<0.0001). Consequently average values are used to characterise this
parameter, and the predicted and observed values are compared using unpaired students ¢
tests. The open woodland class is significantly taller than the woodland class, with no
other significant differences. The C,,;, measurements made during the fieldwork
represent a sample of a much larger population (where that population is the canopy radii

of trees vegetation class throughout the study area). For the purposes of this study it is
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Figure 4.6 Canopy radii values for each vegetation class
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Table 4.5 Results of statistical comparison of predicted and observed mean C,,q

Riparian Zone Parameters

values.
Structural Class Closed Forest | Open Forest | Woodland Open
Woodland
Null Hypothesis | Accept Accept Accept Reject
(Hy)
Trend No trend No trend No trend Cal>Val
Values used to | 8.4 8.8 7.8 9.3
calculate the SSI

assumed that distribution of the samples in each class (Closed Forest N= 85, Open Forest
N=106, Woodland N=718 Open Woodland N=107) is the same as the distribution of the

population for each class.

To assess whether the vegetation structural classification was reliably predicting C,,, the
average values recorded at validation sites were compared with the average of the PFC
values at the calibration sites using a series of unpaired student’s 7 tests. The results at
the 95% confidence interval are shown in Table 4.5 Based on these results the vegetation
classification can be used to predict C,,, values for both forest classes and the woodland
class. The reason for the difference between predicted and observed mean values for the
open woodland class is unclear, however the clearing/regrowth scenario discussed briefly

in the TH parameter may also apply to C,q4.

4.3.4. The Number of Trees Per Hectare (1)

The number of trees per hectare A is calculated from the field measurements of canopy
radii and the distance between canopies using the method described in Jupp and Lovell

(2000). The range of A values calculated from the field data are shown in Figure 4.7.

The A measurements made during the fieldwork represent a sample of a much larger
population (where that population is the A of each vegetation structural class throughout
the study area).
samples in each class (Closed Forest N= 7, Open Forest N=11, Woodland N=50 Open

For the purposes of this study it is assumed that distribution of the

Woodland N=13) is the same as the distribution of the population for each class.

The small sample sizes for the closed forest, open forest and open woodland classes may
not fully characterise the population, and are insufficient to carry out conclusive
statistical tests in the case of the two forest classes. However the samples collected for
each class are consistent with the expectations in terms of the relative A values, in other
words, the expected trend in A, closed forest>open forest>woodland>open woodland was
observed in the majority of samples. The A for each ‘calibration’ transect segment were
sorted according to structural class as shown in Figure 4.4 This relationship fits in with

expectations insofar as areas with high degree of canopy closure have a high A.
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The Shapiro-Wilk test indicated that the number of trees per hectare (A) values were
normally distributed (p<0.0001). However the small sample sizes render this test
meaningless for the two forest classes. In the interests of performing robust statistical
analysis, median values are used to characterise this parameter, and the predicted and
observed values were compared using Wilcoxon Rank Sum tests. There were
statistically significant differences between all vegetation structural classes, and A values

followed the expected trend of closed forest>open forest>woodland>open woodland.

To assess whether the vegetation structural classification was reliably extrapolating A the
average values recorded at validation sites were compared with the average of the PFC
values at the calibration sites using a series of unpaired students ¢ tests. The results at the
95% confidence interval are contained in Table 4.6. These results indicate that observed
values are not significantly different to the predicted values for A across the two
woodland classes. Visual assessment of the predicted and observed values for the two
forest classes found them to be similar values in both predicted and observed in each
class, and the values for both classes fit with the expected trend of closed forest>open
forest>both woodland classes Based on this the vegetation structural classification can
be reliable be used to predict A for woodland classes. There are insufficient data to
assess whether A can be reliably predicted for the forest classes. However it is assumed
for the purposes of this thesis that vegetation structure can be used to predict A for the

forest and woodland vegetation classes.

250—-
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Figure 4.7 Distribution of A values for each vegetation class, D, M, S and V stand for
closed forest, open forest, woodland and open woodland respectively
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Table 4.6 Results of statistical comparison of predicted and observed median A
values.

Structural Class Closed Forest | Open Forest | Woodland | Open Woodland

Null Hypothesis | Insufficient Insufficient | Accept Accept
(H)p) data data

Trend No trend No trend
Values used to | 169 114 77 29

calculate BRI, DNI

The bank reinforcement index (BRI) and denitrification index (DNI) are calculated using
the parameter. The assumption that the vegetation structural classes can predict A values
for the two forest classes may lead to inaccuracies in the DNI and BRI values calculated

for the two forest classes.

4.3.5. Aboveground woody biomass (wooda)

The diameter at breast height (DBH) is used in conjunction with A and vegetation height
to calculate the volume of timber per hectare. This is based on the approach described in
Jupp and Lovell (2000) for calculating basal area, with some modifications based on the
assumptions described in Marsh et al. (2001). To calculate the volume of timber the

following steps were taken:
Step 1 Calculate the DBH and height of each tree

Step 2 Multiply the height by the DBH to calculate the volume of wood per tree
(woodr) (this ignores any differences in branching habit between trees

according to the assumptions described in Marsh ez al. (2001))

DBH
2

2
) xTH, (4.5)

wood, = EX(

where DBH is the diameter at breast height in metres and 7H is the tree height

in metres.

Step 3 Multiply the volume of wood per tree by the number of trees (L) per hectare

to calculate the volume of wood per hectare (wood,),

wood ; = wood, x A . (4.6)

This process was performed for the woodr for each tree and the A values for each

vegetation structural subsection of each transect, and the results are shown in Figure 4.8.

The wood, measurements made during the fieldwork represent a sample of a much larger
population (where that population is the wood, of each vegetation structural class
throughout the study area). For the purposes of this study it is assumed that distribution
of the samples in each class (Closed Forest N= 85, Open Forest N=106, Woodland
N=718 Open Woodland N=107) is the same as the distribution of the population for each
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class. The results for each class are consistent with the expectations in terms of the
relative wood, values, in other words, the expected trend in wood,, closed forest>open
forest>woodland>open woodland was observed in the majority of samples. The wood,
for each ‘calibration’ transect segment were sorted according to structural class as shown

in Figure 4.8.

This results are consistent with expectations insofar as areas with high degree of canopy
closure have a high wood,. The Shapiro-Wilk test indicated that the number of trees per
hectare (wood,) values were not normally distributed (p=0.8). Consequently median
values were used to characterise this parameter, and the predicted and observed values
were compared using Wilcoxon rank sum tests. There were statistically significant
differences between all vegetation structural classes, and wood, values followed the trend
of open forest>closed forest>woodland>open woodland. It is interesting to note that the
volume of wood per hectare wood,, is highest in the open forest class. This is due to the
fact that trees in the open forest class had higher DBH and tree height values,

counteracting the effect of A on the wood, values.

To assess whether the vegetation structural classification was reliably predicting wood,
the average values recorded at validation sites were compared with the average of the

wood, values at the calibration sites using a series of unpaired student’s # tests.
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Figure 4.8The range of wood, values for each structural class, units are m* ha™,
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Table 4.7 Results of statistical comparison of predicted and observed median wooda

values.

Structural Class Closed Forest | Open Forest | Woodland | Open Woodland
Null Hypothesis | Accept Accept Accept Accept
(Ho)
Trend No trend No trend No trend No trend
Values used to | 88 94 54 28
calculate LWDI (m’
ha)

The results at the 95% confidence interval are listed in Figure 4.8. These results indicate
that observed values are not significantly different to the predicted values for wood,
across the all classes. Based on this the vegetation structural classification can be
reliable be used to predict wood, for all classes. The large woody debris index (LWDI)

and denitrification index (DNI) are calculated using the parameter wood,.

4.3.6. Water soluble carbon (WSC,)

The water soluble carbon parameter is required to calculate the denitrification index DNI.
The amount of water soluble carbon (WSC) associated with each vegetation type was not
measured directly during the field work. Consequently calculating the amount of WSC
present in soil depth range x for either the current or reference condition requires three of

steps.

1. Establish a relationship between a parameter measured during the fieldwork,
above ground stem biomass (wood, kg ha')and the amount of soil organic

carbon (kg ha™) for each vegetation class.
2. Calculate the amount of WSC based on the amount of soil organic carbon.

3. Describe the distribution of WSC with depth.

The relationship between above-ground stem biomass and
soil organic carbon

In a study of plantation Eucalypts in Portugal, Katterer et al. (1995) describes the
relationship between above-ground stem biomass and soil organic carbon (SOC). The
study explores the influence of irrigation and fertilisation on the distribution of fine roots
and SOC. For the purposes of this thesis we use the figures for above-ground stem
biomass and SOC from their control site, based on the assumption that the control site is
most likely to represent natural conditions. Katterer et al. (1995) reports the following
figures for above-ground stem biomass and SOC respectively 9.3 kg m? and 0.15kg m™.
If we assume that this relationship applies to the vegetation encountered in the study area
of this thesis then SOC for any given vegetation type can be calculated using Equation

(@.7).

SOCror =96wood , 4.7
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Where SOCror is the total amount of soil organic carbon (kg ha™) wood, is the above
ground woody biomass (m® ha™). The climate and the soil type described by Kitterer et
al. (1995) differ from those found in the study area, although both areas have relatively
low (circa 600mm year rainfall), hence the relationship between above-ground stem
biomass and SOC in the study area may differ from that described in Equation (4.7).
However, to the authors knowledge, the relationship described in Equation (4.7) is the
most applicable relationship between above-ground stem biomass and SOC available in
the literature, given that it pertains to a species of the Eucalyptus genus, which is one of
the dominant genera within the study area, which is growing in an area of relatively low

rainfall.

Calculating the amount of water soluble carbon from the
amount of soil organic carbon

It is possible to calculate the amount of WSC at a given soil depth if the amount of SOC
at that depth is known using data contained (O'brien et al., 2003). In order to use these
data, first it is necessary to calculate the amount of SOC at a given depth. If we assume
that the SOC present in the soil is present as a result of root mortality and root exudates
(Grayston et al., 1997), then the distribution of SOC with depth will be the same as the
distribution of roots (this ignores leaf litter decomposition as a source of SOC for the

surface soil layers, however this is dealt with in a subsequent section). The distribution
of roots with depth was calculated as the parameter ¢, in the Appendix. Assuming that

roots capable of providing cohesion are also capable of providing SOC then the

distribution of SOC with depth can be calculated using Equation (4.8).

%SOC, =%c, (4.8)
Where %SOC, is the percentage of the total SOC contained in soil depth range x, and

%c, is the percentage of the total ¢, contained in the same soil depth range.

SOC can be broken down into two types (or pools) of carbon, labile, and recalcitrant.
Labile carbon includes carbohydrates, proteins, whereas recalcitrant carbon consists
predominantly of lignin, but also includes suberins, resins, fats and waxes (Rovira and
Vallejo, 2002). The labile pool can be further broken down into two pools, labile I and
labile II depending on whether the carbohydrates are masked by lignin (labile II) or not
(labile I). A portion of the labile I pool is available as water soluble carbon (O'brien et
al., 2003). As mentioned earlier, it is the WSC (i.e. the pool that can become DOC in the
presence of water) that is of interest in terms of denitrification. Given that lignin
biodegradation is hindered under anaerobic conditions (Rovira and Vallejo, 2002) (i.e.
carbon from labile pool II is unlikely to be converted into WSC during the anaerobic
conditions associated with denitrification events), it is probable that only the WSC is

available to denitrifying bacteria during denitrification events.
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Calculating the amount of water soluble carbon for soil depth
X

In a study of that measured the distribution of WSC under a Eucalyptus regnans forest
over various soil depths (O'brien et al., 2003) describes WSC as a fraction of SOC
(measured as Walkley-Black organic carbon). Using the figures contained in (O'brien et
al., 2003) the WSC fraction at depth x as a function of SOC, can be calculated using
Equation (4.9).

WSC, =0.01e""%% (4.9)
Equation (4.9) was formulated using the data for water soluble carbon and Walkley-
Black organic carbon contained in Table 2 of O’brien ef al. (2003). It was calculated by
fitting a curve to the relationship between WSC with Walkley-Black organic carbon,
using Walkley-Black organic carbon as the independent variable, and WSC as the

dependent variable.

This approach ignores the temporal dynamics of the various carbon pools, because it
describes WSC as a steady state function of vegetation structure (via wood,). The
authour acknowledges that the amount of WSC is likely to vary throughout the year,
depending on generation rates by root mortality, root exudation rates, and consumption
by fungi and bacteria under both aerobic and anaerobic conditions (Kétterer et al., 1995).
However, in the absence of any other data, Equation (4.9) will be used to estimate the

total amount of WSC available for denitrifying bacteria.

During flood events on semi-arid floodplain rivers, decomposing Eucalyptus
camaldulensis leaf litter can generate up to 50 g DOC m™ (Robertson ef al., 1999), which
will provide an additional input of WSC into the topsoil, water soluble carbon due to leaf
litter WSC;;. To account for this additional souce of WSC that is available to the topsoil,
the WSC for the surface soil layer WSC,— 5 will be calculated using

Table 4.8 %WSC, values for each vegetation structural class based on soil organic

carbon only

Soil Depth Range | Closed Open Woodland Open
(m) Forest Forest woodland
0t00.25 58.10% 67.87% 11.43% 5.02%
0.25t00.5 14.73% 22.98% 1.70% 0.33%
05to1 4.39% 6.22% 0.81% 0.22%
1to2 1.28% 1.65% 0.38% 0.15%
2t03 0.53% 0.63% 0.22% 0.11%
3to4d 0.28% 0.32% 0.15% 0.09%
4105 0.18% 0.19% 0.11% 0.08%
Sto6 0.13% 0.14% 0.09% 0.07%
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Table 4.9 The proportion of pre-settlement WSC remaining in the soil at present.

Land Use 778 Reference
Light Grazing 1-wSCy, (Northup et al., 1999; Dalal
and Chan, 2001)
Heavy Grazing 0.5 (Holt, 1997)
Cropping 0.2 (Dalal and Chan, 2001)
WSC _,,s =WSC +WSC,, (4.10)

Where WSC, is calculated using Equation (4.9) and WSCj, is calculated using

WSCLL — 50X PFCcurrent (4-11)

PFC,

closed forest _

Where PFC.yyens and PFCjoseqioress TEPTesent the percentage foliage cover (PFC) of the
current vegetation and that observed in closed forest respectively. Based on the
assumption that the pockets of closed forest observed during the fieldwork are capable of
producing 50g DOC m?, and that litterfall volume is a direct function of percentage

foliage cover (Francis and Sheldon, 2002).

The distribution of WSC shown in Table 4.8 (i.e. decreasing WSC with depth) is

consistent that described by Liu and Sheu (2003). For areas no longer under native

vegetation (i.e. areas that have been cleared for cropping or grazing) WSCSg ;gl was

calculated as a percentage of the WSCf: ézznce using Equation (4.12).

Current Ref
WSCE =y WSClisas™ @12)
Where |/ represents the proportion of the original SOC remaining in the soil and the
values for |/ are shown in Table 4.9. The i described for light grazing is based on the

assumption that WSC (and thereby WSC) in the surface soil layer (x = 0.25) generated by
root turnover and exudates don’t change as a result of light grazing, which is consistent
with the findings of other studies (Northup et al., 1999; Evrendilek et al., 2004). In the

absence of tree cover, though there will be no WSC inputs from leaf litter.

It is assumed that areas that have been cleared for grazing or cropping have zero tree
cover, and therefore generate no WSC in deeper soil layers (x >0.25), consequently the
WSC amounts in these deeper soil layers is zero, this is consistent with the behaviour of
SOC in cropping areas of semi-arid north eastern Australia described in Dalal and Chan
(2001). It is also assumed that the areas cleared for grazing or cropping have been
cleared for more than ten years. During which time SOC will have stabilized at these new

levels (Dalal and Chan, 2001).
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Residence time

The second factor that limits denitrification is residence time. Denitrification can occur
rapidly when the nitrate comes into contact with WSC (Hill ef al., 2000), however this is
much evidence to suggest that limited contact time can reduce the amount of

denitrification (Burt ef al., 1999).

Residence time, for the purposes of this thesis, is defined in terms of the period of time
that the watertable spends in one of the depth range x as previously described previously
in. The temporal resolution of floodplain watertable records in the study area is very
coarse (annual at best), making it very difficult to accurately assess the duration of the
watertable at any specific height. River stage height is used in this thesis as a surrogate
for watertable heights, based on the assumption that the water level in the river is
equivalent to the watertable height in the adjacent riparian zone. This is consistent with
the description of arid zone riparian denitrification as described in Schade et al., (2002).
This assumption is likely to be violated during periods of rapid change in the hydrograph,
and is likely to be locally inaccurate depending on the hydraulic conductivity of the bank

sediments and surrounding floodplain sediments.

If these assumptions are accepted, then the residence time of water within a certain depth
range can be calculated as the proportion of time that the river is at or above a certain
stage height if the channel geometry is known. For example the period of time that
watertable is in depth range x = (.25 is equal to the amount of time that the watertable is

less than 25 centimetres below bankfull capacity.

Stage height records were available for thirteen gauging stations in the study area.
Details of the gauging stations are contained in the Appendices. Because stage height
records were not available for every section of the stream network a series of steps were
taken to estimate the frequency and duration of events where the water table reaches soil

depth range x at any part of the stream network. These steps are described below:

1. Calculate frequency and duration of the water table occurring in x, and the
interval between events at every gauging station, analysing regulated period of
the record separately to unregulated period if the river had become regulated at

some point.

2. Calculate the average number of inundation events for each soil depth x

(NDNE X) for each stream order for unregulated streams.

3. Calculate the average number of inundation events for each soil depth x for
each regulated river reach NDNE, (assuming that all points down stream of the
gauge have the same stage height characteristics as the gauge, until the stream

joins a higher order stream).
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4. Calculate the relative importance of denitrification on the floodplain rather
than in the littoral zone by calculating the number of overbank flow events
NDNE g, using records from all unregulated gauging stations to calculate the

overbank frequency.

It is worth noting that gauging stations were all located on 3™ order or higher streams,
consequently the stage height characteristics of 1 and 2™ order streams could not be
calculated. Low order streams within the study area (described in Chapter 3) are
typically highly ephemeral, flowing only for short periods during and immediately after
rainfall events. As a result of this it is unlikely that the WHC in the riparian zones of low
order, hillslope constrained, streams would exceed 60% for a long enough period for

denitrification to occur.

Calculating the DNI for stands of floodplain vegetation requires some additional
assumptions. The anastomosing river system in the study area (Section 3.2) makes it
difficult to assign Strahler stream orders to various sections of the floodplain.
Consequently, all floodplains are assigned the same overbank frequency. This
assumption is likely to be violated at various points along the channel network depending
on channel and floodplain geometry, and event magnitude, but is necessary in the
absence of any additional data. As a consequence of this assumption the DNIlocal will
show the change in long term average DN capacity, rather than the change in DN
capacity for a specific event. A further assumption is that the entire floodplain® is
inundated (i.e all floodplain vegetation is considered equal, irrespective of its elevation
relative to the main channel), and is inundated for eight days (the period of time required
for all DOC to be consumed as discussed earlier). Both of these assumptions are likely
to be violated for a specific event, but these assumptions are necessary in the absence of
any additional data. Soil organic carbon data was not available for vegetation and soil
types found in the study region. Consequently the wood,, parameter was used to estimate
the total amount of amount of soil organic carbon SOCror using Equation (4.7), from
this SOCror value for each vegetation class, the parameters %SOC, and %WSC, were
calculated using Equations (4.8) and (4.9) respectively. The final values for %WSC, are
shown in Table 4.10.

It is interesting to note that open forest, rather than closed forest contains the highest
%WSC, value, reflecting the high above ground biomass values observed for open forest.
If the organic carbon values identified from the literature are inconsistent with the actual
organic values found in the field, then this will lead to spurious DNI results. This is why
the DNI is normalized and provides a relative assessment (denitrification is more likely
to be occurring in place A rather than place B) rather than an estimated value of the

amount of denitrification (this stand of vegetation will remove a certain number

%% The method for identifying floodplain extent is contained in Section 5.3.3
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Table 4.10 %WSC, values for each vegetation structural class

Soil Depth Range | Closed Open Woodland | Open

(m) Forest Forest woodland
01t00.25 58.10% 67.87% 11.43% 5.02%
0.25t0 0.5 14.73% 22.98% 1.70% 0.33%
05to1 4.39% 6.22% 0.81% 0.22%
1to2 1.28% 1.65% 0.38% 0.15%
2t03 0.53% 0.63% 0.22% 0.11%
3to4 0.28% 0.32% 0.15% 0.09%
4to5 0.18% 0.19% 0.11% 0.08%
Sto6 0.13% 0.14% 0.09% 0.07%

kilograms of nitrogen per year). The other important feature to notice is that the majority
of the water soluble carbon is contained in the top 50cm of the soil, consequently the
DNI (the only index to use this parameter) is highly sensitive to calculations of bankfull

frequency.

4.4 Parameters linked to Strahler Stream Order

Using a series of channel cross sections to characterize hydraulic geometry relationships
for a specific catchment is a recognised technique (Western et al., 1997). Traditionally
hydraulic-geometry relationships use discharge O (m® s™") to predict channel dimensions
using Equations (4.13), (4.14) and (4.15) (Western et al., 1997, Ibbitt, 1997; Merritt and
Wohl, 2003)

W =aQ’ (4.13)
D=cQ’ (4.14)
V=kQ", (4.15)

where W is the channel width in metres, D is the channel depth in metres, V is the flow

velocity in metres per second, and a, b, ¢, f, k, and m are numerical constants that are

related by continuity such that axcxk =1and b+ f+m=1.
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Direct calculation of Q requires three parameters: catchment area, rainfall and the
rainfall:runoff coefficient. For the purposes of this study it was not possible to calculate
Q for all sections of the stream network. This was due to the fact that the catchment area
parameter was not available for all links of the channel network. The reason for this is
that the channel network derived from the digital elevation model was not spatially
accurate for the purposes of this study and therefore required modification (this problem
and associated solution is described in greater detail in Chapter 5). The process of re-
digitising the channel network removed the catchment area parameters from re-digitised
links. Consequently Strahler stream order was used to approximate catchment area, slope
and Q for all links in the channel network. In addition the hydraulic geometry
parameters bank height (BH) and channel width (CW) recorded at the field sites were
combined with channel cross sections for each stream gauging station and State of the
Rivers survey data. The combined data were used sorted according Strahler stream order

to calculate the BH and CW parameters for each Strahler stream order.

The hydraulic geometry parameters were measured at the point where the width to depth
ratio reached a minimum as described in Harvey (1969). The bank height parameter was
calculated as difference in elevation between that at the top of the bank and that at the
base of the channel. For multi-channel cross section the deepest channel was used to
calculate bank height. Cross sections with no clearly defined channels were omitted
from the analysis (both for bank height and channel width). If the two banks were of
uneven height the lower bank was used to define bank height based on the methodology

described in Harvey (1969). The bank height and channel width parameters can be seen

in Figure 4.9.
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Figure 4.9 Definition of channel parameters
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4.4.1. Bank Height (BH)

The bank heights observed in the field data, channel cross-sections recorded at stream
gauging stations and the State of the Rivers data for each Strahler stream order are shown
in Figure 4.10. The bank height (BH) measurements from all three data sources represent
a sample of a much larger population (where that population is the bank height of each
stream of a given Strahler stream order throughout the study area). For the purposes of
this study it is assumed that distribution of the samples in each class (1* order N= 27, 2™
order N= 41, 3" order N= 45, 4" order N= 20, 5" order N=6, 6™ order N= 12) is the same
as the distribution of the population for each class. The small sample sizes for 5™ and 6™
order streams may not fully characterise the population, and are insufficient to carry out
conclusive statistical tests in the case of these two stream orders. However the samples
collected for each class are consistent with the expectations in terms of the relative BH

" order> 4th order> 3™

values, in other words, the expected trend in BH 6™ order> 5
order> 2™ order> 1% order was observed in the majority of samples. This is consistent
with hydraulic geometry theory insofar as the higher the stream order (in this situation a
proxy for catchment area) the higher the banks. The Shapiro-Wilk test indicated that the
BH values were not normally distributed (p=0.7), consequently median values are used to
characterise this parameter, and the predicted and observed values were compared using

Wilcoxon rank sum tests. There were statistically significant differences between all

stream orders.

To assess whether the stream order classification was reliably extrapolating BH the
median values recorded at validation sites (in this case chosen at random from the three
datasets, fieldwork, gauging station and State of the Rivers) were compared with the
median of the BH values at the calibration sites using a series of Wilcoxon rank sum
tests. The results at the 95% confidence interval are as shown in Table 4.11. It is worth
noting that while the Wilcoxon rank sum test found no significant difference between

observed and predicted median values for 5" order streams, the number of observations

of a1 [e] [c] [] [e] [F]
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Figure 4.10 Bank Heights for each Strahler stream order.
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Table 4.11 Results of statistical comparison of predicted and observed median BH

values.
Structural 1t 2" 3 4t 5" order 6"

Class order order order order order
Null Accept Accept Accept Accept Insufficient | Accept
Hypothesis data
(Hy)
Trend No trend | No trend | No trend | No trend No trend
Values used to | 1.4 1.8 2.3 3.1 5.0 6.0
calculate RFIs

is relatively low, and their were insufficient data to assess whether 5" order stream

dimensions were being reliably predicted.

These results indicate that observed values are not significantly different to the predicted
values for BH across the all classes except for 5™ order streams. Given that the factors
that determine hydraulic geometry (catchment area, rainfall and rainfall: runoff
coefficient) are likely to be similar for 5" order stream channels, it is assumed for the
purposes of this thesis that BH can be predicted as a function of stream order for 5" order
streams. Based on this the Strahler stream order classification can be reliable be used to
predict median BH for all stream orders. The stream shading index (SSI), bank
reinforcement index (BRI) and denitrification index (DNI) are calculated using the

parameter BH.

4.4.2. Channel Width (CW)

Channel width (CW) measurements were collected from three sources, the channel
surveys collected during the field work, the channel cross-sections recorded at QDNRM
stream gauging stations and the channel geometry measurements made at each of the
State of the Rivers suvey locations. These CW data were sorted according to Strahler

stream order are shown in Figure 4.10.

Table 4.12 Results of statistical comparison of predicted and observed median CW

values.
Structural 1t 2nd 3 4t 5" order 6"

Class order order order order order
Null Accept | Accept Accept Accept Insufficient | Accept
Hypothesis data
(Hp)
Trend No trend | No trend | No trend | No trend No trend
Values used to | 7.8 13 21.5 21.3 29.5 31
calculate BRI,
LWDI and SSI
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Figure 4.11 CWs for each Strahler stream order.

The CW measurements represent a sample of a much larger population (where that
population is the channel width of each stream of a given Strahler stream order
throughout the study area). For the purposes of this study it is assumed that distribution
of the samples in each class (1* order N= 27, 2™ order N= 41, 3" order N= 45, 4" order
N= 20, 5" order N=6, 6™ order N= 12) is the same as the distribution of the population
for each class. The small sample sizes for 5™ order streams may not fully characterise
the population, and are insufficient to carry out conclusive statistical tests for this stream

order.

There is a large degree of variability in the channel widths observed for each class, and
while in general the measurements are consistent with the expectations in terms of the
relative CW values, in other words, the expected trend in CW is 6" order>5" order>4th
order>3" order>2" order>1* order, there is no significant difference between 3™ and 4™
order streams or between 5™ and 6™ order streams at the 95% confidence interval. The
increase of CW with increasing catchment area is consistent with hydraulic geometry
theory insofar as the higher the stream order (in this situation a proxy for catchment area)
the wider the channel. However the fact that there is no significant difference between
channel widths for 3" and 4™ order streams and no difference between 5™ and 6™ order
streams but will make the SSI less sensitive to Strahler stream order. The Shapiro-Wilk
test indicated that the CW values were normally distributed for two stream orders but not
for the remaining four. In the interests of conducting robust statistical tests on all classes,
the Wilcoxon rank sum was used to compare the median values in all statistical tests

applied to the CW parameter.
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Table 4.13 OS values used to calculate the stream shading index (SSI)

3rd 4th 5th 6th
Offset (m) | 2.0 1.8 13 0.5
N 16 6 2 4

4-29

To assess whether the stream order classification was reliably extrapolating CW the
average values recorded at validation sites (chosen at random from the three datasets,
fieldwork, gauging station and State of the Rivers) were compared with the average of
the CW values at the calibration sites using a series of Wilcoxon rank sum tests. The
results at the 95% confidence interval are as shown in Table 4.11. It is worth noting that
while the Wilcoxon rank sum test found no significant difference between observed and
predicted median values for 5™ and 6™ order streams, the number of observations is
relatively low. These results indicate that observed values are not significantly different
to the predicted values for CW across the all classes, with the exception of the higher
order streams where the number of values was to small for the statistical tests to be
reliable. However the assumptions described for the factors determining BH also apply
here, and based on this the Strahler stream order classification can be reliable be used to

predict median CW for all stream orders.

4.4.3. Offset Between Top of Bank and First Tree (OS) -

The offset between the top of the bank and the trunk of the first tree is one of the
parameters used in calculating the SSI. Analysis of the offset values showed that they
were related to stream order, and the median offset values for each stream order are
contained in Table 4.13. There were no major assumptions made in measuring this
parameter. In terms of extrapolating this parameter it is assumed that stream order is a
reasonable predictor of offset, there is insufficient data to test this assumption. Table
4.13 only lists OS values for higher order streams, because it is these streams that are
likely to support aquatic life in general, and it is along these streams where waterholes

are most likely to form.

4.4.4. Number of Denitrification Events (NDNE)

Maximum daily stage height data collected at gauging stations within the study area were
used to identify the frequency and duration events at each soil depth range x listed in
Table 4.14 . This parameter is the NDNE, parameter used to calculate the (DNI). The
number of denitrification (DN) events that occurred in any given x (NDNEx) were
calculated by doing a visual assessment of the stage height record and counting the
number of events that exceeded a given stage height, as shown in the figure below.
Dotted blue line indicated bankfull stage height as seen in channel cross section in Figure
4.9. The coloured markers indicate the highest x where conditions were suitable for
denitrification in any given event. To identify this height, the raw stage height data were

processed to calculate the bank height at which the criteria for denitrification to start

Comment [I12]: This parameter
has only recently been included in
the calculation of the SSI, figures
will be included shortly. The
underlying trend is that offsets
become smaller for higher stream
orders (the higher the stream
order, the closer the tree to the top
of the bank on average.
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(inundation for more than 48 hours) and complete (inundation for more than 8 days).
These heights were estimated by calculating the 2 day average and 8 day average of the

raw (daily ) stage height data.
The heights are shown as the DN and DNoppiere curves in Figure 4.13.

The DN start height, and DN complete heights were calculated using the average stage
height for the previous 2 days and 8 days respectively. So for the example shown

denitrification occurs throughout the stream bank on two occasions and the first DN

Table 4.14 x for each stream order

X 3rd 4th Sth 6th Marker (colour,
border)
0.25-Bank Full Yes Yes Yes Yes Red, red
0.5-0.25 Yes Yes Yes Yes Yellow, red
1-0.5 Yes Yes Yes Yes Yellow, yellow
2to 1 Yes Yes Yes Yes Yellow, blue
3TO2 Yes Yes Yes Yes Blue, blue
4TO3 Below Yes Yes Yes Not shown
BOC?*
5TO4 Below Below Yes Yes Not shown
BOC BOC
6TOS Below Below Below Yes Not shown
BOC BOC BOC
12
v
10 \
v
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Figure 4.12 Daily stage height record with symbols indicating soil depth range x, x axis
is day number from start of record and y axis is bank height in metres.
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event did not last long enough for DN to be completed in the upper levels of the bank.
The event counting technique shown in Figure 4.12 was applied to the DN complete
timeseries, as shown in Figure 4.13 to calculate the number of DN events that ran to

completion at each stage height (VNDNE,).

To compare DN complete timeseries calculated at different gauging stations it was
necessary to identify a theoretical maximum number of DN events that could occur in
any given year, thereby defining a theoretical maximum number for NDNE at any x. The
theoretical maximum was calculated as a function of fine root dynamics of vegetation

and climate as detailed below.

The constraints on the number of DN events due to fine root dynamics can be calculated
by assuming that fine roots pursue a falling water table (Horton and Clark, 2001), and
that the fine roots of Eucalyptus species will exude WSC, and die after a month (Katterer
1995). Under these conditions, one month after the water table has fallen past a certain
height, the WSC in that zone (x) will have returned to the maximum amount of WSC

encountered in that zone (WSC,.x).

So if flood peaks are less than a month apart, then the WSC will not have regenerated in
the root zone (x). The other factor that determines the theoretical maximum number of

denitrification events is climate.

Given the climate in the Nogoa/Comet catchments, the following scenario is likely to
provide the maximum number (3) of DN events, a flood event early in the wet season

(late October/November), followed by a dry period (during which the water table falls

= Stage Height
———DN Complete
DN start

Stage Height and Denitrification

DN event 2

DN event 3
5+ DNevent1
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Figure 4.13 Stage height records and estimated DN start and complete curves

21 BOC represents the bottom of the channel
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and WSC is replenished down through the profile), another flood event late in the wet
season (February) and a third event (associated with frontal rain in winter) in August. As
shown in Figure 4.13. The peaks close together for DN event 1 are considered as 1 DN
event because they are closer than one month apart, therefore the fine roots are unlikely
to have grown, exuded and died (thereby replenishing the WSC) in the intervening
period.This ‘3 events per year’ scenario occurs quite frequently during wet periods (such

as the 1970s) but has been less frequent in recent times.

The number of DN¢ympiere €vents at each soil depth range x is shown in Table 4.15 Note
that the stage height has bankfull (depth = 0) as a common reference point to allow
comparison between stage heights records colleted at gauging stations that have different
‘bank full’ heights.

4.4.5. Channel Slope (S)

The channel slope for each unaltered stream link (S) was calculated by the RiverTools ™
software as part of the channel network identification process. These data are shown in
Figure 4.14. The S measurements calculated from the DEM (details of which are
contained in Section 5.3.2) represent the entire population (where that population is the
slope of each stream of a given Strahler stream order throughout the study area 1 order
N= 673, 2™ order N= 300, 3" order N= 139, 4™ order N=66, 5" order N=115, 6" order
N= 87. There is a large degree of variability in the slopes observed for each stream order,
in general the measurements are consistent with the expectations in terms of the relative
S values, in other words, the expected trend in S 1 order>2™ order>3"th order>4th
order>5™ order>6" order is present in the data. However, there is no significant
difference between 5™ and 6™ order streams at the 95% confidence interval (they both

have very low median slopes).

This is consistent with hydraulic geometry theory insofar as the higher the stream order
the lower the slope, but it reduces the difference between the BRIg; opar values for stands

of vegetation adjacent to high order streams.

Table 4.15 NDNE; for each stream order

3rd 4th Sth 6th
0.25-BF 0.44 0.35 0.26 0.09
0.5-0.25 0.56 0.46 0.36 0.15
1-0.5 0.94 0.78 0.62 0.30
2tol 2.13 0.90 0.88 0.50
3TO2 1.13 1.72 0.80 0.63
4TO3 1.00 1.20 0.66
5TO 4 1.00 0.96
6 TOS 1.00
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Table 4.16 Results of statistical comparison of predicted and observed median S

values.

Structural 1t 2" 3 4t 5t 6"

Class order order order order order order
Null Accept Accept Accept Reject Accept Accept
Hypothesis
(Hy)
Trend No trend | No trend | No trend | Cal<Val | No trend | No trend
Value used to | 0.00421 | 0.00243 | 0.00146 | 0.00074 | 0.00041 | 0.00041
calculate
BRIglobal

The Shapiro-Wilk test indicated that the S values were not normally distributed.
Consequently the Wilcoxon rank sum was used to compare the median values in all

statistical tests applied to the S parameter.

To assess whether the stream order classification was reliably extrapolating S the average
values recorded at validation sites (chosen at random from the whole population) were
compared with the average of the S values at the calibration sites using a series of
Wilcoxon rank sum tests. The results at the 95% confidence interval are as shown in
Table 4.16. These results indicate that observed values are not significantly different to

the predicted values for S across the all classes except the 4™ order streams.
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Figure 4.14 S values for each Strahler stream order.
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The reasons for the difference between calibration and validation sets for the 4™ order
streams are unclear, as both samples were drawn at random and represent two halves of
the entire population of channel slopes Based on this the Strahler stream order
classification can be reliable be used to predict median S for most stream orders, and the
median value off all 4" order streams will be assigned to the 4™ order streams. The

BRIG10841 1s calculated using the parameter S .

4.4.6. Stream Power (w)

Unit stream power o is used to calculate the bank reinforcement index (BRI) using
Equation (2.15). o for each Strahler stream order was calculated using a modified

version of Equation (2.10) re-written as Equation (4.16)

w:pg[%)s (4.16)

Where Q is bankfull discharge (m® s), and CW is the channel width (m) and S is slope.
Slope for each Strahler stream order was calculated as the average slope for streams of a

certain order as listed in Table 4.16 Results of statistical comparison of predicted and
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Figure 4.15 Correlation between Qy: and catchment area
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Figure 4.16 Residuals in the correlation between Qyand catchment area
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Table 4.17 Qs values used to calculate RFIs

Stream Order 1t 2nd 3" 4t 5 6"
order order order order order order

Oyrvalue used | 28.8 40.3 56.2 77.6 104.8 140.0

w value used 152.20 73.75 37.42 26.41 14.28 18.15

observed median S values.. Values of Q were collected for each gauging station within
the study area by looking at the stage-discharge curve and identifying the Q at bank full
(Owy) values. To estimate Oy for each stream reach it was necessary to establish a
relationship between catchment area and O, This was done using the same techniques
as described in Young et. al. (2001) A linear model (Figure 4.15) provided the highest
correlation coefficient. The correlation coefficient, adjusted for small sample size is
R?=0.52, the linear model fit has an F ratio value of 9.92, which is significant at the 95%

confidence interval.

The residuals to this model fit are randomly distributed as shown in Figure 4.16. There
are insufficient data to compare predicted and observed values, so the reliability of the
Oy values will be untested in this thesis. To identify the O, for each Strahler stream
order (given that there were no gauging stations on low order streams) the average
catchment area for each stream order were calculated from each stream link in the
channel network (same population as used to calculate S). The linear model (Equation
(4.17)) shown in Figure 4.15 was then used to calculate the Oy, of links in each stream

order. The Qbf for each stream order are listed in Table 4.17.

0, =56.1+0.0071Catchment Area (4.17)
By entering the values for Qbf, S and CW for each stream order into Equation (4.16)
values for w were calculated for each stream order as shown in Table 4.17. These values

were used as the POWER term to calculate BRI opar using Equation (2.20).

4.4.7. Probability of a Waterhole (Pwh)

The probability of a waterhole parameter Pwh is used to calculate the SSIgropar values
according to Equation (2.52). To calculate the Pwh parameter the daily stage height
records were processed using the following steps, periods of missing record were
removed from the dataset, and then the number of flow days was subtracted from the

length of record according to Equation (4.18).

ZFD = period of record - flow days (4.18)
Where ZFD is the number of zero flow days and flow days are days when the stage
height is greater than zero. The Pwh parameter is calculated for each gauging station

using Equation (4.19).

ZFD )

_ (4.19)
Period of record

Pwhzlft
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Table 4.18 Pwh values used to calculate RFIs

Stream Order | 3™ order | 4™ order | 5" order | 6™ order
Value used 0.5 0.6 0.8 0.9

The Pwh values for each gauging station were sorted according to stream order and an

average Pwh for each stream order calculated, as listed in Table 4.18.

Strictly speaking these values represent how frequently the river flows, and are only an
approximation of where waterholes are likely to form in the river network. However
irrespective of whether waterholes form along each stream link of higher order streams,
the riparian vegetation adjacent to theses channels will provide valuable LWD, and shade
during the periods of time when they support aquatic life, and aquatic life is likely to

persist for longer in higher order streams that have more frequent flow.

4.5 Chapter summary

This chapter established how the parameters that are required to calculate the riparian
function indices were linked to classifications of land use, vegetation and Strahler stream

order. Parameters were linked to these classifications via three mechanisms.

1. Statistical relationships between classifications and parameters were identified

using field work.

2. Previously researched relationships between individual classes and parameters

were identified in the literature.

3. Third party data such as stage height at stream gauging stations were analysed

to provide addition parameters required to calculate the RFIs.

The parameters and their associated classifications are listed in Table 4.19. The
parameter values listed in this chapter were entered into the RFI equations listed in
Chapter 2 to calculate the RFIs for riparian zones in the study area. The results of these
calculations are contained in Chapter 6, and the remote sensing and terrain analysis
techniques used to generate the vegetation structural classification, the land use

classification and the stream order classification are described in Chapter 5.
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Table 4.19. Vegetation and stream channel parameters calculated from the
fieldwork, and their associated spatial coverages.

Parameter Spatial Coverage™ Data source Riparian
Function
Index*

Manning’s n  for | Land Use Map Field data and | STI

Shallow literature values

Overland Flow

Percentage  Foliage | Vegetation Structural Map Field data SSI, DNI

Cover

Vegetation Height Vegetation Structural Map Field data SSI,

Volume of Wood Vegetation Structural Map Field data LWDI,
DNI

Number of trees per | Vegetation Structural Map Field data and | BRI, DNI

hectare literature values

Canopy Radius Vegetation Structural Map Field data BRI, SSI

Soil Organic Carbon | Vegetation Structural Map Literature values DNI

Channel Depth Strahler stream order Field data BRI, SSI

Channel Width Strahler stream order Field data SSI

Number of | Strahler stream order Field data and | DNI

Denitrification third party data

Events

Offset Strahler stream order Field data SSI

Bank full discharge Strahler stream order Third party data BRI

Channel slope Strahler stream order Terrain analysis BRI

Probability of a | Strahler stream order Third party data SSI

waterhole

22 Details of all spatial coverages are contained in Chapter 5
3 Details of the riparian function indices are contained in Chapter 2
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Chapter 5 Spatial Distribution of Riparian
Parameters

5.1 Introduction

To calculate the RFIs developed in Chapter 2 it was necessary to generate a series of
classifications. The following classifications were used to predict the parameters

described in Chapter 4 for every riparian zone throughout the study area:

1. A classification of the structural classes of woody vegetation and other land

covers in riparian zones throughout the study area;

2. A channel network classification that accurately represented the location and

dimensions of the stream and river channels;

3. A classification of grazing pressure that approximates the temporal dynamics

of ground cover within the study area; and

4. A classification of the terrain that provides detailed information about the

spatial distribution of hillslopes, alluvial soils and floodplains.

To generate these four classifications two sources of satellite imagery, and two digital
elevation models were used. Each data source was subject to a different series of

processing steps as shown in Figure 5.1.

ASTER pre- SRTM™ pre- MODIS' pre- DEMTT pre-
processing processing processing processing
(ENVI) (ENVI) (ENVI) (Rivertools)
ASTER Identification of Calculation of Channel
segmentation hillslopes and Grazing Network
and nearest floodplains Pressure Index Calculation
neighbour (MrVBF) (ENVI) (Rivertools)
classification
(eCognition) ¥
Channel
Network
Identification of the riparian Correction
vegetation and land covers that <—\— (ENVI)
effect each riparian function index

(eCognition)

Fiaure 5.1 Spatial data and processina steps reauired to calculate the RFIs

* Advanced Spaceborne of Thermal Emmision and Reflection Radiometer (ASTER)
** Space Shuttle Radar Topography Mission (SRTM)

tModerate Resolution Digital Imaging Spectrometer (MODIS)

+1 25 metre DEM derived from spot heights and contour lines
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The rationale for choosing ASTER imagery and the pre-processing and classification
applied to the ASTER imagery are contained in Section 5.2.1. The reasons for including
the MODIS analysis and details of the processing steps applied to the MODIS data are
contained in Section 5.2.3. The reasons why two different DEMs were used to generate
the channel network classification and landscape classification, and the processing steps
required to generate these classifications are contained in Section 5.3. The combination
of all these classifications to generate the final coverages that were used to calculate the

RFIs is contained in Chapter 6.

5.2 Remote Sensing of Riparian Vegetation and Land
Cover

The use of remote sensing imagery to generate vegetation and land cover classifications
has been the subject of numerous studies, ranging in scale from global (Running ef al.,
1995) to species level classifications of individual tree crowns (Martin et al., 1998). A
common feature of vegetation classifications that have been generated using remote

sensing is a choice of an appropriate resolution for the vegetation features being mapped.

A fundamental part of any vegetation classification derived from remote sensing is
establishing a relationship between the vegetation structural characteristics of the
vegetation, and the reflectance characteristics of the vegetation. The vegetation transect
element of the fieldwork described in Section 3.3.1 is based on a methodology described
in McDonald et al. (1990) that specifically aims to quantify the vegetation structural
characteristics that effect the reflectance characteristics of the vegetation. Once this
relationship between vegetation structural class and reflectance characteristics has been
established for known areas, such as field sites, the vegetation structural class can be
estimated for other areas within the remote sensing image by using an image
classification algorithm to identify areas that have similar reflectance characteristics, and

are therefore likely to contain the same vegetation structural class.

Areas of similar reflectance characteristics can be identified one of three ways, using
classification algorithms that classify pixels based on their statistical properties such as
nearest neighbour and maximum likelihood classifiers (Lillesand ez al., 2004), or on their
spectral properties, such as the spectral angle mapper algorithms (Kruse et al., 1993), or
by using a geometrical optical model. A statistical classification algorithm was used
because the different resolutions for visible near infra-red (VNIR) and short wave infra-
red (SWIR) prevented the identification of unique spectra for each 15 metre pixel,
thereby preventing the use of spectral properties. The construction of a geometrical
optical (GO) model was beyond the scope of this thesis, due to the time and complexity
associated with establishing a GO model for each riparian structural class encountered in

the study area.

The use of remote sensing to map and monitor riparian vegetation has been the subject of

a number of review papers (Muller, 1997; Congalton et al., 2002). Muller (1997)
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describes the specific needs of riparian vegetation mapping in terms of the need for
relatively high spatial resolution to identify the narrow strips of riparian vegetation that
occur along the steep environmental gradients that are encountered in the riparian zone.
The steep gradients in terms of water availability encountered in the study area generate a
number of narrow (less than 30 metres across) bands of woody riparian. Consequently
the sensor used to map riparian vegetation needs to have sufficiently high spatial
resolution to be able to capture these features, whilst simultaneously providing coverage

of a large area.

Remote sensing has the capacity to deliver information about vegetation structure and
type at a range of scales that are pertinent/useful/relevant to riparian zone studies.
Airborne multi and hyperspectral scanners can provide high resolution (>1 metre) images
of riparian zones, thereby enabling tree crown delineation, and potentially, species
identification (Aspinall, 2002). It can also provide information about fine-scale riparian
zone processes such as LWD size and distribution (Marcus et al., 2003) and channel
geomorphology (Bryant and Gilvear, 1999). However, the resources required to collect
and process airborne imagery are considerable, and the need for information about
riparian zones at large catchment scales make the cost of airborne remote sensing
prohibitive. Optical multi-spectral satellite imagery has been used in previous riparian
zone studies to provide information at this larger scale (Basnyat et al., 1999; Goodrich et
al., 2000; Congalton et al., 2002; Gutiérez et al., 2004). The advantage of multi-spectral
satellite imagery is that it can provide coverage of large areas at relatively low cost. This
is of particular importance when the catchment area is large, in this instance 19 365 km®.
The spatial resolution of multi-spectral satellites does provide some limitations, and these

are discussed in more detail in the subsequent section.

The satellite imagery required by this project, to generate the vegetation and land cover

classification needed to meet a series of criteria.

1. Spatial resolution high enough to discriminate the narrow strips of riparian

vegetation and grassed waterways (pixel size less than 30 metres).

2. A relatively broad swath to capture the study area (19 365km?®) with a
minimum of swaths (to reduce the amount of mosaicking and inter-swath

comparisons).

3. Sufficient spectral resolution (particularly in the short wave infra red) to
enable the discrimination of woody and non-woody vegetation, better
differentiation between vegetation structural classes, and discrimination

between stubble and bare soil.
4. Low cost, cloud free imagery available for the study area.

The sensor that was most suitable based on these criteria was the Advanced Spaceborne

Thermal Emission and Reflection Radiometer (ASTER) sensor. Other sensors such as
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SPOT, Ikonos and Quickbird provide higher spatial resolution, but the cost of data from
these sensors can be prohibitive for projects that cover large areas. Landsat (TM and
MSS) data were also available for the study area, but their larger pixel size limits their

ability to distinguish narrow strips of riparian vegetation.

5.2.1. Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) Data

ASTER is a multispectral imager and covers a wide spectral region with 14 bands from
visible to the thermal infrared with high spatial, spectral and radiometric resolution. The
spatial resolution varies with wavelength: 15 m in the visible and near-infrared (VNIR),
30 m in the short wave infrared (SWIR), and 90 m in the thermal infrared (TIR). The
spectral bandpasses of the VNIR, SWIR and TIR sensors is contained in Table 5.1. Each

ASTER scene covers an area of 60 x 60 km.

All ASTER scenes were acquired as level 2 ASTO7 surface reflectance products, and
consequently had been radiometrically, geometrically and atmospherically corrected.
The atmospheric correction was performed by the data providers (NASA Distributed
Active Archive Centre (DAAC)) using the MODRTAN 4 algorithm (Anderson et al.,
2000). Detailed information about the ASTER sensor is contained in the ASTER Users
Handbook (Abrams et al. 2002). Imagery was reprojected using the geocoding
information contained in the HDF files, so that the pixels were north oriented. This
resulted in a small degradation in the image quality, but was necessary to enable files for
the SWIR bands to be imported in the same spatial extent as the VNIR files. The small
size of ASTER satellite scenes (3600km’) relative to the study area (19 365 km?)
necessitated the analysis of multiple swaths. Analysis of multiple swaths necessitated

two things, multi-date analysis and mosaicking. Multi-date analysis can present some

Table 5.1. The ASTER bandset, showing band number wavelength range and pixel

size.
Spectral region Band Band Pass | Pixel  Size
Number (um) (meters)
VNIR 1 0.52-0.60 15
2 0.63-0.69
3 0.78-0.86
SWIR 4 1.60-1.70 30
5 2.145-2.185
6 2.185-2.225
7 2.235-2.285
8 2.295-2.365
9 2.360-2.430
TIR 10 8.125-8.475 90
11 8.475-8.825
12 8.925-9.275
13 10.25-10.95
14 10.95-11.65
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problems, particularly when the image acquisition dates are some time apart, and even

more so when the images have been acquired during different seasons.

The 3 swaths of ASTER data used in this analysis were collected on 3 dates. The

&

0 & 10 15 0
[(H - F—TKilometers

Figure 5.2 Mosaic of ASTER swaths for the study area
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western most swath was collected on the 9™ August 2000 (mid dry season), the central
swath was collected on the 12 January 2002, and the eastern swath was collected on the
18™ of January 2001 (both dates represent the early wet season)  After reprojection the
swaths were cropped to fit the extent of the 25 metre DEM. The result was three

irregular shaped images as shown in Figure 5.7.

5.2.2. Riparian Vegetation and Land Cover Classification

Image Segmentation

One of the important aspects of the remote sensing/image processing research that was
done in this thesis is the use of image segmentation software to generate the riparian
vegetation classification and the land use classification. Image segmentation was chosen

for the following reasons:

1. The definition of image objects, whose perimeter is described by a polygon,
allows each polygon to be classified in terms of its ‘context’ within the image.
This enables further classification of each polygon using queries related to the
spatial, spectral and classification attributes of adjacent polygons. This in turn
enables us to identify whether a given polygon is either (a). adjacent to a
channel, (b). located on the floodplain, (c). located between the channel and a
hillslope, or (d). some combination of the above. This was an important
feature because the calculation of the RFIs requires information about the
landscape context within which each structural class sits. For example, the
statistical classifier applied to the reflectance data contained within the
ASTER scene may classify a stand of vegetation as open forest. This stand of
vegetation can then be further classified based on the fact that it is located on a
floodplain (floodplain open forest) and is adjacent to the main channel of a 5"
order stream (Littoral floodplain open forest on a 5" order stream) This
capacity to classify polygons based on adjacent polygons and other data
sources is used to further classify the basic vegetation and land cover class, as

described in detail in Section 5.4.

2. Image objects can be generated from highest available resolution, and the
objects can then be used to generate summary statistics for each object, both
for the high resolution bands and for lower resolution bands. This is important
in the context of this study because it enables short wave infra-red (SWIR)
reflectance values (which have a larger pixel size than the visible near infra-
red (VNIR) bands used to generate the image segments) to be included into the
list of attributes used to classify each object. These attributes can also include

non spectral data such as terrain features.

3. The pixel size is an artefact of the sensor and bares no relationship to any

specific physical attributes on the ground, whereas image objects relate to
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Figure 5.3 The process of image segmentation: A. raw ASTER data, B. polygons
identified for areas with uniform spectral characteristics and C. Polygons showing
average reflectance characteristics

specific physical attributes on the ground such as a paddock or a stand of trees.
One of the important features of this approach is that the scale and the criteria
used to generate image objects are defined by the user rather than the sensor.
This was particularly important in this project because it allowed us to define
image objects at a scale that corresponded to the narrow strips of riparian

vegetation. The process of image segmentation is shown in Figure 5.3.

The process shown in Figure 5.3 uses two aspects of the image to generate the polygons.
These two aspects are spectral uniformity and shape. Spectral uniformity is calculated

using

hspectral = Z wco-c N (51)

where w, is the weight applied to that channel (or band) and o, is the standard deviation
of pixel values in that band (from Equation 1 in the eCognition Users Guide). Using
Equation (5.1) pixels will be clustered together to form polygons based on the spectral
similarity between those pixels. The band weightings (w.) used in the image

segmentation are shown in Table 5.2. The rationale for these choices is as follows:

1. The strong emphasis the channel network (CN, described in detail in Section

5.3.2) remains intact and that polygons are formed on either side of the

Table 5.2 Bandset used to generate the image segmentation used to generate the
riparian vegetation classification.

Layer Segmentation Weighting
Channel Network (CN) 0.7
Vegetation Index (SR) 0.2

Visible and Near Infra Red (VNIR) | 0.1
bands
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channel network;

2. The emphasis on the VI band was used to ensure that polygons were based on

areas with a relatively uniform leaf area, and;

3. The emphasis on the VNIR bands ensure that polygons for non-vegetation

targets formed were based on uniformity of all three bands.

Polygons identified using spectral uniformity alone can take on branched or fractal
shapes. To reduce this effect a shape or compactness measure is applied. The shape

parameter is calculated using

/
= (5.2)

h(r()mpact - .
\Jhum _ pix

where / is the length of the perimeter of the polygon num_pix is the number of pixels
contained within the polygon. The compactness of the polygons can be controlled by
setting a maximum value for Ao Because of the highly irregular shape of many
strips of riparian vegetation the /compa. parameter was not used to constrain the riparian
polygons. Consequently all polygons were formed based on the colour rather than shape
of the stand of riparian vegetation. All of the bands used to generate the segmentation

had 15 metre pixels.

The other parameter used for polygon generation is a scale parameter which determines
the minimum number of pixels that will be considered for forming a polygon, i.e. the
larger the scale parameter, the larger the polygons generated by the image segmentation
algorithm. The optimal image scale for identifying riparian vegetation was 5 pixels, the
results of these tests are shown in Figure 5.4, Figure 5.5 and Figure 5.6. Smaller scale
parameters resulted in a large number of very small polygons that did not appear to relate
to any specific image objects, and dramatically increased the time taken to perform any
image processing steps, and larger scale parameters resulted in polygons that aggregated
narrow strips of riparian vegetation (rather than leaving them as separate polygons) as
shown in Figure 5.6. Further details of the image segmentation algorithms are contained

in the Concepts and Methods chapter of the eCognition User Guide.

Another feature of riparian zones in remote sensing imagery is the presence of mixed
pixels or ‘mixels’ at the interface between the edge of the riparian vegetation and the
channel. Incorrect classification of these pixels can provide a misrepresentation of
conditions immediately adjacent to the channel (a critical area for riparian zone
assessment). Image segmentation avoids the incorrect classification of mixels and shade
pixels by incorporating them into the adjacent image object. For example a mixel at the
interface between the riparian vegetation and the channel would either be incorporated
into the riparian vegetation polygon or the channel polygon, depending on the spectral

properties of the pixel.
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Figure 5.4 VNIR ASTER image of riparian zone surrounding a first order
stream (digitised channel shown in white)

Figure 5.5 Scene segmented using an image object scale of 5 pixels, note that
thin strip of riparian vegetation is preserved in the polygons (this resolution was
used for image segmentation in this study).

i & |

Figure 5.6 Scene segmented using an image object scale of 10 pixels, note that
the thin strip of riparian vegetation is not captured at this scale of segmentation
(this resolution was considered too coarse for the purposes of this study).
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Image Classification

Image statistics (mean, standard deviation, range) for each of the bands shown in Table
5.3 were calculated for each polygon generated as per the previous section. The average
value for each polygon was used as input into a nearest-neighbour algorithm to generate
the vegetation and land cover classification. The vegetation indices used were a simple
ratio (SR) of the red and near-infrared bands as described in (Lawrence, 1998), These
bands were chosen based on the following rationale: the visible and near infra-red bands
are useful for discriminating vegetation and other land broad land cover classes
(Lillesand et al., 2004). Woody vegetation can be discriminated from non-woody
vegetation using the short wave infra red wavelengths band 4, this is of particular
importance given the spectral similarity between cropping areas with moderate leaf area
and stands of open forest and closed forest in the visible and near infra-red bands.; The
simple ratio was chosen because it is more sensitive to high leaf area index values than
the normalized difference vegetation index (Huete et al., 1997), and identifying areas

with similar leaf areas areas are likely to represent the same vegetation structural classes.

Training and Evaluation

The ASTER imagery was classified by selecting polygons of vegetation that had been
visited and measured as part of the fieldwork described in Section 3.3. Because the
vegetation structure was identified as part of the field data analysis, the vegetation
structure at these polygons was known. Consequently these training polygons were used
to seed (or train) the classification algorithm. This was done on the assumption that other
polygons with the same vegetation structure will have the same spectral characteristics.
For the non-woody vegetation classes, polygons were selected adjacent to the fieldwork
sites (where the land use had been observed during fieldwork for this thesis), or via

image interpretation and local knowledge.

The polygons (both woody vegetation and non-woody vegetation) selected in this fashion
were used to seed the nearest neighbour classifier available in eCognition. The nearest
neighbour classification algorithm was applied to the whole scene, and the classification

accuracy was assessed using an independent set of evaluation polygons that were

Table 5.3. Bandset used to generate the vegetation structural classification

Band/Index Band No./Index formula Wavelength um

VNIR 0.52-0.60
0.63-0.69
0.78-0.86

SWIR 1.60-1.70

1
2
3
4
SR Band3
Band2
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Figure 5.7 Swath and scene nomenclature for ASTER imagery covering the study

area, the numbers shown in red represent the fieldwork sites which were used to

train each classification, numbers shown in blue represent the State of the Rivers
survey locations located in that scene (used as validation),

selected based on the fieldwork as described in Section 3.3.1. The sites visited during the
State of the Rivers (Henderson, 2000) survey were used to identify the evaluation
polygons because the vegetation structure had been measured, thereby making them
suitable locations to assess the reliability of a vegetation structural classification. Due to
the file size limitations (200MB) of the image segmentation software eCognition™ 3.0 it
was not possible to classify each satellite swath as an individual image. Consequently
each swath was segmented into a series of scenes, four scenes for the western swath, and
three scenes for the central swath and two scenes for the eastern swath as shown in

Figure 5.7.

The distribution of training and evaluation sites used to calibrate and validate the riparian
parameters” is shown in Figure 5.7 as blue (for calibration sites) and red (for validation
sites). The large number and wide spatial distribution of the State of the Rivers survey

sites made it possible to assess the accuracy of all scenes classified.

Most of the scenes in the study area have insufficient field sites within them to provide a
large number of calibration sites, so in these instances polygons located in the overlap
between swaths were used to seed (train) the classification of the adjacent swath as

shown in Figure 5.7.

* The ‘Saph’ ‘Emrld’ ‘Comet’ prefixes refer to the swaths covering the towns of
Sapphire, Emerald and the Comet River, N, C and S stand for North, Centre and South
respectively

3 The distribution of calibration/validation sites for the riparian parameters as described
in Chapter 3 was chosen so that each land use, and stream order was equally represented
in the calibration and validation datasets.
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Table 5.4 Error Assessment Matrix for all scenes

User Class \ | D M S \% C St |SD |SL | G Sum UA

Sample %
Closed Forest | 14 0 0 0 0 0 0 0 0 14 100
(D)

Open Forest | 0 29 1 0 0 0 0 0 0 30 97
M)

Woodland (S) 0 8 97 |2 0 1 0 0 0 108 90

Open Woodland | 0 0 2 31 |0 0 0 0 0 33 94
™

Crops (C) 0 [0 [0 [0 [8 |0 [0 [0 |0 |85 100
Stubble (St) 0 [0 [0 [0 |o [e [0 |1 |3 [73 95
Bare Soil Dark [0 |0 |0 |0 |0 |3 |8 |9 [0 |99 87
(SD)

Bare Soil Light [0 [0 [0 [0 [0 [1 [2 [60 [0 |63 95
(SL)

Grassland (G) 0 0 0 0 1 2 0 0 68 | 71 96

Sum 14 38 100 | 33 8 |76 |88 |70 |71 | 576
PA (%) 100 | 78 97 94 199 |91 |98 |8 |96
Overall 94%

Accuracy

Khat stastic 0.928

Based on this approach the classification accuracy values will be least reliable for Saph4,

Emrld] and Cometl because there are relatively few validation sites in these scenes.

Classification Accuracy
The classification accuracy was assessed using a confusion matrix (Lillesand et al.,
2004). The individual confusion matrices for each scene are contained in the

Appendices. The results are summarized in Figure 5.8. and Table 5.4.

The most obvious features of the confusion matrix (Table 5.4 are the high overall

accuracy (94%) and the K statistic (0.928) which is significant at the 95% confidence
interval, indicating that there are more polygons classified correctly than would be
expected by chance alone. However there are a couple of features are worth noting. The
producer’s accuracy for open forest is only 78% due to the fact that eight of the open
forest polygons had been misclassified as woodland. Based on this the classification will
tend to slightly underestimate the amount of open forest throughout the study area, which

will in turn lead to errors in the RFIs calculated for these areas.

The high user accuracy (97%) for open forest however, means that any areas classified
as open forest are being correctly identified. In addition to this there is some confusion
between woodland and open woodland with 2 polygons of each class being misclassified
as the other. Because the vegetation structural classes are based on a threshold of inter-
crown distance as detailed in Section 3.3.2, it is not surprising that there is some
confusion between structural classes either side of each threshold. In other words, a

stand of open forest with a lower than average percentage foliage cover (PFC) may have
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Figure 5.8 The classification accuracy of each scene

very similar reflectance characteristics to a stand of woodland that has above average
PFC. It is important to note that the confusion between structural classes never bridged a
structural class i.e. closed forest was never confused with woodland, nor open forest with
open woodland. Furthermore, there is no confusion between the woody vegetation
classes and the other land cover classes. This is very important in the context of the
reliability of the RFIs, misclassification between similar vegetation structural classes
may lead to small errors in the RFI values, but confusion between woody and non-woody

vegetation would seriously impact on the reliability of the RFI values.

The implications of the classification errors for specific RFIs are discussed further in
Chapter 6. If classification reliability at the individual polygon scale was of particular
concern, then the classification stability statistics generated at a polygon level by

eCognition would provide valuable information.

5.2.3. Moderate Resolution Imaging Spectroradiometer
(MODIS) data

Describing the temporal dynamics of semi-arid landscapes and the riparian systems that
exist within them requires the use of multi-temporal data (Hill, 2002). This is
particularly true of phenomena that change rapidly over time such ground cover, and soil
moisture dynamics in deep floodplain soils. To quantify these dynamics a preliminary

analysis of The MODI13Q1 NDVI product (which is described in detail at
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http://edcdaac.usgs.gov/modis/mod13qlv4.asp) was performed in this thesis to i).
estimate grazing pressure in areas without woody vegetation (used to calculate the STI as
detailed below) and 1ii) estimate WSC dynamics for woody vegetation on located on the
floodplain (used as a supporting evidence for the WSC parameter used to calculate the
DNI as described in Section 7.3.3). Both sections of analysis are experimental, and
would require additional fieldwork to validate the classification products generated

through this analysis.

Grazing Pressure

The combination of moderate resolution data and low resolution multi-temporal data has
been examined in previous studies (Hill ez al., 1999). In particular multi-temporal data
has been used to calculate grazing pressure in arid rangeland areas in a number of
previous studies (Pickup, 1994; Pickup and Bastin, 1997; Pickup et al., 1998). In these
studies, grazing pressure was calculated as a function of distance from a watersource.
This was not possible in this thesis because the climatic conditions are semi-arid rather
than arid, consequently the paddocks are much smaller, making it much more difficult to
estimate grazing pressure as a function of distance. The estimation of grazing pressure
from multi-temporal greenness data is based on the following theory. After a rainfall
event, typically associated with the wet season (December through to February) areas
that have been cleared of woody vegetation will green up rapidly and reach a maximum
greenness between 6 to 8§ weeks after the rainfall event, and then the greenness drops off
as the vegetation senesces/cures (Archer, 2004). In areas that are not subject to grazing
the vegetation cures at a certain rate, while in areas that are subject to grazing the
greenness tends to fall more quickly than other areas because the grazing pressure is
reducing the amount of green cover quicker than the curing process. The difference
between curing and heavy grazing is most noticeable 8 to 10 weeks after the end of the

growth period (i.e. after maximum greenness), as shown in Figure 5.9, and can be

Maximum greeness (t1)

‘

L

Maximum difference (t2)

NDVI

Ld
&

Rainfall Dry Season
Time

Figure 5.9 Theoretical greenness (NDVI) curves, green curve shows the NDVI
response of ungrazed grassland and red curve shows the NDVI response to heavy
grazing
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Figure 5.10 NDVI timeseries collected for areas subject to heavy and light grazing
(as observed in the fieldwork)

calculated using the slope of the line between t1 and t2.

As the dry season progressed, and the grass became fully senesced, the greenness
characteristics become increasingly similar. To assess whether the MODIS 16 day
composited NDVI timeseries could be used to identify grazing pressure, the following

steps were taken.

1. A subset of the land cover classification described in Section 5.2 was created
that contained the land cover classes of stubble, bare soil light, bare soil dark,

and grassland (all woody vegetation was excluded).

2. A further subset of that classification was taken so that only areas that were
larger than one MODIS pixel (250metres x 250 metres) were included, so that
any timeseries analysed represented areas that were devoid of woody

vegetation.

3. NDVI timeseries were collected for grazing areas near field sites (i.e. places
that had been visited during late 2002 where we could estimate grazing

pressure based on visual observations) as shown in Figure 5.10

Note the similarity between Figure 5.10 and the theoretical greenness curves described in
Figure 5.9. The time series for 2003 and 2004 shows the greatest similarity to the
theoretical curve, (2002 was a drought year, with no distinct wet season) Consequently

the 2002 data were not used to calculate the grazing pressure index (GPI).

To estimate grazing pressure using the NDVI time series the index described in Equation

(5.3) is proposed.

Pl= M (5.3)
NDVI,,
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By dividing the maximum greenness observed at tl (as shown in Figure 5.9) by the
greenness observed for the same location at t2 weeks later (typically 8 weeks later), it is

possible to estimate the drop in greenness over that period. For areas subject to heavy

grazing NDVI,, will be much smaller than NDVI,, resulting in a large positive value
for the GPI, whereas areas subject to light or no grazing will have NDVI,, that are only

slightly smaller than NDVI, resulting in a small positive value for the GPI. These

calculations are shown with corresponding NDVI timeseries in Figure 5.12. The GPI
was calculated for the 2 years of MODIS NDVI data when there was a wet season
followed by the curing/grazing (i.e. 2003 and 2004 but not 2002) and an average GPI

value calculated using the values for these two years.

So theoretically, any area that has a high GPI value has been subject to heavy grazing
every year for two years. The range of GPI values observed in the study area is shown as
a histogram in Figure 5.11, and high GPI values coincide with heavily grazed areas

observed during the fieldwork (conducted in late 2002).

A series of regions of interest (ROIs) were generated by thresholding the GPI values (1-
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Figure 5.12 NDVI? timeseries for areas with different GPI values.
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1.25, 1.25-1.5, 1.5-1.75, 1.75-2, 2-3, and the average time series for each region of

interest is shown in Figure 5.12 NDVI25F timeseries for areas with different GPI values.

There is only a weak negative correlation between GPI and the roughness of the ground
cover (Manning’s ns,) values observed in the field (high grazing pressure correlates with
low ground cover), but this is hardly surprising given the difference in the scale of
observation (i.e. field data collected every 5 linear metres as compared to a time series
collected for an area covering 62500 square metres). Clearly, additional data would be
needed to accurately characterise the relationship between GPI and ground cover over
time. However for the purposes of this thesis (calculating the sediment trapping index)
the GPI will be used as a crude estimate of grazing pressure. The GPI will be
thresholded, with areas having a GPL,, >1.75 classified as heavy grazing, and GPI<1.75
classified as light grazing. This threshold value of 1.75 was based on estimates of
grazing pressure made during the fieldwork i.e. sites classified as heavy grazing based on
the field data described in Chapter 4 typically had GPI values >1.75. The approach
described here is consistent with the theoretical relationship between grazing and
groundcover dynamics described in Pickup (1994), and the simple analysis (histogram
threshold of index results into two classes) technique is used because there are
insufficient data to rigourously test the multi-temporal estimates of grazing pressure. In
the future it would be desirable to validate this approach with additional stocking rate
data and data quantifying the change in ground cover over time prior to using this
information in a decision support capacity. An alternative means of estimating grazing
pressure would be to integrate the area under the line of the NDVI timeseries to estimate
the amount of biomass, and then identify areas that consistently had lower biomass,

although this could be confounded by the pasture growth potential of different soils.

5.3 Terrain Analysis
5.3.1. Introduction

Digital terrain analysis was used in this research to generate two classifications: a
classification of Strahler stream order, and a classification that separates the catchment
into floodplains, hillslopes and plateaus. The use of terrain analysis has a long history in
hydrology (Knighton; 1998). In terms of mapping riparian zones terrain analysis
provides a critical adjunct to remote sensing because, while remote sensing can provide a
classification of the conditions on the land surface, terrain analysis is required to place

that classification in a hydrological context.

One of the advantages of using terrain analysis is that it enables identification of low
order streams without riparian vegetation. These streams would be indistinguishable
from the surrounding landscape in satellite imagery, and identifying these streams is
essential for identifying the extent of the stream network that is without riparian

vegetation.
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Another advantage of the terrain analysis is that it can be used to identify floodplains.
Floodplains can be identified using hydraulic models, but many hydraulic models are
computationally intensive, and require extensive parameterisation to run accurately
(Pickup and Marks, 2001). The terrain analysis tool MrVBF described in Gallant and
Dowling (2003) enables the delineation of floodplains without the need to run hydraulic
models. Terrain analysis is an essential adjunct to remote sensing in riparian mapping
projects, because it places the riparian zones, and the vegetation observed in those zones
into a broader landscape context. This enables hydrologic and hydraulic channel
characteristics, such as flow duration, and channel dimensions to be approximated for the

whole channel network.

Two DEMs were used in this thesis because each DEM was suitable for different
purposes. The 25 metre DEM was generated by interpolating between spot heights and
contour lines. For more hilly areas that contain some relief, such DEMs are well suited
for identification of low order channels. However, the data available for low relief areas
such as floodplains are very sparse, for example if the contour map used to generate the
25 metre DEM had a 10 metre contour interval and the floodplain has a very low slope, it
can be many hundreds of metres or even kilometres between contour lines.
Consequently all the heights between these contour lines are estimated heights based on
whatever spline or kriging algorithm was used to interpolate between contour lines,
thereby making it difficult to estimate the true extent of the floodplain. The spaceborne
Shuttle Radar Topography Mission (SRTM) mission (Van Zyl, 2001) data on the other
hand provides a spot height measurement for every 90 x 90 metre pixel, and,
consequently the data about floodplain topography is much more dense. The 90 metre
SRTM (DEM) is used in this thesis to calculate the extent of floodplains in the study
area. The SRTM data was used in preference to the 25 metre data used to identify the
channel network because the SRTM data contained far more detailed information in low

relief and flat areas such as floodplains.

5.3.2. Channel Network Classification using a 25 metre
DEM

Introduction

The DEM used in this component of the study was a 25 metre DEM derived from spot
heights and contour lines (Queensland Department of Natural Resources Mines and
Energy, 2001). The 25 metre DEM was chosen because a high resolution DEM is
required to accurately identify the location of small 1% order streams that drain the
greatest proportion (%) of the landscape. Knowing the accurate location of these first
order streams is essential so that the land use and vegetation type adjacent to these low

order streams can be identified.

The digital elevation model was used to generate a channel network based on Strahler

stream order (seen previously in Figure 3.2), and this channel network was used to
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extrapolate channel dimensions (as described in Section 0) and hydrological parameters

(as described in Section 0) , both of which are required to calculate the RFIs.

A number of previous studies have examined the possibility of using DEMs to define
stream channel networks using flow accumulation algorithms (Martz and Garbrecht,
1992; Roth et al., 1996; Vogt et al., 2003). These studies propose a range of different
algorithms for defining the channel network, including the D8 algorithm (Martz and
Garbrecht, 1992) and D-infinity algorithm (Tarboton, 1997). The D-infinity algorithm
was used in this research because it provides better estimates of flow direction in low

relief areas (Tarboton, 1997).

The channel network defined by the D-infinity algorithm (with some manual adjustments
as described in below) was used to spatially extrapolate the parameters which were used
to calculate the BRI, DNI and SSI. One of the key advantages of using DEM derived
channel networks to calculate the RFIs was that it enabled the identification of low order
streams that had all of their riparian vegetation removed. These are often the areas at risk
of sediment inputs from the adjacent hillslopes, and identifying these areas wouldn’t be

possible without a DEM.

DEM processing

Prior to application of the flow accumulation algorithm the DEM was pit-filled using
RiverTools ™. Then the channel network was defined using a D-infinity flow algorithm
(Tarboton, 1997) within RiverTools ™. The criteria used for channel initiation was a
catchment area of 5km?. This area threshold was chosen based on visual comparisons
between the flow accumulation image and the ASTER imagery. The 5km’ threshold
coincided with the point at which many streams were visible within the imagery, usually

via the presence of riparian vegetation associated with those streams.

The channel network accurately predicted the location of stream channels in high relief
areas, but was ineffective in flat low relief areas such as floodplains. This phenomena
can lead to an underestimation of the amount of riparian vegetation immediately adjacent
to the channel, particularly for areas where the river formed an anastomosing channel
network as seen in Figure 5.13 (many of the higher order streams within the study area
anastomose extensively). To rectify this problem it was necessary to redigitize the
channel network to correspond with the channel networks observed in the ASTER

imagery, as seen in Figure 5.14.

This step was necessary in order to accurately assess the amount of riparian vegetation

adjacent to the channel network.
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Figure 5.13 Channel network derived using the D-infinity algorithm (all stream
orders are displayed as the same colour)

Figure 5.14 Channel network adjusted to match riparian zones observed in imagery.

As a consequence of the redigitizing, catchment area information was not available for
each link. Whilst it is possible to recalculate the catchment area for each redigitized link,
this is very time consuming, and can be very difficult for areas where the channel
anastomoses, and consequently was not performed for this research. There is potential
for future research in this area, particularly in relation to estimating channel geometry for
anastomosing systems (DeRose pers com 2004). Consequently Strahler stream order was
used as a surrogate for catchment area. Strahler stream order is an imperfect substitute
for catchment area, because depending on catchment shape, two streams of the same

Strahler order can have different catchment sizes.

Modification of Strahler stream ordering

The Strahler stream ordering system was originally designed to describe single channel
stream networks (Knighton; 1998) and does not adequately characterise anastomosing
river networks (Croke pers com 2005, DeRose pers com 2004). Whilst manually
digitizing the channel network it became apparent that a modified version of the Strahler
stream ordering system was required to represent the channel network encountered in the
study area. The main problem that needed to be addressed were small channels located
on the floodplains of high order streams, referred to as secondary and tertiary channels in

(Knighton and Nanson, 2002) description of the Coopers Creek anastomosing floodplain.
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These minor channels are important from both a pollutant transport point of view, and an
ecological point of view. They play an important role in sediment/pollutant transport
because they are closely coupled to the main channel, and will therefore have a high
sediment/pollutant delivery ratio to the receiving waters. They are also important from
an ecological point of view because they provide refugia for sections of the aquatic
ecosystem during flood events, and often support important stages in the life cycle of

various aquatic species as the floodwaters recede (Puckridge ef al., 1998).

Visual assessment of the satellite imagery shows that these channels are significantly
smaller than the main channel, and therefore are likely to have a different channel
geometry to their more dominant ‘parent’ channels. However because these channels are
located on the floodplain of high order streams, they are likely to have flow
characteristics similar to the high stage events of the main channel. In other words, these
smaller channels will start to flow when the main channel approaches and exceeds bank
full flow (Qbf).

To account for these small channels on the floodplains of high order streams the
following modification to the Strahler stream ordering system was developed. Streams
of Strahler order 3 or above were considered as potential candidates for having these
small channels (referred to as ‘D’ class channels hereafter). These ‘D’ class channels
form part of a broader sub-classification of Strahler stream order, which was also
developed in this thesis to describe anastomosing river systems. This sub-classification
is shown in Figure 5.15 which contains the conceptual diagram of each channel class (A-
D) and examples of each class from the study area. The sub-classes can be described as
follows: Class A, single channel, with or without associated floodplain, and with no
secondary channels; Class B, anastomosing channel network that forms when an Class A
channel splits into 2 or 3 channels of approximately even size, with no clear dominance;
Class C, single dominant channel with a floodplain (on which Class D channels are
located); and Class D, small channels located on the floodplain of a high order stream,
these channels separate from and reconnect to B or C class channels and are much

smaller than the dominant channel on that floodplain.

For the purposes of the this thesis, where the channel network is used to predict the
channel geometry and flow characteristics of any given channel in the stream network,
Classes A, B and C are treated as being identical. In other words a 4™ order stream will
be assigned the same channel dimensions and flow characteristics irrespective of whether

itis an A, B, or C class channel.
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Figure 5.15 Definition of sub-classes for higher order stream channels

This assumption will lead to local inaccuracies in channel geometry, but quantifying the
differences in channel geometry between A, B and C class channels for each stream
order would require considerably more channel cross section data than was available for

this research. This topic would provide an interesting avenue for future research,
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particularly if a methodology for assigning contributing catchment area to individual

links in an anastomosing channel network was developed in conjunction with this data.

D class channels will have smaller channel width and bank height parameters and will
have flow characteristics determined by the frequency of high stage events for their
parent channel. For the purposes of nomenclature D class channels are referred to as
SOD order so that a D class channel on the floodplain of a 3™ order stream is referred to
as a 3D order stream. Similarly D class channels on 4th, 5™ and 6™ order streams are
referred to as 4D, 5D, and 6D respectively. Due to a paucity of channel cross section
information for these D class channels, their dimensions are estimated as a function of

their ‘parent’ channel, as described by

CD =0.33CD

Where CDx ¢jass channel 1S the channel dimensions BH and CW for each channel class.

(5.4)

D class channel Parent C class channel *

Based on this the approximate dimensions of D class channels are shown in Table 5.5.
These dimensions are consistent with the limited data available for D class channels,
however additional data would be required to reliably predict the dimensions of these
channels. Consequently the SSI, which is particularly sensitive to channel geometry is
not calculated for these channels. The inclusion of these D class channels in the analysis
of riparian zone vegetation distribution and function is important because it is an
inclusive assessment of all littoral vegetation for each stream order, and will provide
important insight into human impacts on the littoral zones of small channels that are

closely coupled to high order streams.

The D class channels have the same bank full frequency as their parent channel, and will
cease to flow once the river stage of the parent channel falls below the bottom of the D
class channel. For example a 6C channel has a depth of 6 metres, and a 6D channel has a
depth of 1.7 metres, so the D class channel will cease to flow when the stage height of
the main channel falls below 4.3 (6-1.7) metres. Using this approach the NDNE,
parameter for the D class channels is listed in Table 5.6. To calculate unit stream power
() for D class channels new values of Qbf were calculated for each stream order. The
use of uniform channel geometry for C and D class channels does not reflect the natural
complexity of distributive and contributive floodplain channels, which may begin and
cease to flow at a range of stage heights, rather than one uniform stage height. High
spatial resolution digital elevation models, would be required to fully characterise the
hydrological connectivity of the main C class channel and the D class channels, but such

data is not typically available.

Table 5.5 The channel dimensions of D class streams
3D 4D 5D 6D
Channel Width (m) | 4.3 7.2 7.1 9.8
Bank Height (m) 0.6 0.8 1.0 1.7
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Table 5.6 The NDNE, of D class streams

Soil Depth (x) 3D 4D 5D 6D

0.25-Bank full 0.44 0.35 0.26 0.09
0.5-0.25 0.56 0.46 0.36 0.15
1-0.5 0.94 0.78 0.62 0.30
2-1 0 0 0 0.50

Consequently the approach used may be locally inaccurate in its description of how the
floodplain channels fill and drain during high stage events, which would lead to local
over and/or underestimates as the amount of denitrification occurring adjacent to D class
channels. However the approach is the designed to approximate the behaviour of these D
class channels, and will certainly identify where land cover / land use changes adjacent to
D class channels have lead to a decrease in the large woody debris production, bank

stabilisation and denitrification functions provided by woody riparian vegetation.

Calculating Qbf for D class channels

The bank full discharge (Q,,) for D class channels Oy was calculated using

CSA4
Q/ng = [C%;W] QbfPARENT (5~5)

where CSAp and CSApsrent are the cross sectional areas of the D class and parent

channel respectively, because the channel dimensions of the D class channels were

CSA,

calculated as a function of the parent channel, the [ ] term is the same value

SAPARENT
(0.11) for all stream orders. This is based on the assumption that both D class and the
parent channel have the same slope and the same roughness, and therefore the have the
same velocity, with differences in Q only due to differences in CSA. This is a crude
assumption because it ignores potential differences between the slope of the main
channel and the slope of smaller channels on the floodplain that may be distributive
(lower slope than the main channel) or shortcuts across the floodplain that are only active
at high stage (higher slope than the main channel). The BRI, 054, values calculated for
D class channels will be less accurate as a consequence of this assumption. If we assume
that the slope (S) for both the D and parent channels is the same then substituting the
values calculated using Equation (5.5) and the channel widths (CW) into Equation (4.16)
, then the value for each D class channel are the values shown in Table 5.7. For the
purposes of this thesis it is assumed that waterholes are more likely to form in the main
channel rather than the D class channels. Consequently the Pwh parameter is not

calculated for D class channels.

Table 5.7 The unit stream power () of D class streams
3D 4D 5D 6D

Unit stream power (o) (Wm) 12.5 8.8 4.8 6.0
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5.3.3. Landscape Classification Using Space Shuttle
Radar Topography Mission (SRTM) data

DEM processing

Digital elevation models (DEMs) are grids where the value of each grid cell represents
the height at that location (Bolstad; 2003). DEMs can take two forms a digital surface
model (DSM) that contains non-terrain features such as trees, buildings, bridges and
other structures. Digital terrain models DTMs (also referred to as ‘bare earth” DEMs) on
the other hand contain only terrain information, without the non-terrain features. The
SRTM product is a digital surface model (DSM) rather than a digital terrain model
(DTM). This is an important distinction in the context of this research because the 90m
SRTM contains vegetation height information for dense riparian vegetation that creates
‘ridges’ adjacent to river channel as shown in Figure 5.16 on the following page. These
artefacts exist because the radar signal is reflected by the woody structures within the
tree, rather than the ground surface (Kellndorfer ef al., 2004). When the multiresolution
valley bottom flatness algorithm (Gallant and Dowling, 2003) is applied to the SRTM
DSM the ‘ridges’ generated by the riparian vegetation create artefacts in the middle of
the floodplain as shown in Figure 5.17. It is possible to convert a DSM to a DTM if the
vegetation height (and the height of other non-terrain objects) is known for all points
within the study area. Such data was not available for the study area, so the following
approach was taken. A gamma filter as described in (Lopes et al., 1993) was applied
using a large window size (9x9) to remove the radar speckle and to remove the small
linear features such as the riparian vegetation ‘ridges’.  The gamma filter was chosen
because it is a filter designed to remove high frequency speckle from radar data, without
removing the detail of high frequency edges (i.e. the edges of the floodplain) (Lopes et
al., 1993). The multi-resolution valley bottom flatness (MrVBF) algorithm described in
Gallant and Dowling (2003) was chosen for this research because it is simple to use and
was effective in identifying the landscape units required to analyse the RFIs. The
MrVBEF algorithm was then applied to the gamma filtered SRTM data and the results are

shown in Figure 5.18.

It is interesting to note that the channel anastomosis described in the previous section
occurred exclusively on floodplains identified by MrVBF. This is consistent with the
fluvial geomorphology associated with anastomosis (Knighton, 1999; Church, 2002), but

provides an interesting proof of concept.

A MrVBEF threshold of 2.5 was used to identify floodplains in the study area. This value
corresponds to slopes less than 2% when calculated for a 90 metre DEM. This threshold
identified floodplain areas adjacent to high order channels within the study area as shown

in Figure 5.19.
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Figure 5.18 MrVBF values from gamma filtered SRTM data
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For the largest rivers (6™ order channels on the Nogoa and Comet rivers) the channels
were large enough to be detected by the radar data (the channels are less than 90 metres
wide, but the channel geometry has different radar reflectance characteristics to the
surrounding floodplain. As a consequence, the MrVBF algorithm calculates a value less
than 2.5 because the overall slope within the channel pixel may be greater than 1. Areas
where this phenomena occurred were easy to identify as they occur in the middle of the
floodplain on high order streams. For the purposes of identifying floodplain vegetation
those areas in the middle of the floodplain with MrVBF values less than 2.5 were
included in the floodplain. The criteria for identifying these areas was that they were
surrounded by values greater than 2.5 and were located on the floodplain of a high order
stream. These criteria were also used to remove any residual vegetation effects that had

not been removed by the gamma filter.

The MrVBF results were used to divide the landscape into two broad categories: 1.
slopes >2% and 2. plains (slopes <2%). The MrVBF threshold value used to identify
slopes and plains was 2.5. This value was chosen based on a visual comparison of the
channel network and the MrVBF results, and a visual comparison of a soil GIS (Story et
al., 1967) with the MrVBF results. The Multi-resolution ridge-top flatness (MrRTF)
component of the algorithms described in Gallant and Dowling (2003) was not used, as

there were no flat ridgetops contained within the study area.

This analysis was done to identify areas where hillslopes drained directly into riparian
zones. This area is referred to as the ‘coupled region’ by Church (2002) indicating that
the hillslopes are closely coupled to the channels. It is in these locations that shallow
overland flow generated on the hillslope would pass through the riparian zone on its way
to the stream. The depositional areas on the other hand are referred to by (Church, 2002)
as the uncoupled zone, reflecting the fact that depositional areas of alluvium between the
base of the hillslope and the channel have effectively decoupled the hillslope and the
channel. It is in these depositional areas that floodplains and regional groundwater
systems are likely to form. The identification of floodplains and hillslopes is important

in calculating and analysing the results of the RFIs.

The results of the landscape segmentation are shown Figure 5.19. The areas identified
using the MrVBF threshold are low slope areas made up of alluvial material. These areas
may flood very infrequently, if ever, under the current climatic regime, so the term
floodplain may be a little misleading. The implications of using this definition of a

floodplain are discussed in the context of each index in Section 5.5.
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Figure 5.19 Raw MrVBF results for the study area and thresholded MrVBF
showing channel network

5.4 Multi-Source Data Classification

To generate the GIS layer used to calculate the RFIs the following layers were combined:
the land cover classification generated from the ASTER imagery (Section 5.2); the
stream order classification (Section 5.3.2); the grazing pressure classification (Section
5.2.3); and the landscape classification (Section 5.3.3). This process was performed

using eCognition ™ and involved the following steps:
1. Separating riparian vegetation and land cover from the rest of the landscape;

2. Identifying riparian zones that were located on hillslopes and those that were

located on floodplains or depositional areas;

3. Classifying littoral (channel adjacent) stands of vegetation based on the stream

order they were adjacent to; and

4. Classifying stands of littoral vegetation that were located on hillslopes based on

whether they were adjacent to cropping, light grazing or heavy grazing.

To understand how these steps were undertaken requires a brief description of how
eCognition classifies polygons. The polygons are generated as part of the image
segmentation process as described in Section 5.2. These polygons can then be used to
calculate statistics from other layers (which may differ in resolution to the 15 metre data
used to generate the polygons). For example if a polygon that represents a stand of
woodland vegetation is overlaid on top of the output of the MrVBF algorithm, then
despite the fact that the MrVBF algorithm was calculated from 90 metre SRTM data, it is
still possible to calculate minimum, maximum, mean and standard deviation of MrVBF

values within that polygon. Polygons can also be classified based on their neighbouring
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polygons. For example the stand of woodland vegetation considered in the previous
example can be classified based on the fact that it is adjacent to a stream channel, so
rather than just being a woodland polygon, this polygon can now be classified as
channel-adjacent woodland. If the adjacent channel was a 3™ order stream, then the
polygon would be classified as floodplain woodland adjacent to a 3™ order stream.
These polygon statistics, and adjacency rules were used to perform steps 1 through to 4

listed above.

The riparian zone was separated from the rest of the landscape by identifying every
channel adjacent polygon, which are riparian by definition. In addition to this polygons
that had a mean MrVBF value greater than 2.5 were classified as floodplain polygons,
and were therefore included in the riparian class. All polygons that did not fit into either
of the above categories were considered not to be riparian and were omitted from all
further analysis. The distribution of riparian and not-riparian polygons is shown inFigure
5.20.

The riparian class shown in Figure 5.21was broken into 3 subclasses riparian zones
located on hillslopes (polygon mean MrVBF <2.5) hereafter referred to as ‘hillslope
littoral’, littoral zones on the floodplain (polygon mean MrVBF>2.5, and adjacent to the
channel network) hereafter referred to as floodplain littoral and non-littoral floodplain
vegetation (polygon mean MrVBF>2.5, and not adjacent to the channel network),

hereafter simply referred to as floodplain. See Figure 5.21 for an example of each.

The hillslope littoral, and floodplain littoral classes shown in Figure 5.21 (in other words
every stand of vegetation that was adjacent to the channel network), was then classified
according the Strahler stream order of the adjacent channel. Stands of woody vegetation
that fell into the hillslope littoral class shown in Figure 5.21, were classified based on

their adjacent land use. So, if a stand of woodland located on a hillslope adjacent to a 1*

Figure 5.20 Riparian polygons shown in blue (white object is Fairbairn
reservoir)



5-30 Spatial Distribution of Riparian Parameters

i Floodplain Litkoral
(O Hillslope Litkoral

@ Floodplain

Figure 5.21 Distribution of floodplains
and littoral zones

order stream was surrounded by heavy grazing, it was assumed that ground cover
beneath the stand of woodland would also be subject to heavy grazing. This
classification assumes that the groundcover beneath the woody vegetation canopy can be
estimated based on the intensity of the grazing surrounding that stand of vegetation (as

discussed previously in Section 4.2.

The final classification included all of the above steps so that all polygons in the image
were classified into riparian or non riparian, hillslope or floodplain, adjacent to stream
order X or not channel adjacent, and each channel adjacent polygon on a hillslope was
classified according to grazing pressure. This classification was then used to calculate

the RFIs.

5.5 Generation of Riparian Function Index Maps
Each RFI was calculated for the area in the landscape where the function that the RFI

represents is likely to be important. For example, the stream shading index was only
calculated for floodplain littoral vegetation on the main channel of higher order streams,
because it is these sections of the channel network that support aquatic life. In other
words, the SSI value of a stand of vegetation adjacent to a 1% order stream is irrelevant
because these channels only flow during rainfall events, and consequently stands of
vegetation adjacent to these channels do not provide shade for the aquatic ecosystem
(they do however provide other important functions). The portion of the riparian zone
used to calculate each RFI is detailed in the following Sections 5.5.1 through to Section

5.5.5.
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5.5.1. Areas Used to Calculate the Sediment Trapping
Index

The sediment trapping index (STI) was only calculated for all hillslope littoral polygons.
The STI was calculated for these areas, because the hillslopes drain through these areas
directly into the stream channel. Consequently the hillslope and the channel are closely
coupled. In such areas, the presence of ground cover in the riparian zone will act to
reduce velocity of shallow overland flow, thereby reducing its sediment transport
capacity. In this setting, the sediment transport equations of Hairsine and Rose (2002)
are applicable, thereby satisfying many of the assumptions made in calculating the STI
(as discussed in Section 2.2). The vegetation and land use classification used to calculate
the STI is shown in Figure 5.22. The red areas represent arecas where bare soil (either

light or dark) or crops are present in littoral hillslope polygons.

. Trapping Hillslope Runaff

+ @ Hilslope Closed Forest
+- @@ Hilslope Open Forest
#-{D0 Hillslope Woodland

() Hillslope Open Woodland
(7 Hillslope Littoral Grassland
(T Hillslope Littoral Stubble
@ Mot Trapping HS Runcff

i+ - Bare Littoral Mext 2 HS
[+-{Z3 Floodplain

@ Mot ripatian

5.22 Riparian vegetation and land cover
classification of hillslopes used to calculated STI
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5.5.2. Areas Used to Calculate the Bank Reinforcement
Index

The bank reinforcement index (BRI) is calculated for all channel adjacent polygons in
the study area. The BRI is calculated for these riparian zones because bank erosion
processes will be present throughout the catchment, and the presence or absence of
woody vegetation on the stream bank may determine whether bank erosion takes place or
not. The vegetation and land cover in this area is shown in Figure 5.23. The red areas

represent all littoral zones (both hillslope and floodplain) that lack woody vegetation.

@ Mot Reinforcing Banks
=@ Littoral Zone Mo Veq
@ Floodplains

= @@ Woody Vegetation

() Hilslope Open Woodland

& () Littoral FP Open Woodiand
=D Littoral FP Woodland

= () Hilslope Woodiand

=@ Hillslope Open Farest

= @@ Littoral Floodplain Open Forest
= @@ Hilslops Closed Forest

@ Littoral Floodplain Closed Forest

5.23 Riparian vegetation and landcover classification used
to calculate BRI
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5.5.3. Areas Used to Calculate the Denitrification Index

The denitrification index (DNI) is calculated for floodplain littoral polygons adjacent to
2nd to 6th order streams (including D class channels). The DNI is calculated for these
areas, because it is in these areas where the conditions required for denitrification,
namely, the root zone of the vegetation remaining saturated for more than 48 hours, are
likely to be met. The vegetation and land use on the floodplain and the floodplain littoral
zones is shown in Figure 5.24. The riparian zones of 1 order streams and higher order
streams that are not located on floodplains are not included in the calculation of DNI
because water is unlikely to remain in the root zone of these areas long enough for
denitrification to occur. It is worth noting that nitrogen sources that were located in
riparian zones (but not on floodplains) are included in the potential N sources class

shown in Figure 5.24.

= @ Bare Sol Dark
(D) Bare Sol Light

[+ Vegetation but no DN

@ on

#-¢C) Not woody vegetation

+- @@ Littoral Floodplsin Closed Forest

[+ @@ Littoral Floodplsin Open Forest

-4 Litteral FP woodland

() Littoral FP Open Woodland

5.24 Riparian vegetation and land cover classification
used to calculate DNI
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5.5.4. Areas Used to Calculate the Stream Shading Index

The stream shading index (SSI) was calculated for floodplain littoral polygons adjacent
to the main channel (excluding D class channels) of 3™ to 6™ order streams. The
vegetation in these areas is shown in Figure 5.25. The SSI is calculated for these areas,
because it is in these areas that waterholes are likely to form during the dry season, and
consequently the shading of these refugia for the aquatic ecosystem during dry periods is
of great importance. During periods of higher flow the volume of water moving through
the system will reduce the impact of solar radiation on water temperature (Poole and
Berman, 2001). However under these higher flow conditions the velocity refuge and
breeding habitat provided by LWD becomes more important. The areas shown in red
represent floodplain littoral zones adjacent to higher order streams that are devoid of

woody vegetation.
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5.25 Riparian vegetation and land cover classification used
to calculate SSI
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5.5.5. Areas Used to Calculate the Large Woody Debris
Index

The large woody debris index (LWDI) is calculated for floodplain and hillslope littoral
polygons adjacent to 3 to 6™ order streams (including D class channels). The land cover
and vegetation in these areas is shown in Figure 5.26. During flood events, water will fill
both the main and D class channels of higher order streams, and LWD in these channels
will provide a range of ecosystem services to fish species moving through the channel
network during these times. The 1% and 2™ order streams were omitted from this
analysis because they generally only flow during rainfall events and consequently don’t
contain water long enough to support aquatic life. It is possible that LWD entering the
stream network in low order streams could be transported into higher order streams.
However LWD transport is not considered to be a major process in the study area due to
the combination of dense wood (which is less prone to transport because it doesn’t float

as well) and relatively low stream power.
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- Aguatic LwD
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5.26 Riparian vegetation and land cover
classification used to calculate LWD
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5.6 Chapter Summary

This chapter describes the remote sensing and terrain analysis techniques that were used
to spatially extrapolate the parameters described in Chapter 4. These parameters are
required to calculate the riparian function indices (RFIs) developed in Chapter 2. The

following classifications were generated from remote sensing data:

1. ASTER (multi-spectral 15 metre pixel) satellite imagery was used to generate
a map vegetation structure and land cover which was used to extrapolate

parameters listed in Table 2.2; and

2. MODIS (multi-temporal 16 day composite 250 metre pix) satellite imagery
was used to estimate grazing pressure and thereby estimate the Manning’s nsy

parameter used to calculate the STI.

These two maps were generated using an image segmentation package that enabled the
identification of stands of riparian vegetation (rather than classifying individual pixels),
and better discrimination of grazing and cropping land uses. The classification accuracy
for the vegetation map was 94%. The implications of the classification errors on the

index reliability are discussed in Chapter 6.
Terrain analysis was used in this chapter to define two classifications:

1. A channel network map was used to extrapolate channel geometry parameters,
bank height and channel width, and the NDNEXx values (used to calculate the

denitrification index) and;

2. A landscape classification that was used to identify hillslopes and floodplains

within the study area.

These four classifications were combined to generate a detailed classification of every
polygon within the riparian zone, and this classification, in combination with the
parameters described in Chapter 4 were used to calculate the RFIs as described in

Chapter 6.
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Chapter 6 Calculation and Results of Riparian
Function Indices

6.1 Introduction

This chapter computes the riparian function indices (RFIs) described in Chapter 2 using
the parameters (Chapter 4) predicted by the classifications (Chapter 5). The following

results are presented for each index.

1. A table showing the RFI,,, value for each vegetation/land cover class and

stream order combination.

2. A map of the RFI,,, for the whole study area.

3. A summary of RFI,,, values for each stream order on a percentage basis.
4. A summary of RFIy,, values on a hectare basis.
5. A table showing how RFI,qpa values were distributed (i.e. which stream order

and vegetation class combination yielded the highest RF,jqpa value).
6. A summary of RFly, values for each stream order on a percentage basis.
7. A summary of RFIyq, values for each stream order on a hectare basis.

The RFIj,, values describe changes in riparian functions at a local scale. In other words,
the amount of a given function (for example stream shading) provided by the existing
vegetation is compared with the amount of that function provided by the vegetation at
that same location prior to European settlement. RFIj,, values of 1 indicate that the
current vegetation structure is the same as pre-settlement, and index values of zero
indicate that all riparian vegetation has been removed. In the case of SSI and LWDI an
RFIj,ca value of zero indicates that all woody vegetation has been removed, whereas for
BRI, DNI and STI, an RFI, value of zero indicates an area where all riparian
vegetation, both woody and non-woody, has been removed (i.e. there is only bare soil or

cropping immediately adjacent to the channel).

The RFIj,, represents a ‘restoration’ index insofar as all areas within the stream network
could be restored to a value of one. As mentioned earlier in Chapter 3, it is assumed for
the purposes of this thesis that, prior to European settlement, woodland was present on all
floodplains and in the littoral zones of low (1*' to 3™ order streams) and minor floodplain
channels (3D-6D) channels. The vegetation in the littoral zone of higher order (4"
through to 6™) streams is assumed to have been open forest. This vegetation distribution
is based on the description of riparian vegetation and land units contained in Gunn et al.

(1967) and Story et al. (1967).

The RFIgpa values, on the other hand, compare the function current riparian vegetation
at a given location with the maximum amount of that function performed anywhere

within the study area at the present time. This enables a stand of woodland providing
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shade to a 5™ order stream to be compared with a stand of closed forest providing shade
to a 4™ order stream, because the combination of canopy geometry, PFC and channel
geometry mean that closed forest adjacent to a 4" order channel blocks more sunlight
from reaching the channel than any other vegetation and channel geometry combination.
Consequently, the RFIg . values can be seen as a ‘prioritization’ index because values
of 1 or close to 1 identify areas where the existing riparian vegetation is important for
performing that particular function, and values of zero (particularly if they occur on the
same stream order that yields a value of 1) indicate areas that are of high priority in terms
of restoring that particular function. Note that STIy. values were not calculated
because the sediment trapping capacity of the riparian zone is not a function of stream
order (it is however, only calculated for littoral zones located on hillslopes, a scenario

which occurs predominantly on lower order streams).

There is a brief discussion of each of these results identifying the key findings for each

index, a more detailed discussion of the indices themselves is contained in Chapter 7.

6.2 Sediment Trapping Index

The STI was calculated using the average nsy,; values for each land use as described in
Section 4.2 and ns) reference value used was the highest average nsy observed at any site
during the fieldwork. These values were entered in the STI formula (Equation (2.8)) and
calculated for the hillslope littoral zones as shown in Figure 5.22. The range of STI
values for each land use are shown in Table 6.1, and the results of the STI calculation are

shown in Figure 6.1.

Figure 6.1 shows a number of interesting features. The areas of bare soil (red) adjacent
to the channel appear in the cropping areas within the image, and associated with heavy
grazing (yellow). Catchment management strategies such as riparian fencing, lower
stocking rates, or the installation of grass filter strips should be targeted at the red
(highest priority) and yellow (high priority) areas to reduce the amount of sediment being
delivered to the stream. Detailed STI results for an area in the top left of Figure 6.1 are

shown in Figure 6.2 and Figure 6.3.

Table 6.1 STI values for each land use.

Land Use STI
Cropping and Light | 0.7
Grazing

Heavy Grazing 0.5
Bare Soil 0.3
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Figure 6.1 A map of the sediment trapping index for a section of the study area
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Figure 6.3 Detailed STI results
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The results shown in Figure 6.1 were analysed by assessing the STI values within 15
metres either side of the stream network. These results were then sorted according to
stream order as shown in Figure 6.5. The proportion of littoral zones located on
hillslopes (i.e where the STI is calculated) is shown in Figure 6.4. As expected, the
hillslope littoral zones form the majority of littoral zones adjacent to 1% order streams,
and form an increasingly small proportion of littoral zones with increasing stream order.
It is also interesting to note that the D class channels have a very low proportion (13%)
of hillslope littoral zones, reflecting the fact that these channels are formed on
floodplains and would only have hillslope littoral zones if the channels were located at

the very edge of the floodplain.
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Figure 6.4 Proportion of hillslope littoral zones
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Figure 6.5 STI values for the littoral zones located on hillslopes
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The results shown in Figure 6.5 indicate that there is bare soil in the littoral zones located
on hillslopes for between 5 and 10% of the channel network across all channels, and
between 3 to 15% of these zones are subject to heavy grazing These areas have the
potential to deliver large amounts of sediment to the stream network during erosion
events, and the areas adjacent to high order streams are of particular concern because
these portions of the channel network will have a higher sediment delivery ratio to the
receiving waters than lower order streams . Taking area into account in this analysis
Figure 6.6, which indicates that over 1000 hectares of hillslope littoral zones on 1* order
streams contain either bare soil or are subject to heavy grazing, thereby substantially
reducing there capacity to trap sediment being carried by shallow overland flow. The
same conditions exist next to 502 hectares of 2" order streams and 156 hectares of third
order streams, and it is these areas that would be of highest priority in terms of reducing
the amount of sediment being delivered to the Great Barrier Reef. The management

scenarios that could be applied to these areas are detailed in Chapter 7

Assumptions made in calculating the index

The assumptions made in extrapolating the parameters to calculate this index are
described in Section 4.2 Additional assumptions made in calculating this index are as
follows. That the area within 15 metres either side of the channel contains any riparian
zone buffer. That all riparian buffer strips in the area are in excess of 15 metres in width.
There may be riparian buffers that are less than 15 metres wide within the study area, and
these areas would not be detected based on the spatial resolution of the ASTER data,
however this limitation is not of great concern because less than 15 metres in width are
likely to be ineffective in trapping sediment in a tropical rainfall environment

(McKergow et al., 2005). Furthermore, a number of landholders within the study area
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Figure 6.6 ST values in terms of hectares of littoral zone.
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have adopted the practice of using grassed waterways, and the ASTER imagery can

readily identify these features as seen previously in Figure 3.4.

Index Reliability

The STI is useful at a number of levels. At the most basic level the terrain analysis
identifies hillslope areas within the catchment. These are the areas where hillslopes are
closely coupled to the stream network (Church, 2002), and consequently, it is in these
areas where riparian buffer strips will function as filters to hillslope generated runoff.
The index is very reliable at this level, because the MrVBF algorithm (Gallant and
Dowling, 2003) used to identify hillslope areas is relatively simple and robust.

By identifying areas of bare soil adjacent to the channel network in these hillslope areas
the index further identifies potential sediment transport ‘hotspots’. The index is reliable
at this level because bare soil provides a unique spectral signature that can be
discriminated from other land uses. However the proportion of bare soil (channel
adjacent or otherwise) in a scene will depend on the image acquisition time relative to the
cropping cycle. Imagery collected after an extended dry period would give the best

estimate as to the maximum amount of bare soil within the catchment.

The index values calculated using the ground cover levels associated with different land
uses are useful in that they identify the impact of land use on sediment transport
potential. The grazing pressure index, calculated from MODIS NDVI data has been used
to discriminate between heavy grazing and the cropping and grazing land use. This is an
experimental index, and would require additional fieldwork to establish whether this
technique is reliable in terms of identifying describing grazing pressure. The STI does
not discriminate between cropping and grazing in terms of buffer efficiency. This is due
to the fact that cover levels measured adjacent to each land use were very similar, which
in turn may be due to the practice of subjecting cropping areas to light grazing after crops

have been harvested (Carroll pers com 2003)

Another point worth considering is the difficulty associated in discriminating grassed
waterways/buffer strips from dense stubble (both have the same spectral signature).
Identifying all the grassed waterways throughout the study area would be possible, if a
series of dry season images were analysed to identify persistent areas of stubble (i.e.
areas that were not subject to cropping and/or periods of bare soil). However such
analysis is beyond the scope of this thesis.  Discrimination between grass
waterways/buffer strips and stubble would provide information about the potential extent

of bare soil adjacent to the channel after harvest.



6-8 Calculation and Results of Riparian Function Indices

6.3 Bank Reinforcement Index

The bank reinforcement index (BRI) is calculated for every polygon (both vegetation and
non-vegetation) adjacent to the channel (i.e. all littoral zones) throughout the stream
network for both floodplain and hillslope littoral zones. This is done by entering the A
values described in Section 4.3.4 into the BRI formula (Equation (2.18) The range of
BRI values calculated for the study area are shown in Table 6.2 The BRI, results is
shown in Figure 6.7. Note that for the purposes of display and analysis the BRI,y

values have been aggregated accorded to the cell colours shown in Table 6.2.

The areas shown as red in Figure 6.7 represent areas with no riparian vegetation. Stream
banks in these areas are more likely to be unstable due to the absence of reinforcement
provided by riparian vegetation (both woody and non-woody). Areas shown in orange
indicate areas where grassland or stubble is present next to the channel. These areas have
undergone a large decrease in the amount of bank reinforcement, and may be prone to
bank erosion, based on observations in the field that non-woody vegetation did not
provide adequate reinforcement to the banks 2" order streams to prevent bank erosion, as
shown in Figure 6.8. Consequently littoral zones of 2" order or higher streams that have
undergone a large decrease in the amount of reinforcement and are therefore likely to
contain unstable banks in areas where the shallow rooting habit of the grasses does not
stabilize higher banks (Figure 6.8). The riparian zones shown in yellow represent areas
where forest or woodland have been replaced by open woodland, and the relatively low
number of trees per hectare predicted for these areas means that there may be sections of

the stream that are not reinforced by woody riparian vegetation.

The areas shown in lime green represent littoral zones on high order streams that
currently contain woodland, and which would have supported open forest prior to
settlement. These areas have undergone a slight decrease in the amount of bank
reinforcement. Areas shown as dark green contain the same riparian vegetation now as
they would have prior to European settlement, and are likely to have stable banks due to

substantial reinforcement by riparian vegetation.

Table 6.2 BRI .4 Values for every vegetation type adjacent to different stream
orders

Closed Forest
Open Forest
Woodland
Open
Woodland
No  woody | 0.1
veg
Bare soil

0.1 0.1 0.1
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BRI value (change

in amount of bank
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0.3-0.4 (Moderate
decrease)

0.1 (Large decrease)

Figure 6.7 A map of the bank reinforcement index (BRI) for
the study area.

Figure 6.8 A and B showing bank reinforcement by woody vegetation and an
unstable bank with grasses at the same location on a 2" order stream
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Figure 6.9 BRI,y values for each stream order

There area number of interesting features to Figure 6.9. Over 25% of 1%, 2™, 3" and 4"
order streams are without any reinforcement due to woody vegetation, and for the 2", 3
and 4™ order streams in particular, these areas will be prone to bank erosion. It is also
worth noting that over 50% of 3" 4™ and 5™ order D class channels have undergone a

moderate or greater decrease in the amount of bank reinforcement.

Bank erosion in these D class channels is of particular concern because they are more
closely coupled to high order streams, and therefore have a higher potential sediment
delivery ratio. The proportion of the stream network that lacks any reinforcement
(shown as red in Figure 6.9) is over 10% for 1% -5" order streams and nearly 20% of 3™
and 4™ order streams, all of these areas will be highly prone to bank erosion. Plotting
these results on a per hectare basis Figure 6.10 gives an indication as to the amount of

stream restoration that would be required to improve bank stability within the study area.
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@ Slight Decrease (0.7)
@ Complete Reinforcement (1+)
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1000 A

1st 2nd 3rd 4th 5th 6th 3D 4D 5D 6D
Stream Order (Strahler)

Figure 6.10 BRI,y values for each hectare of littoral zone in the study area sorted
by stream order.
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There are 917 hectares of 1st order stream littoral zones that lack any reinforcement
whatsoever, and a further 1988 hectares that are reinforced by grass only. There are
stream banks that lack any reinforcement, and are therefore prone to erosion along 427
hectares of 2nd order streams, 631 hectares of 3rd order streams and 347 hectares of 4th
order streams. The two highest stream orders have predominantly stable banks with only
50 hectares adjacent to 5th order streams and 56 hectares adjacent to 6th order channels
lacking any reinforcement by woody vegetation. It is interesting to note that the D class
channels adjacent to higher order streams all have over 100 hectares that lack

reinforcement by woody vegetation.

Based on the results shown in Figure 6.10 there are large portions of the stream network
that are prone to bank erosion due to the removal of woody vegetation. However the
resources required to remediate all of these riparian zones simultaneously are unlikely to
be available at one time. Consequently there is a need to identify priority areas, i.e. those
areas where bank erosion is most likely to occur. To identify these areas, the A parameter
used to calculate BRI, was incorporated into an existing bank erosion model (as

described in Section 2.3 to calculate the BRIgjopa1.

Range of BRlgonal Values

The abbreviations used in Table 6.3 are as follows: D, M, S and V stand for closed forest,
open forest, woodland and open woodland respectively; FP and HS refer to floodplain
and hillslope littoral zones; NRWV stands for no riparian woody vegetation and NRV
stands for no riparian vegetation. The BRIglobal value for floodplain littoral zones are
shown in Table 6.3. The BRIyopa values shown in Figure 6.11 were calculated using
Equation (2.20), which takes the basic form of 1-(normalized bank erosion term). So

values close to zero indicate the scenario where bank erosion was most likely to occur.

Table 6.3 BRIgqpa Values for each vegetation/landcover and stream order

combination
BRI global Ist pnd Brd BD Wth WD [sth 5D Joth 6D
D FP 1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00
D HS 1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [r.00 [r.00 [1.00
M FP 1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00
M HS 1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00 [1.00
S FP 1.00 [1.00 [1.00 [1.00 [0.90 [1.00 ]0.88 [1.00 0.96 [1.00
S HS 1.00 [1.00 [1.00 [1.00 [0.95 [1.00 ]0.94 [1.00 ]0.98 [1.00
V FP 0.38 1049 0.67 .78 J0.85 [0.86 [0.82 J0.91 [0.93 J0.94
V HS 0.69 075 0.84 0.89 0.92 0.93 0.91 [0.95 [0.97 [0.97
NRWV FP 0.17 033 0.56 0.71 0.82 [0.81 [0.79 [0.88 [0.92 ]0.91
NRWV HS 0.59 0.66 0.78 0.86 0.91 [0.91 [0.90 [0.94 [0.96 [0.96
NRV FP Ho.w 0.47 0.65 0.82 0.78 0.79 [0.85 [0.92 [0.90
NRV HS 050 1059 1074 10.82 1091 10.89 0.R9 10.92 1096 1095
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The BRIypa are strongly influenced by the unit stream power term Power in Equation

(2.20), and values calculated for this term are shown in Figure 6.12.

The highest unit stream power occurred on 1% order streams, which is consistent with the
peak in unit stream power close to the start of the channel network as described in
Knighton (1999). So the lowest BRIy value (i.e. the area where bank erosion is most
likely to occur) was calculated for a 1% order stream located on a floodplain with no bank
reinforcement whatsoever (i.e with bare soil forming the stream bank). and there is less

potential for bank erosion on higher order streams owing to their lower unit stream

—+—Closed Forest
—=— Open Forest
—+—Woodland
Open Woodland
No woody RV
——No RV

BRIglobal

1st 2nd 3rd 4th 5th 6th
Stream Order (Strahler)

Figure 6.11 BRIgqha Values for each vegetation type and floodplain littoral zones
with and without grass/stubble

Unit Stream Power (W/m?)

1st 2nd 3rd 4th 5th 6th 3D 4D 5D 6D
Stream Order (Strahler)

Figure 6.12 Unit stream power for each stream order
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power.

A map of the BRI, is presented in Figure 6.13. The map highlights in red a number of
specific locations that are at highest risk of bank erosion, such as location A and the other
red areas in the zoomed location. These red areas and other red areas within the study
area are the locations most in need of riparian fencing and restoration to prevent further
bank erosion. So the BRIy, quantifies how much bank reinforcement has changed since
presettlement, whereas the BRIlyq, identifies specific locations that are at greatest risk
of bank erosion. Consequently the BRIlocal can be used for long term goal setting,
whereas the BRIglobal provides specific information for the prioritisation of more

immediate projects.

@0

@ o
O 0304
@071
9!

Figure 6.13 A map of BRI With a detailed example showing priority areas for bank
stabilization
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Figure 6.14BRlgjopa Values

It is interesting to note that the presence of any woody vegetation dramatically reduces
the potential for bank erosion, emphasizing the importance of having woody vegetation
of any structural class adjacent to lower order streams. Some care needs to taken in
interpreting the results shown in Figure 6.11 because the index does not account for the
destabilizing influences of cattle on stream banks (Belsky ef al., 1999). So there may be
littoral zones adjacent to high order streams that are at risk of bank erosion due to cattle
activity which are not identified by the BRIy The Floodplain Factor term in
Equation (2.20) was set to 0.5 based on the assumption that bank erosion is twice as

likely to occur in alluvial soils than in bedrock constrained channels.

The BRlIepq index indicates that over 25% of 1" and 2™ order streams fall into the two
highest risk categories, and 5% of 3™ order streams fall into the high risk category.
These are the areas that would be of the high priority for remedial action, in particular the
4% of 1% order streams that fall into the very high risk category. Looking at these results
on an area basis (Figure 6.15) shows that the highest risk category occurs in 314 hectares
of 1* order stream littoral zones, and it is these areas that would be of the highest

priority, in terms of reducing the amount of bank erosion.

Assumptions made in calculating the index

One of the assumptions made in calculating this index is that open forest is the climax
vegetation for all streams 4™ order or higher. This is based on the descriptions of the
channel land units in Gunn ez al. (1977). If there are sections of 4™ — 6™ order streams
where the remnant native vegetation is woodland then this index will underestimate
(BRIjpca; = 0.8 (slight decrease) as opposed to BRI, = 1 (complete reinforcement)) the
amount of reinforcement provided by the woodland. This scenario (woodland adjacent

to higher order streams with a BRI of 0.8) occurs in a significant proportion of the
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riparian zone approximately 40% of all 4™ order streams and 70% of all 5™ order
streams). These errors don’t influence the BRIyqpa results because both woodland and

open forest fall into the low risk or no erosion classes for the high order streams.

Index Reliability

At the most basic level the index can reliably identify areas with no woody riparian
vegetation as distinct from those with woody vegetation (BRI ,.,=0 rather than BRI,y
>0). This is useful as a ‘first cut’ tool for identifying areas of the stream network without
any bank reinforcement due to woody vegetation. The reliability of the BRIy, for non-
zero BRI, values is reduced a little by uncertainty in the vegetation classification, and
the assumptions about climax vegetation along high order streams. The vegetation
classification has some limited confusion between open forest and woodland classes
(these two classes are misclassified as each other 10% of the time) and between
woodland and open woodland classes (these two classes are misclassified as each other
5% of the time). For littoral zones that are misclassified this will have a large impact on
the BRI, values calculated for low order streams where the vegetation structural
classes have been misclassified, because open woodland has a BRI, of 0.75 and
woodland a BRIy, of 1. Similarly the BRIy, values calculated for higher order streams
will be impacted by these classification errors. The overall influence of these
classification errors will be a slight underestimation of the amount of stream bank

reinforcement provided by the current vegetation.
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Figure 6.15. BRIgqna Values by hectare
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The values of BRI, are strongly influenced by mean stream power (Figure 6.12). The
mean stream power is in turn calculated using extrapolated values of velocity for 1* and
2" order streams. Direct measurements of velocity for these low order streams would be
necessary to improve the reliability of this index. In other words, if the current estimates
of velocity on low order streams are too high, the BRIglobal may be over-emphasizing
the importance of managing these lower order streams at the expense of higher order

streams, which may also be in urgent need of bank stabilization.

6.4 Denitrification Index

Introduction

The denitrification index was calculated for every stand of vegetation in the riparian zone
that was located on the floodplain (i.e. the entire floodplain and floodplain littoral
polygons). The range of DNI,,; values is shown in Table 6.4. The lower DNIj,, values
for floodplain vegetation reflects the assumption that these areas of vegetation only
denitrify during overbank events, whereas vegetation adjacent to the channel can

denitrify during within-bank flow conditions.

The analysis of the DNIj,, results is done for both areas adjacent to the channel and the
floodplain, as shown in Figure 6.16, to reflect the fact that denitrification takes place in
both places under different circumstances. The analysis of channel-adjacent areas is
done in terms of stream order, these results are contained in Figure 6.17 and Figure 6.18.
The analysis of floodplains is done independent of stream order and these results are

contained in Figure 6.19.

The large red areas shown in Figure 6.16 represent the areas of the floodplain that have
been cleared and converted to cropping (both irrigated and dryland) on the floodplains of
the Nogoa and Comet rivers. These areas are of particular interest in the context of

denitrification, because they are areas that would historically have supported woodland

Table 6.4 The range of DNI .4 Values for each vegetation type, stream order and
the floodplain update

FP 2nd 3rd 4th 5th  |6th 3D @D 5D 6D
Closed
Forest 1.00 [1.00 1.00 1.00 |1.00 [1.00 1.00 [1.00 [1.00 [1.00
Open

Forest 1.00 [1.00 1.00 1.00 [1.00 [1.00 1.00 [1.00 |1.00 1.00
\Woodland[1.00 |1.00 1.00 0.93  10.93 10.96 1.00 [1.00 [1.00 [1.00

Open

Woodland|0.50 [0.48 0.48 0.13 0.13 (0.13 0.48 (0.48 [0.48 [0.46
Grassland

n Stubble [0.25 [0.22 0.22 0.06 [0.06 [0.05 0.23 (0.23 [0.23 [0.22
DN site ->|

N source [0.00 [0.00 0.00 0.00 0.00 10.00 0.00 |0.00 [0.00 [0.00
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or possibly open forest (and thereby had a significant potential to remove nitrate from the
system) but having been converted to cropping have gone from being a net sink of nitrate

and nitrogen to being a source of nitrate.

Extremely high total nitrogen (TN) concentrations (median concentrations in excess of
5000 pg L) have been recorded in cotton runoff on the Nogoa floodplain, and median
concentration in the Nogoa river increases from 556 pg L™ to 730 pg L™ as it passes the
Emerald Irrigation Area (Noble ef al., 1997) indicating that nitrogen is entering the river
system in this area. The fact that the TN concentrations are increasing would indicate
that the nitrogen inputs in this area exceed the current denitrification capacity of the
vegetation, further emphasising the importance of protecting the remaining vegetation.
There has also been a large reduction in denitrification capacity on the floodplains of
smaller rivers in the west of the study area, where these floodplains have been cleared for

grazing (areas shown in yellow). The only areas where the potential for DN remains

DNIlocal

0.1-0.25
(Large
Decrease)

Figure 6.16 A map of the denitrification index (DNIocq)
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largely unchanged is the littoral zones of the main channels of the higher order streams.

The most striking feature in Figure 6.17 is the large decrease in denitrification along
higher order streams. This is largely a function of the assumption that these streams
supported open forest prior to European settlement. The light green ‘decrease’ class
represents areas that have shifted ‘down’ a vegetation structural class. In other words
prior to settlement these littoral zones would have contained woodland (low order
streams) or open forest (high order streams) whereas they now contain open woodland
(low order streams) or woodland (high order streams). This represents the decrease in
water soluble carbon (WSC) associated with clearing and regrowth. The large decreases
as shown in pale yellow represent the decrease in WSC associated with converting
woody vegetation to pasture. The areas with no denitrification represent areas of bare
soil or cropping immediately adjacent to the stream. Displaying these results on an areal

basis gives Figure 6.18.

B No denitrification (0)

OlLarge decrease (0.1-0.25)
@ Decrease (0.25-0.5)

@ No change (0.8 to >1)

Stream Order (Strahler)

Figure 6.17 DNI values for the areas within 15 metres either side of the channel,
sorted according to stream order.
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Figure 6.18 DNl for each stream order

The greatest reduction in DNIj. values has occurred on 2™ order streams, however there
have been large reductions in the potential for denitrification for 3™ 4" and 5™ order
streams as well (592 ha, 866 ha and 467 ha respectively) 6™ order streams have
undergone a comparatively small reduction in DN potential of 213 ha, and there has been
a moderate decrease in all D class channels. However all of these reductions are small in
comparison to the reduction of DN potential that has occurred through the clearing of
floodplain vegetation as shown in Figure 6.19, note that values are in square kilometres

rather than hectares.

The potential for denitrification has been removed from one third of the floodplain, in
many cases being replaced by cropping, in which case these areas have been converted
from a net sink to a net source of nitrate. Nearly another third of the floodplain has seen
a large decrease in the amount of WSC present in the soil, thereby reducing the potential

for denitrification.

547

@ No change (0.8 to >1)

@ Decrease (0.25-0.5)
OLarge decrease (0.1-0.25)
@ No denitrification (0)

456

Figure 6.19 Change in denitrification for floodplains
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Table 6.5 DNl s values for the floodplain and littoral zones

FP  2nd [3rd HWth |5th |6th 3D 4D |5SD |6D

Closed Forest [0.66 [1.00 |1.00 (0.80 [0.61 [0.23 0.96 [0.77 (0.58 [0.22
Open Forest  0.54 [0.93 [0.92 [0.74 [0.57 [0.22 0.88 [0.71 (0.54 [0.21
Woodland LZ [0.18 [0.26 [0.26 [0.21 [0.16 [0.06 0.25 0.20 [0.15 [0.05
Woodland FP [0.18 [0.18 [0.18 [0.18 [0.18 [0.18 0.18 0.18 [0.18 [0.18
Open

Woodland LZ (0.09 [0.12 [0.12 [0.10 [0.08 [0.03 0.12 10.10 [0.07 [0.03
Open

Woodland FP {0.09 [0.09 [0.09 [0.09 [0.09 [0.09 0.09 10.09 [0.09 |0.09
Grassland n

Stubble 0.05 [0.06 [0.06 [0.05 [0.03 [0.01 0.06 [0.05 |0.03 [0.01
IDN site -> N|

source 0.00 [0.00 [0.00 0.00 [0.00 [0.00 0.00 10.00 |0.00 |0.00

To identify where these reductions in WSC have led to the largest decrease in DN

potential, the DNIyqa Was calculated using the values presented in Table 6.5

The highest DNIyjqpa Values occur in stands of closed and open forest adjacent to mid-
order (2"-3") order streams (Figure 6.20). This is because these streams reach bank full
flow conditions more frequently than 5™ and 6™ order streams, consequently there is a
greater likelihood of water entering the WSC rich topsoil layers in these mid-order
streams. Note that the colour coding of Table 6.5 is as follows, green represents stands
of vegetation that have a high potential for denitrification and are therefore represented
by a DNIgepa value close to 1, yellow areas represent moderate DN potential, blue low

DN potential, orange very low DN potential, and pink indicates areas with no DN

1.2

08 .\—1\
—o—Closed Forest
—=—Open Forest
06 Woodland LZ
’ Open Woodland LZ
Grassland n Stubble
—o—DN site -> N source
0.4

0.2 =

DNlgiobal

0 ° T - T - T - T °
2nd 3rd 4th 5th 6th
Stream Order (Strahler)

Figure 6.20 DNIgjopa Values for floodplain littoral vegetation and land cover adjacent
to each stream order
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Figure 6.21 A map of DNIgena results with a zoomed area of interest

potential, these areas could now act as sources rather than sinks of nitrate.

An example of this is shown in the zoomed area of Figure 6.21, the riparian vegetation at
location A generates a large amount of WSC into the soil profile and flow dynamics of
the adjacent 3™ order stream mean that is high potential for denitrification at this
location. However removal of littoral and floodplain vegetation and the introduction of
cropping and bare soil areas into the riparian zone have removed the potential for
denitrification from location B. To restore the denitrification potential to riparian zones
within the study area, efforts should be focussed on areas such as location B where areas

of zero DNI4p,1 are adjacent to DNy, values close to 1.
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The DNIgqpa values shown in Figure 6.20 are strongly influenced by the calculation of
bank full frequency and the NDNE, parameter in general. However the general trend of
decreasing bank-full frequency with increasing catchment area is consistent with the

theoretical relationship between these two parameters as described in Church (2002).

The areas with the greatest DN potential are present along approximately 25% of 2™ and
3" order streams and over 40% of 3D order streams. The other important feature to
notice is the presence of potential nitrogen sources adjacent to the higher order streams
(both main channel and D class channels). Nitrogen entering the system at these points is
unlikely to encounter another area with high denitrification potential before it arrives at

the receiving waters.

These data are presented on an area basis in Figure 6.23. From a pollutant management
point of view it would be important to protect the over one thousand hectares of high DN
potential littoral zones adjacent to 2™ and 3™ (and 3D) order channels. It would also be
important to target the areas adjacent to the 5", 5D, 6™ and 6D order channels (287
hectares in total) that are currently potential nitrate sources, and establish whether a. any
nitrogen based fertilizer is being applied to these areas, and b. whether it is feasible to re-

establish woody vegetation in these areas to restore their denitrification capacity.

The DNIgoba results for both littoral zone and floodplains for the present day and pre-
settlement are shown in Figure 6.24. Although the littoral zone only contains 13% of the
WSC found in the floodplain both channel adjacent and floodplain denitrification are
important during different parts of the hydrograph. The capacity to denitrify floodwaters
is highly important, as it is during flood events that large amounts of nitrate are mobile in

the stream network (Noble et al., 1997). However denitrification during low flows is

80% A
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OVery Low (0.01-0.1)
OLow (0.1-0.5)

@ Moderate (0.5-0.8)
@ High (0.8-1)

60% -

40% A

Floodplain Littoral Zones

20% A

0% - T
2nd  3rd 4th  5th  6th 3D 4D 5D 6D
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Figure 6.22 The distribution of DNl e, vValues for each stream order
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Figure 6.23 DNlgo0a Values by hectare for littoral zones

also of high importance from an aquatic ecosystem point of view, because it will affect
the chemistry of the isolated waterholes that support the aquatic ecosystem during
periods of drought. The DNIyqa values for floodplains and littoral zones for both the
existing riparian vegetation and the pre-European vegetation are shown in Figure 6.24.
The most striking feature of this figure is the large reduction of DNlgqpa on the
floodplain, which reflects the impact that vegetation clearing and cropping has had on the

denitrification potential of the floodplain.

It is possible to further quantify this change in denitrification potential by calculating the
difference in terms of tonnes of WSC under each land use scenario, as shown in Figure
6.25. The total volume of WSC is based on a large number of assumptions, and would
require additional fieldwork to establish its reliability, however the relative change in the
amount of WSC carbon in the soil i.e. a reduction of approximately 50% as a result of
conversion from woodland to buffel grass is consistent with the 50% reduction in labile
carbon measured by Dalal ef al. (2005) for a similar ecosystem in central Queensland.
This has major implications for the amount of nitrate that can be removed from the
system by riparian vegetation, which, particularly when coupled with increased nitrate
and ammonium inputs from cropping and grazing that takes place on the floodplain, has
major implications for the water quality both in-stream and in the receiving waters. This
is consistent with water quality observations collected between 1993 and 1996 in the
Lower Comet, Mid Nogoa, and Lower Nogoa, all of which had total nitrogen
concentrations in excess of 750 p L' (Noble et al. 1997), which is the upper
environmental guideline identified by the Australian and New Zealand Environment and

Conservation Council (ANZECC 1992).
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Future studies to accurately quantify the amount of nitrate removed by stand of
vegetation adjacent to different stream orders could be coupled with the approach
described here, and, in combination with estimates of fertilizer inputs, could be used to
develop a ‘whole-of-catchment’ nitrogen budget. The other interesting feature to note is
that while closed forest and open forest (moderate and high classes) only make up a very

small amount of the riparian vegetation they contain a large proportion of the WSC.
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Figure 6.24 Change in DNIga between pre-European conditions and present
conditions.

6000

5000 -

4000 -

D Very Low (0.01-0.1)
OLow (0.1-0.5)
3000 -
— @ Moderate (0.5-0.8)
WHigh (0.8-1)

Tonnes of WSC

2000

1000

ST

Littoral Zone Floodplain Littoral Zone Floodplain

Figure 6.25 Change in the amount of WSC in riparian soils between pre-European
conditions and present conditions.
Assumptions made in calculating the index
The assumptions made in extrapolating the parameters required to calculate this index are
described in Sections 2.4 and 4.4.4. The calculation of this index is based on the
assumption that there is an exchange of hyporheic ground water between the channel and

adjacent banks, and that this exchange happens at a consistent rate throughout the
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catchment. This assumption is unlikely to be true for the whole catchment, but is

necessary because of a lack of data about bank permeability and rates of exchange.

There is also an assumption that all streams of the Strahler order have the same flow
characteristics. This is also likely to be untrue, but is necessary due to a lack of data

about the flow characteristics each stream link?’.

Index reliability
At its most basic level the index is useful for identifying the two main areas where

denitrification occurs:

1. The stands of vegetation adjacent to the channel (particularly high order

channels on floodplains), and;
2. All vegetation located on floodplains.

Beyond this level the index needs to be interpreted with some caution. The capacity of
the index to accurately discriminate between the importance of littoral and floodplain
denitrification is limited by a lack of information about the spatial extent and duration of
overbank events. The areas identified by the MrVBF algorithm may represent areas that
were subject to flooding under different climatic conditions than those encountered at
present. If this is the case then the DNI, may be being calculated for areas that rarely

experience the conditions required for denitrification to occur.

The fact that stage height characteristics are calculated uniformly for each stream order,
and the use of literature values to identify the relative amounts of organic carbon, limit
the usefulness of comparing the DNIqa1 values closed forest on a 5™ order stream with
an open forest on a 4™ order stream, but the index is reliable in the sense that both classes

have a relatively high DNI value.

The index is sensitive to channel geometry, so the assumptions and statistics described in
Section 0 impact significantly on the reliability of this index. A more accurate map of
channel geometry would improve the reliability of this index, particularly the importance

of stream order amongst high order streams.
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6.5 Stream Shading Index

Introduction

The stream shading index is calculated for littoral stands of vegetation on high order
streams (4" to 6™) that are located on floodplains because these are the areas where
riparian vegetation is important in terms of aquatic ecology. The fact that all of the
streams in the study area have highly variable flows, and even the largest streams cease
to flow at some point means that many aquatic species rely on a series of waterholes to
survive during periods of drought (Puckridge ef al., 1998). These waterholes typically
form on high order (4™, 5™ or 6™) streams and are generally surrounded by floodplains.
Stream shading is of less importance for low order streams in the study area because
these streams generally only flow during rainfall events and support little, if any aquatic
life. Consequently the stream shade index has only been calculated for 4", 5™ and 6"
order streams. The LWDI is calculated for all streams that are likely to support aquatic
life at the height of the wet season, so the two indices can be viewed in combination to
identify all the stands of riparian vegetation that perform some kind of aquatic ecological

function.

The stream shade index was calculated to identify the importance of a stand of vegetation
in providing shade to the stream network. It was NOT calculated to identify the amount
of sunlight and/or shade received by the stream (or waterhole). The SSIj,. values were
calculated by entering the canopy and channel geometry values described in Sections 4.3
and 0 into Equation (2.52). These values are the same because the SSIj,, ignores the
influence of channel geometry and stream orientation on stream shade, because it
compares the amount of shade provided by the existing riparian vegetation at a given
location with the amount of shade that would have been provided prior to European
settlement. So SSIj,., simply measures the change in PFC between the pre-European and
the current vegetation. Assuming that all higher order channels supported open forest

prior to European settlement gives Table 6.6.

Table 6.6 SSl,,c4 Values for each vegetation type and each stream order

Vegetation Structure | 4th Sth 6th
Closed Forest
Open Forest
Woodland

Open Woodland

No woody
vegetation
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0.3 (Large
Decrease)

Figure 6.26 A map of the stream shading index (SSloca)-

The red areas indicate stream reaches where there is no woody vegetation adjacent to the
channel to provide shade to the channel, yellow a areas indicate stream reaches where the
changes in riparian vegetation have lead to a large decrease in the amount of shade
provided by woody vegetation (consistent with closed forest or open forest being
replaced by open woodland). Areas shown in lime green represent areas where
woodland has replaced forest (either open or closed) resulting in an increase in the
amount of sunlight reaching the channel dark green regions indicate areas where riparian
vegetation is providing the same amount of shade as prior to settlement (this does not
mean that the stream is fully shaded at these points). The results shown in Figure 6.26

are summarised according to stream order in Figure 6.28.
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Figure 6.28 SSl,o, values for each to stream order

The most striking feature about Figure 6.28 is the large proportion of 4™ and 5" order
streams without any shading (40% and 30% respectively) any waterholes that formed in
these stream reaches would be subject to higher amounts of solar radiation, altering the
thermal and trophic conditions encountered in these waterholes. Furthermore, the
capacity of the riparian vegetation to provide shade has been reduced along over 80% of
4™ order streams and over 90% of 5 order streams, further altering the energy budget of
these streams at low or zero flow conditions. The 6™ order streams are in better condition

with over 70% experiencing no change in the amount of shade provided by the littoral
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Figure 6.27 SSl ..o Values on a hectare basis
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vegetation. Displaying these results on an area basis gives Figure 6.27, and in this
context the extent of the impact on 4™ order streams becomes particularly striking, with
nearly 800 hectares providing no shade and increased solar radiation inputs being
experienced through 1500 hectares of littoral vegetation. The impact on 5™ order streams
is also clear with only 27 hectares experiencing no change, and all other sections
experiencing some increase in the amount of solar radiation reaching the water surface.
To improve the quality of the aquatic habitat in the study area it would be necessary to
restore the riparian vegetation adjacent to these higher order streams, but there is a need
to identify the highest priority areas, because the cost of restoring it all simultaneously is
likely to be prohibitive. To identify where rehabilitation will be most effective in

reducing the amount of sunlight reaching the stream surface, the SSIy 0. Was calculated.

SSIglobal

The stands of closed forest adjacent to both 4™ and 6™ order streams are highly important
in reducing the amount of sun reaching the streams surface. A stand of closed forest
adjacent to a 4™ order stream blocks more of the suns radiation (31%) than one adjacent
to a 6™ order stream (16%), however waterholes are more likely to form along 6™ order
streams, which is why the two have similar SSIyq. values (Figure 6.29). The 5" order
streams have similar channel geometry to the 6™ order streams, but the lower probability

of waterhole formation gives them a lower SSI,joha Value.

The SSIyona values on an area basis are shown in Figure 6.31. The high importance areas

1.2
1 i
- \/ —+—Closed Forest
:é, 06 n_ P —=—Open Forest
g ' \/ Woodland
'\/ Open Woodland
0.4
0.2
0 T T T T T

4th NS 5thNS  6th NS 4th EW 5thEW  6th EW
Stream Order (Strahler)

Figure 6.29 Range of SSlgqna Values for each stream order and stream orientation
for floodplain littoral vegetation on higher order streams
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represent stands of closed forest and it is these areas that would be the highest priority for
conservation, particularly if they are adjacent to an east-west oriented section of the
stream channel. In terms of restoration, efforts should initially be focussed on the areas
along 6™ order streams where waterholes are most likely to form, then on 4™ order
streams where the vegetation will have a large impact on the amount of sunlight reaching

the channel, and also perform the other riparian functions described in this thesis.

An example of this is shown in Figure 6.30. Location A in the zoomed area in this figure

shows a cleared section of the littoral zone on the floodplain of the Comet river (one of

Figure 6.30 A map of SSlglobal with detailed area showing high priority area for
restoration (A)
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Figure 6.31 SSlgqpa Values on a hectare basis

the two 6™ order streams in the study area). To restore stream shading (and LWD
production) to this portion of the Comet river it would be necessary to restore the littoral
vegetation at location A. This could be done either via fencing and natural regeneration

or via tree planting.

The assumptions made in extrapolating the parameters used to calculate this index are
discussed in detail in Sections 4.3 and 0. The index assumes that the waterhole forms in
the centre of the channel, whereas in a fluvial environment, waterholes are likely to form
along the thalweg of the channel. However, identifying the thalweg position for each
channel, and calculating the SSI for the thalweg along each channel is beyond the scope

of this thesis.

At its most basic level, this index is reliable insofar as it identifies areas of the stream
network where there is no woody vegetation to provide shade to the channel, and it
identifies riparian zones adjacent to high order streams where stream shade is important
for the aquatic ecosystems supported by higher order streams. The global version of the
index is sensitive to three factors, percentage foliage cover (PFC), channel geometry,
and the probability of a waterhole parameter Pwh. PFC is strongly linked to vegetation
structure, and contributes directly to the reflectance properties of vegetation (Verstraete
et al., 1996). Therefore its prediction using a vegetation structural map is reliable, except
where, class confusion between open woodland and woodland leads to some uncertainty
between those two classes. The sensitivity of SSIypa to channel geometry means that
variability in channel geometry can reduce the reliability of this index. The variability in
channel geometry described Section 0.The Pwh parameter has a large influence on the
SSIgobal values. The Pwh parameter increases with increasing stream order, which is

intuitive. However additional fieldwork conducted at the end of a drought or dry season
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would provide a valuable adjunct to the existing gauging station analysis, which may be

under or over-estimating the Pwh at any given stream order.

6.6 Large Woody Debris Index

Introduction

The LWDI oy and LWDIy o, are calculated for all higher order channels, both main
channels and D class channels. This reflects the maximum extent of the aquatic
ecosystem in the study area, and represents the multiple aquatic ecosystem functions
provided by in-stream LWD i.e. velocity refuge during high flow events as well as
feeding and breeding sites for the 26 freshwater fish species encountered in the study

area.

The LWDI|, is calculated using the LWV parameter, which is the volume of standing
timber on the stream bank that can contribute to LWD (details in Section 2.6). The
volume of standing timber on the banks at present is compared with the amount of
standing timber that would have been present on the banks prior to European settlement.
As with the previous indices the reference vegetation type for 3™ order and all D class

channels is woodland, and open forest for the main channels of the high order streams

Table 6.7 LWDI 4 Values for high order streams

3rd  @4th Sth 6th 3D 4D 5D 6D
Closed Forest 1.63 1093 1093 10.93 1.63 [1.63 [1.63 [1.63
Open Forest 1.76  |1.00  |1.00  [1.00 1.76 176  [1.76 |1.76
(Woodland 1.00  0.57 0.57 [0.57 1.00. [1.00  [1.00 [1.00
Open Woodland 0.52  0.29 0.29 [0.29 0.52  0.52 0.52 [0.52
INWRV 0.00  0.00 [0.00 |0.00 0.00 0.00 0.00 |0.00
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Figure 6.32 LWDI,,c4 vValues for each stream order
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(4"-6"™) Areas that support vegetation types that contain more standing timber than the
reference for that stream order have an index value greater than one, these areas are

treated as ‘no change’ areas, and are analysed as having a LWDI,,; value of 1

One of the most striking features of Figure 6.32 is that all but 6™ order stream have 20%
of their length without any LWD or with a large decrease in potential for LWD
recruitment. There is a dramatic decrease in the potential for LWD recruitment on the
main channel of both 4" and 5" order streams, with over 90% of 5™ order stream littoral

zones undergoing some reduction in their LWD recruitment capacity.

The reduction of LWD recruitment in over 50% of 3™, 4™ and 5™ order D class channels

LWDIlocal

0.3 (Large
decrease

Figure 6.33 A map of LWDIj,y
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Figure 6.34 LWDI,c4 Values per hectare of the littoral zone

also has important implications because many of the freshwater species that live in the
Comet and Nogoa river systems take refuge in these backwater channels during high
stage events, and may live out their larval stages in these channels (Erskine et al., 2005).
Consequently, the 50% reduction of the volume of LWD in these channels, both now and

into the future, constitutes a serious loss of habitat for these species.

The red areas in Figure 6.33 indicate regions that lack woody riparian vegetation and are
therefore unable to supply any LWD to the channel. Areas of lime green and yellow
indicate that changes in the vegetation structural class encountered in the riparian zone
have lead to a decrease or a large decrease in LWD recruitment respectively. Areas

where the potential for LWD recruitment is unchanged are shown in dark green.

Presenting these results on an area basis gives Figure 6.34. The main channels of the 3™
and 4" order streams have undergone the greatest decrease in LWD potential (over 1500
hectares, and nearly 1000 hectares respectively). It is interesting to note that although the
D class channels make up a relatively small proportion of the channel network the 3, 4"
and 5™ order D class channels have reduced LWD recruitment capacity for 196 ha, 163

ha and 106 ha respectively.

I-WDlglobaI

The LWDI0ha values calculated using Equation (2.56) are presented in Table 6.8. The
high values shown for the D class channels reflect the large volume of standing timber on
the bank, and the relatively small channel. Mature trees falling into these channels would
create sufficient LWD to create a very high blockage ratio. The lower LWDIq, values
(Figure 6.36) calculated for higher order streams reflect the relationship between channel
cross section area at bank full stage, which is large relative to the amount of LWD

generated by the littoral vegetation.



Calculation and Results of Riparian Function Indices 6-35

@0

O 0.01-0.3
@ 0307
@

Figure 6.35 A map of LWDI . With detail showing clearing of floodplain vegetation

The distribution of the LWDI s values throughout the study area is shown in Figure
6.35. The zoomed area shows an areas where littoral vegetation has been removed (B) in
comparison to a neighbouring property where it has not (A). As expected the removal of
littoral vegeation has resulted in a decrease in the potential for LWD recruitment, and

this is reflected by the LWDI 0.1 values.

The LWDIa values for each stream order is shown in Figure 6.36. These values are
determined by the relationship between channel cross-sectional area and the projected
area of LWD (the blockage ratio sensu Abernethy and Rutherfurd (1998)). The low
values shown for 5" and 6" order channels reflect the large cross-sectional areas
encountered in these channels. It is worth noting that whilst the LWDI,q, in these large
streams is relatively low, as the floods recede and the river levels fall the LWD in the
main channel become increasingly important. This phenomenon is not reflected in the

current LWDI o, values.
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Table 6.8 Range of LWDlI 0, index values for each stream order

3rd 4th Sth 6th 3D 4D 5D 6D
Closed Forest 0.36 [0.27 [0.12 [0.09 1.00 |1.00 [1.00 [1.00
Open Forest 0.38 [0.29 1[0.13 [0.10 1.00 |1.00 [1.00 [1.00
'Woodland 0.22 10.16 [0.07 10.06 1.00 |1.00 [0.66 [0.52
Open Woodland [0.11 [0.08 [0.04 0.03 1.00 10.76 0.34 10.27
INWRV 0.00 (0.00 (0.00 [0.00 0.00 [0.00 0.00 |0.00
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Figure 6.36 LWDIglobal value for littoral zones on high order streams

The littoral vegetation on over 80% of high order streams has the potential to generate a
small amount of LWD relative to the cross-sectional areas of these channels. The stands
of closed and open forest on 3™ and 4™ order streams can generate a moderate amount of
LWD, and as such it would be important to protect these areas to maintain the aquatic
habitat values of these channels. It is in the D class channels that littoral vegetation has
the biggest impact in terms of LWD recruitment potential, and this is strongly influenced
by the smaller channel geometry of these D class channels. It is important to note that
whilst woody vegetation can generate a large amount of LWD to these channels the
removal of woody vegetation from over 20% of the littoral zones of all D class channels

will seriously impact on the aquatic habitat values of these channels.

The LWDI, values expressed on a per hectare basis are shown in Figure 6.38. The
sections of the main channel on 3™ and 4" order streams (650 ha and 350 ha
respectively) that lack any woody vegetation would be of the highest priority, because
restoring vegetation here not only improves the long-term potential for LWD

recruitment, but also restores stream shade and mitigates bank erosion.
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Figure 6.38 LWDIgsa Values per hectare of littoral zone

LWD placement would be an option for the 5™ or 6™ order channels or limited locations
within the D class channels, but the sites for LWD placement would need to be selected

with the overall connectivity of the aquatic ecosystem in mind.

Index reliability

This index is certainly reliable at the basic level of discriminating those areas that are
capable of recruiting aquatic LWD from those that are not. Local variations in channel
geometry, and the fact the LWD recruitment is an episodic rather than continual event
means that this index may not accurately predict the volume of LWD or the blockage

ratio of LWD to channel cross sectional area at any given point.  This is why the
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LWDIp results have been aggregated into the classes shown in Figure 6.37 and Figure
6.38. This aggregation encapsulates any errors in LWD volume that may be due to
classification errors in the remote sensing data, and provides a more realistic
representation of the accuracy of the index (i.e. a D class channel with either closed or
open forest next to it will contain a high amount of LWD rather than a 4™ order channel

with closed forest adjacent to it will have a blockage ratio of exactly 0.4).

6.7 Chapter Summary.

The results of the 5 RFIs developed in Chapter 2 are presented and analysed in terms of
stream order, and position within the landscape. The results of each index are

summarised briefly below.

The STI identified that 1600 hectares of littoral zones located on hillslopes adjacent to
low order streams are either subject to heavy grazing or contain bare soil, and therefore
trap much less sediment, or in the case of bare soil, actively contribute sediment to the

stream network.

The BRI, identified that over 5000 hectares of littoral zones adjacent to the stream
network contained no bank reinforcement whatsoever, and further 3500 hectares was
reinforced by grass only, and only 47% of the stream network had experienced no change
in the amount of bank reinforcement. The BRIon identified the areas at highest risk of
bank erosion, i.e. areas with high unit stream power and no bank reinforcement. The
areas at highest risk where bare soil areas located on the floodplains of 1* order streams,

which make up a relatively minor 314 hectares of the catchment area.

The DNI,,.o Was calculated for all floodplain littoral zones located on 2" order or higher
streams. The DNI (both local and global) were also used calculated for the entire
floodplain. The DNI,,,; identified that the capacity for denitrification had been removed
from 7% of littoral zones and 36% of the floodplain, it also identified that there had been
a further reduction in the denitrification capacity of the 37% of littoral zones and 36% of
the floodplain. The DNIyqa identified closed forest and open forest on the floodplain
and adjacent to 2™, 3™ and 4" order streams as having the greatest potential for
denitrification, these vegetation types make up less than 20% of the riparian vegetation
but contain over 60% of the WSC available for denitrification. Estimates based on the
DNIjopar calculations indicate that the denitrification capacity of riparian zones in the
study area has nearly halved as a result of land clearing and the practice of cropping on
the floodplain. This, in combination with the practice of applying nitrate enriched
fertilizer to the floodplain cropping areas has serious implications for in-stream nitrogen

loads and concentrations.

The SSljoe indicated that 40% of 4™ order streams and 30% of 5™ order streams are not
receiving any shade from riparian vegetation. Furthermore only 17% and 7% of these

stream orders (respectively) were being shaded to the same extent that they would have
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been prior to European settlement. 6™ order streams were in much better condition with
over 70% receiving the same amount of shade as pre-settlement, and only 7% receiving
no shade from riparian vegetation. The SSIy.. showed some interesting results, because
riparian vegetation has the biggest impact on the amount of sunlight reaching the stream
surface on 4™ order streams, but waterholes are more likely to form along 6™ order
streams, so riparian vegetation adjacent to both streams orders were weighted evenly.
The SSlgoba identified 72 hectares of littoral zone adjacent to 6™ order streams as the
highest priority area in terms of restoring stream shade. However restoring the
vegetation in the 724 hectares adjacent to 4" order streams may also enhance a range of

other riparian functions such as denitrification too.

The LWDI,,,; indicated that the potential for LWD recruitment has been removed from
20% of 3™ and 4™ order streams, 12% of 5% order streams and 7% of 6™ order stream,
and from over 20% of all D class channels. The capacity for LWD recruitment was also
reduced for an additional 30% of littoral zones. The LWDIp, identifies littoral zones
adjacent to D class channels of being of high importance, reflecting the fact that LWD
falling into these relatively small channels will have a larger impact on the blockage ratio
(relationship between area of LWD projected into the flow and the channel cross
sectional area) than an equivalent piece of LWD falling into a large channel. With the
exception of 6" D order streams, LWD recruitment has decreased in over 50% of D class
channels, and this has significant implications for the quality and connectivity of aquatic

habitat in these channels and on the floodplains of these higher order streams.

All of the indices were reliable at the basic level of discriminating areas that were
performing a specific riparian function from those that are not. The RFI,,, provide a
good indication as to the change between the functions performed by riparian vegetation
prior to European settlement and those being performed at present. The RFlyq,, values
are important insofar as they place the riparian vegetation functions in a catchment
context, however the level of importance applied to different areas is sensitive to
accuracy of some parameters. The results presented in this chapter show how the RFIs

developed in Chapter 2 can be used to:

1. Quantify the change in five important riparian functions between pre-

settlement and the present day, and;

2. Identify the specific locations within the catchments where each function is of

greatest importance.

This represents previously unavailable information, and will assist catchment managers
in 1) setting realistic goals in terms of catchment restoration, and ii) identifying priority
areas within the catchment to restore specific riparian functions The reliability and
sensitivity of these indices, as well as potential areas for future work are discussed in

Chapter 7.
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Chapter 7 Index Reliability and Applications

7.1 Introduction

This chapter is structured in the following way. The first section discusses how the RFI
approach developed in this thesis fits in to the broader framework of riparian zone
research and describes the key science questions that were addressed in this thesis. The
second section discusses the application and limitations of the local and global forms of
each RFI and identifies avenues for further research. The third section discusses the
potential for using the indices in combination, and discusses the reasons for not using a
‘composite index’. The final section describes the potential for using these indices to
inform catchment management decisions, and discusses the reliability of using the

riparian function indices for this purpose.

7.2 Overall Approach

The RFI approach described in this thesis sits at the intersection between two existing
areas of riparian zone research, riparian zone modelling and riparian zone monitoring.
The suite of RFI,, indices developed in this thesis represent the monitoring approach,
insofar as a baseline (pre-settlement vegetation) is compared with the current riparian
vegetation. The RFlq indices on the other hand place the present day riparian

functions into a catchment context based on a indices of each riparian function.

The concept of riparian zone monitoring based on field surveys has been explored in
numerous previous studies including the Index of Stream Condition (Ladson et al.,
1996), the State of the Rivers (Anderson, 1993), and Tropical Rapid Assessment of
Riparian Condition (Jansen et al., 2004). These approaches are well suited to describing
riparian conditions in detail at a small scale, but typically rely on assumptions, such as
the assumption of stream reach uniformity used in the State of the Rivers, to infer
conditions elsewhere within the channel network. These approaches also typically
combine a series of ‘indicators’ into a composite condition index to describe the
condition of the riparian zone. Whilst such indices provide a useful description of the
overall condition of riparian zones at the sites surveyed, they do not necessarily provide
information at the spatial scale that is required by catchment managers to support their

decision making processes.

The RFI approach described here is not intended to replace field based surveys. Indeed,
many of the parameters/indicators collected during field surveys are essential to support
and validate the parameters used in the stream order and vegetation classifications used
to calculate the RFIs. Field survey information is also essential to provide validation of
the RFlgopa models too. The RFI approach is designed to complement and enhance
existing field survey programs, and in conjunction with these field programs, the RFI
approach aims to provide catchment managers with the information they need to identify

and prioritize appropriate riparian management options.
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While catchment scale riparian zone management forms the conceptual framework for
this thesis, there are a number of key science questions that had to be addressed in order

to inform the process of riparian zone prioritization. These questions were:

1. Where is hillslope generated sediment most likely to enter the channel
network?

2. Where is stream bank erosion most likely to occur?

3. Where is denitrification occurring in the catchment (both in terms of location

and relative amount)?

4. Where is woody riparian vegetation maintaining channel stability and

improving the aquatic environment by providing LWD to the channel

5. How much shade is the riparian vegetation providing to the stream
(particularly in the context of an ephemeral stream network that relies on

waterholes to support the aquatic ecosystem during the dry season)?

6. How much has the sediment trapping, bank stabilizing, denitrifying, stream
shading and LWD producing capacity of the riparian vegetation changed

between pre-settlement and the current day?

These questions were addressed by developing indices of each process that could be run
using inputs generated from either classification of remote sensing data or terrain
analysis. Questions 1 and 2 have been addressed by regional scale sediment transport
models such as SEDNET (Prosser et al., 2001), however the use of a vegetation
classification (generated using data with a 15 metre spatial resolution) to represent the
impact of vegetation structural class on bank reinforcement and the application of the
MrVBF algorithm to a digital elevation model (DEM) that contains greater detail within
depositional areas of the landscape, mean that the STI and BRIy provide far more

detailed spatial and process information than that provided by GIS based models.

Addressing question 3 presented the greatest challenge, and to the authors knowledge no-
one else has modelled catchment scale denitrification in semi-arid catchments using a
map of water soluble carbon (WSC) (calculated as function of vegetation structure/land
cover) the flow characteristics of channel network (estimated from long term gauging
station records), and the distribution of alluvial soils (calculated using the MrVBF

algorithm).

Addressing question 4 entailed combining a pre-existing LWD recruitment model with
field data, and combining that with the proportion of the channel network that is likely to

support aquatic life during the wet season.

Question 5 required the development of a model that estimates the amount of sun
blocked from the stream channel by a stand of riparian vegetation that accounts for

canopy geometry, channel geometry and stream orientation.
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Question 6 was addressed by running all models using pre-settlement vegetation and

comparing the results with the existing vegetation.

The RFI approach developed in this thesis is similar to that described in Quinn et al.
(2001). Quinn et al. (2001) used a categorization of different stream and valley types to
identify where different riparian functions dominate in a temperate catchment in New
Zealand. The fundamental difference between the RFI approach and that described in
Quinn et al. (2001) is that, rather than using broad reach or valley descriptions, the RFI
approach uses high spatial resolution data to model and describe the riparian vegetation
function at every point within the study area. Furthermore the RFI approach uses this
detailed spatial data to quantify each riparian function using the indices developed in

Chapter 2 rather than using a subjective condition score for each stream reach.

7.3 Individual Riparian Function Indices

7.3.1. Sediment Trapping Index

The STI describes the sediment trapping capacity of the existing ground cover in the
riparian zone with that of a reference riparian zone that maintains high ground cover in
the absence of grazing. Calculation of the sediment trapping capacity of riparian zones
requires three things: first the identification of small features such as riparian buffer
strips and grassed waterways; second the capacity to quantify ground cover dynamics
over time, particularly in areas where grazing pressure can rapidly change ground cover
levels; and third the ability to identify hillslopes that are immediately adjacent to the
channel network. To capture these three phenomena the STI combines the high spatial
resolution of ASTER data to capture narrow riparian features such as grassed waterways
with the temporal resolution of MODIS data to describe the temporal dynamics in ground
cover. Terrain analysis in the form of the MrVBF algorithm (Gallant and Dowling,
2003) was applied to 90 metre SRTM data to identify streams that do not have extensive
floodplains or alluvial soils and are consequently closely coupled to the adjacent

hillslope.

The combination of three different sources of spatial data to describe the three key
aspects of sediment trapping provides a tool for identifying areas within the catchment
that are a high sediment transport risk, i.e. areas of bare soil or heavy grazing on
hillslopes immediately adjacent to stream channels. These are the areas that are most
likely to export sediment to the stream network during an erosion/rainfall/storm event.
The capacity to identify where these areas are located in the context of a large catchment
constitutes a significant contribution to our understanding of where and how riparian
zones operate in different parts of the catchment. Furthermore, it provides previously
unavailable data to catchment managers that will assist them in optimizing riparian zone

management to meet end-of-valley targets in reducing pollutant and sediment loads.
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The simple analysis applied to the MODIS derived grazing pressure index (GPI) (a
histogram threshold was applied to the GPI to separate grazing areas into light grazing
and heavy grazing) reflects the absence of stocking rate data. Consequently the STI
provides a temporally invariant estimate of sediment trapping, because although multi-
temporal MODIS data were used to estimate grazing pressure, the index values assigned
to each grazing pressure were based on field data, which represents the sediment trapping

capacity of riparian zones at the end of the dry season.

In future studies, a GIS containing information about stocking rate data over time would
allow a more sophisticated analysis of the MODIS data, enabling more accurate
estimates of ground cover at any given time. This in turn would provide information

about the change in sediment trapping capacity of riparian zones over time.

The use of the MrVBF algorithm to identify areas where slopes exceeded 2% and were
therefore likely to be closely coupled to the channels represents an improvement on the
buffer analysis technique that is frequently applied to non-point source pollution studies
of riparian zones. By separating riparian zones into broad hill slope and floodplain
classes enables identification of riparian zones where ground cover levels are likely to

have the greatest impact on the sediment transport capacity.

The STI is likely to be very useful in the Fitzroy basin, because hillslope generated
sediment contributes approximately 60% of the 2900 kt y-1 of suspended sediment
exported from the Fitzroy basin (values based on SedNet model outputs described in
(McKergow et al., 2005)). In a study of the impact of grazing on sediment and nutrient
exports carried out in the neighbouring Burdekin catchment O’Reagain et al. (2005)

states that

“Watercourses draining hillier grano-diorite landscapes with lower cover had markedly
higher sediment and nutrient loads compared to those draining flatter sedimentary

landscapes.”

Clearly catchment managers in basins such as the Fitzroy and Burdekin that have
significant hillslope erosion problems need to be able to identify where in the catchment
hillslope erosion is an active/dominant/significant process. In particular identifying areas
that are being consistently overgrazed and areas where there is inadequate buffering of

cropping areas enables catchment managers to identify specific areas for remedial action.

One factor that limits the accuracy of the STI calculations is the lack of information
about the distribution of riparian fences. The STI values could be calculated more
reliably if information about the presence or absence of riparian fences were available.
Ground cover data collected for fenced and unfenced RZs during the fieldwork suggest
that fenced RZs have considerably higher cover levels (for a brief description of this data

see Appendix X) than unfenced riparian zones. Spatial information about the distribution
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of riparian fences could be used to improve the accuracy of the riparian ground cover

predictions, and thereby improve the accuracy of the STI.

Future research into the STI can take a number of directions. These include:

1. Improved index accuracy;
2. Index calculation using other remote sensing platforms; and,
3. Integrating the index with catchment scale sediment transport models.

Improving the accuracy of the STI could be achieved in a number of ways. First, a series
of ASTER scenes collected for the same location during different seasons could be used
to discriminate permanent buffer strips from stubble, based on the logic that an area that
contained a stubble signature in all scenes was likely to be a permanent buffer strip rather
than a field with stubble in it**. Second, GIS data of riparian fence locations would also
improve the accuracy of STI calculations, however the logistics of collecting such a GIS
are considerable.  Third, the STI could be calculated from other remote sensing
platforms. The higher spatial resolution of sensors such as SPOT, and more specifically
IKONOS and QuickBird would enable the calculation of STI for riparian buffer strips
that are narrower than 15 metres. Finally, the STI could be incorporated into existing
sediment transport models in one of two ways, i) STI values could be used to improve
estimates of sediment delivery ratio in sediment transport models such as SEDNET
(Prosser et al., 2001), and ii) the approach used to calculate the STI could be used to
generate dynamic estimates of ground cover and sediment trapping capacity once the
relationship between MODIS time series and ground cover dynamics was established and
the dynamic STI values could be used as input into event based models such as the

Agricultural Nonpoint Source Pollution model (AGNPS) (Young et al., 1987).

At present the STI describes the sediment trapping capacity of the current riparian zone
relative to a reference riparian zone that contains high ground cover levels. To calculate
the amount of sediment trapped in each riparian zone (i.e. the sort of data required by
some sediment transport models) the Manning’s n values for each riparian zone would
need to be combined with information about the slope and width of each riparian zone to

estimate their sediment trapping capacity.

In the broader Australian and global context, hillslope generated sediment that enters the
channel network is a problem in many catchments, and consequently the STI has
potential applications elsewhere. In applying the STI to other areas a series of questions
need to be considered: how much field work will be required; which sensor has the
appropriate spatial resolution for the buffer strips in the area of interest; and is data

available at the scale, and for the time frame of interest. Fieldwork is essential to

%8 The success of this approach would be dependent on the timing of the scene
acquisitions.
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establish the link between land use and ground cover levels, particularly if ground cover
levels beneath tree canopies will be inferred from the adjacent paddock/field.
Consequently fieldwork to establish this link would need to be carried out for the region
the STI was to be calculated in. Ideally this fieldwork would be carried out during the
same season (preferably same time) as the image was acquired. It is also important to
ensure that the Manning’s n values calculated by the fieldwork are based on Manning’s n

values collected for similar cover types.

7.3.2. Bank Reinforcement Indices
BRIIocal

The BRIy, was developed to identify areas that had undergone a decrease in the amount
of bank reinforcement provided by woody vegetation, and are therefore more prone to
bank erosion than they would have been prior to European settlement. The relatively
high spatial resolution of ASTER data (15 metre pixel) enables the identification of
narrow strips of remnant riparian vegetation that continue to provide bank reinforcement,
and also identifies areas where grazing or cropping practices have resulted in bare soil
immediately adjacent to the channel. By combining existing models of bank
reinforcement (Abernethy and Rutherfurd, 2001, Simon and Collison, 2002) with
vegetation structural classes that can be identified using remote sensing data the BRI,
provides capacity to estimate the amount of bank reinforcement as a function of
vegetation class and stream order anywhere within the study area. This represents a
contribution to our understanding of, and our capacity to, quantify how riparian

vegetation acts to reduce bank erosion at different locations throughout large catchments.

One of the main advantages of the BRI, is that it identifies stream banks throughout
the catchment that have no bank reinforcement provided by woody riparian vegetation.
This information was provides a valuable tool for identifying areas throughout the
catchment that are likely to have unstable banks, and could potentially deliver large
amounts of sediment to the stream via bank collapses, and mass failure. These areas are
of particular interest in the Fitzroy basin where 35% of the 2900 kt of suspended
sediment load that is exported from the catchment into the Great Barrier Reef Marine
Park each year is generated by bank erosion (values based on SedNet modelling results
described in (McKergow et al., 2005)). The BRIy also has the capacity to identify
areas where woody riparian vegetation is providing the maximum amount of bank
reinforcement (BRIj.,y = 1), and it is these areas that should be conserved to prevent
further destabilisation of stream banks. Another advantage of the BRI}, is that it can be
calculated with relatively few data sources compared to other bank stability models
(Simon and Collison, 2002). This is because it focuses solely on the influence of

vegetation (rather than soil and hydrology) on bank stability.

A limitation to the accuracy of the BRIy, is that assumptions made about pre-settlement

riparian vegetation for higher order stream orders are difficult/impossible to validate
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(particularly in a spatially explicit sense). In index value terms this means that high order
stream reaches with woodland adjacent to them (BRI, = 0.7), may have had woodland
in their littoral zones prior to European settlement in which case the BRIy, value should
be 1 rather than 0.7. Consequently the BRI, values of 0.7 for higher order streams
should be treated with caution as they may not be a true representation of the change in
the amount of bank reinforcement.  This limitation does not dramatically reduce the
usefulness of the BRI, because the index can still be reliably used to identify a. areas of
bare soil adjacent to the channel (BRI, = 0) b. areas where the removal of woody
vegetation has lead to a large reduction in the amount of bank reinforcement (BRI ycy
=0.1) and areas where the conversion of woodland into open woodland has lead to

reduction in the amount of bank reinforcement (BRI ey = 0.3-0.4).

To the authors knowledge the only other spatially distributed model of stream bank
stability is described in Wilkinson et al. (2005), and the BRI, approach represents a
significant improvement both in terms of the spatial resolution with which riparian
vegetation 1is represented (15 metres as opposed to 250 metres) and in terms of the detail
in which vegetation structure influences bank stability. Wilkinson et al. (2005) uses a
simple proportion of riparian vegetation whereas the BRI, calculates stability as a

function of both vegetation structure and stream order.

There are a number of avenues for further research into the BRI,.,. These include: the
integration of the BRI, into catchment scale sediment transport models, and additional
fieldwork to examine the assumptions that were made in calculating the BRIj,c,. The
BRI}, and the parameters used to calculate the BRIy, could be incorporated into a
catchment scale sediment transport model such as SEDNET (Prosser ef al., 2001). Prior
to inclusion in a broader sediment transport model it would be prudent to undertake more
fieldwork to examine the assumptions relating to climax vegetation adjacent to high
order streams and, if possible, the root distribution of riparian species in the study area.
Assumptions about climax vegetation would also need to be re-assessed in applying the
BRI, to other areas. In areas where water availability is not limiting climax riparian
vegetation may not differ throughout the channel network, and in areas where water
availability is even more limiting, then differences in climax vegetation with stream

order may be more pronounced than those observed in the study area.

BRIgIobaI

The BRIy, values were determined by the bank erosion term in Equation (2.20) which

estimates the likelihood of bank erosion using

BE = (Power x(1-4,)x FloodplainFactor) . (5.6)
Where BE is the likelihood of bank erosion occurring, Power is the unit stream power,
/1,, is the number of trees per hectare normalised against the number of trees per hectare

that would have existed at that location prior to European settlement and
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Figure 7.1 Sensitivity analysis of the bank erosion term in BRlgjopa

FloodplainFactor is a variable used to reflect the increased likelihood of bank erosion in
alluvial soils as opposed to hill slope or bedrock constrained channels (these are the same
terms as used in the original model described in Wilkinson ef al. (2005)). A sensitivity

analysis of these parameters is shown in Figure 7.1.

Note that the colour coding indicates the same vegetation/land cover class located on the

floodplain or on hillslope constrained channels. The BE term is most sensitive to the

/1;1 parameter, which can alter the BE term from maximum to zero for any given stream

order. The fact that A could be reliably predicted using a vegetation classification
(Section 4.3.4) and the vegetation classification itself had a high degree of accuracy
(94%, Section 5.2.2) mean that this parameter can be reliably predicted for the study
area. The BE term is also sensitive to the FloodplainFactor term. Originally calculated
as a function of floodplain width, the FloodplainFactor is set to 1 for channels located on
floodplains and zero for bedrock constrained channels (Wilkinson pers comm. 2005).
The low order streams in the study area were typically constrained on either side by
hillslopes, but did not necessarily flow through bedrock constrained gorges. Based on
observations made during the fieldwork, bank erosion was occurring along low order
hillslope constrained channels, although not as frequently as on channels located on
floodplains. The hillslope constrained channels represent small, relatively high slope
channels with relatively large unit stream power that have the capacity to erode the
colluvial soils that make up the stream bank, particularly in areas where land clearing or
vegetation removal has reduced the capacity of the woody riparian vegetation to stabilize
the banks. To reflect this scenario the FloodplainFactor was set to 0.5 rather than 0.
This value is arbitrary, and it would be important to revise this figure based on field

surveys carried out on a large number of hillslope constrained and floodplain channels
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prior to including these model results into a sediment transport model. The BE term is
determined by the Power term, because without stream power bank erosion will not

occur. Interestingly the variations in Power term between stream orders have a smaller
influence on BE than the A or FloodplainFactor terms have within each stream order.

Power term was calculated for each stream order (as seen previously in Figure 6.12) and
the absence of flow velocity measurements for 1% and 2™ order streams makes estimates
of the Power parameter for these stream order unreliable. The distribution and values
calculated for the Power term are consistent with expected trends and values described in
other studies (Knighton, 1999; Reinfelds et al., 2004). Even if we assume that the
velocity of the lower order streams is identical to the third order stream (rather than using
extrapolated values) the slope values used for the 1% and 2™ order streams mean that they
still have higher unit stream power. So while the BRIy, in its current form may tend to
overemphasize the erosion risk on first order streams relative to 2™ and 3™ order streams,
the sensitivity of the Power term to slope and channel geometry means that unit stream
power will be higher for lower order than higher order streams, irrespective of what flow

velocity values are used.

One limitation of the BRIy is that it uses unit stream power to describe the erosive
force of the stream, but does not condsider other forms of bank erosion that are not
dependent on unit stream power. For instance, in areas that are subject to extensive cattle
grazing, such as those encountered in much of the study area, banks can be denuded,
damaged or destabilized by cattle (Belsky et al., 1999). Consequently, the current form
of the BRIy may underestimate the amount of bank erosion because it does not
consider these processes. In the future the BRIyon could be modified to include the
influence of cattle in areas subject to grazing. This would ideally be done using
estimates of grazing pressure calculated from MODIS data as discussed in Section 5.2.3
in combination with field surveys to ensure that the remote sensing estimates of grazing
pressure could be reliably used to estimate cattle impacts on stream banks. Identifying
areas where grazing pressure is high in riparian zones is also important for the BRIyqba1
in the longer term as well. This is because heavy grazing in riparian zones prevents
recruitment of new riparian trees from existing seedbanks. So while the existing riparian
forest may have a contiguous canopy and appear intact from the satellite image, the
absence of saplings and smaller trees may result in unstable banks in the longer term via

the long term loss of bank reinforcement (Jansen and Robertson, 2001).

7.3.3. Denitrification Indices
DNIIot:al

Characterizing the spatial distribution and amount of denitrification requires two things,
the spatial distribution of water soluble carbon in the soil profile, and the frequency with
which conditions are suitable for that water soluble carbon (WSC) to be used as an

electron donor in the process of denitrification. The vegetation classification used to
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estimate the distribution of WSC was generated from ASTER data. The 15 metre pixel
size of ASTER enabled identification of narrow stands of littoral vegetation that
generate higher amounts of WSC than the surrounding floodplain vegetation.  The
frequency with which conditions were suitable for denitrification was calculated by
analysing the stage height records for stream gauging stations throughout the study area
and calculating stage height characteristics for each Strahler stream order. To the authors
knowledge this is the first study to use stage height records to calculate the likelihood of
conditions being suitable for denitrification. Furthermore, the combination of these two
data sources with floodplain extent data calculated using MrVBF provides a relatively
simple model to estimate where denitrification is likely to be occurring in a large semi-
arid catchment. In addition, the DNI,y, provides an estimate as to the change in
denitrification potential between pre-settlement vegetation and the riparian vegetation
encountered at present. In so doing, the DNI,,, provides new spatial assessment
concerning the role of riparian vegetation in reducing in-stream nitrogen loads at a

catchment scale in semi-arid areas.

One of the important features of the DNIj,, is its use of stage height characteristics to
incorporate the temporal behaviour of the stream into the index. This makes the DNIy,
sensitive to changes in stage height (flow) duration that might be expected to occur under
a land use change scenario, or as a result of river regulation. Stream regulation that
reduced the frequency and duration of bankfull or overbank events would dramatically
reduce the capacity for denitrification. The capacity to estimate the change in
denitrification potential for different flow regimes as well as land-use management

strategies is useful.

Another advantage of the DNI,, is that it describes the denitrification processes that
occur both adjacent to the channel during within-bank flows, and the floodplain
processes. It also describes the relative importance of both locations (although the
estimates of relative importance are sensitive to the accuracy of the overbank frequency
and duration data). This capacity to describe in-channel and floodplain processes is
particularly important for a system like the Fitzroy, where nitrogen loads and
concentrations during both low flow and flood events have large impacts on the in-
stream and estuarine ecology. Consequently the capacity to identify areas where
denitrification is occurring within the system is essential, so that these areas can be

protected or restored.

The use of a floodplain and alluvial soils map generated from MrVBF is a significant
improvement on the fixed buffer width approach used in other denitrification models
(Basnyat et al., 1999) or the stream channel surface area approach used by Bartkow and
Udy (2004). This is because the depositional areas identified by MrVBF are likely to be
closely coupled to the local phreatic and hyporheic groundwater systems, so that WSC,

either at depth, or in the topsoil, is likely to encounter conditions suitable for
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denitrification at some point in time (even if it is only during an infrequent major flood
event). Also, by definition, areas with high MrVBF values have low topographic slope,
and therefore high stage events that occur in these areas are likely to persist for long

enough for denitrification to start, and, in many cases, run to completion.

One of the limitations of the DNI,,, is its sensitivity to estimates of channel dimensions,
and the assumptions relating the stage height duration for a specific Strahler stream
order. The use of Strahler stream order, rather than upstream contributing area® reduces
the sensitivity of this index to changes in channel geometry that may occur within any
give stream order, consequently estimates of the amount of denitrification may be locally
inaccurate in areas where channel geometry and/or stage height characteristics
(particularly bank full frequency) differ significantly from the average values used for
each stream order. The DNI,, is also sensitive to the amount of denitrification potential
(calculated using fine roots to estimate the amount of WSC, and in turn the amount of
denitrification) ascribed to each vegetation type. At present these values are based on
literature values, however additional fieldwork within the study area would be able to
reduce uncertainties in the amount of denitrification potential ascribed to each vegetation
structural type. These limitations and the future research required to address them is

discussed in detail below in terms of the DNI,p, model

Another limitation to the DNI,, is the assumption of simple channel geometry. A
single U shaped channel is used to calculate the DNI (both local and global) and this may
underestimate the amount of WSC available for denitrification during low stage events
because it doesn’t include the areas of organic rich soil associated with trees, particularly
Calistemon viminalis or Melaleuca sp. growing on ‘in-channel’ features such as benches,
bars and islands. This limitation will tend to underestimate the amount of denitrification
that occurs in the littoral zones of the higher (5™ and 6™) order streams where such

features occur.

There are a number of considerations that need to be made in applying DNIjy, to other
areas, particularly areas with different climatic/hydrological regimes. The approach
could be applied to other semi-arid areas with ephemeral stream networks, and
vegetation distribution that was water limited without major modification. However
fieldwork to establish channel dimensions, and a stage height duration to stream order
relationship would need to be established for the area. The approach would need
significant modification and additional data if it were to be applied to areas that did not

meet these criteria (semi-arid, ephemeral stream network). This is because the

? Which was necessary because the lack of terrain information on the floodplain
necessitated manual digitization of the channel network, thereby removing the link
between each stream link and upstream catchment area. It is possible to manually re-
establish the link between stream links and catchment area, but this is very time
consuming, and can be unreliable for areas where the channel anabranches.
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mechanisms for, and location of, denitrification are different in temperate, humid
environments with permanent stream flow (Quinn et al., 2001). It is likely that a
groundwater flow model would be required for these areas, to identify areas where
shallow groundwater is likely to intercept (rather than bypass) the riparian root zone, one

such model is described in Gold et al., (2001).

Dnglobal

Calculation of the DNlyqp, entailed identifying which vegetation and stream order
combination would result in the highest amount of denitrification during a wet year*’.
The scenario for the maximum amount of denitrification identified in this analysis was
closed forest located on the floodplain of a 2™ order or 3™ order stream. This scenario
was identified because the frequency with which these lower order streams reach bank-
full or over bank stage heights means that nitrate enriched water in these 2" and 3™ order
streams is more likely to interact with the WSC rich layers of topsoil. For higher order
streams that have deeper channels and do not reach bank full stage as frequently the
nitrate enriched stream water is less likely to interact with the WSC in the topsoil. A

sensitivity analysis of the DNIyopa is shown in Figure 7.2.

The model is sensitive to the amount of WSC assigned to each vegetation structural class
for any given stream order, but is most sensitive to the stage height characteristics and in
particular estimates of bank full frequency for each stream order. This is consistent with
the observations contained in Takatert e al. (1999) which notes in relation to
denitrification occuring in floodplain soils that “The hydrological variations are much

more important than those concerning substrate and type of vegetation”.

The stage height characteristics were calculated directly from gauging station records
that date back up to 60 years and represent at reasonably accurate characterisation of
stage heights at those gauging stations. There are insufficient gauging stations within the
study area to assess whether gauging station records recorded at one location can be
reliably used to characterise all channels with the same Strahler stream order, and this is
likely to represent the greatest limitation to the accuracy of the DNIyon model. This
limitation is of particular concern in relation to the typical location of gauging stations in
catchments. Gauging stations are typically located on bedrock constrained reaches or at
constrictions within the catchment to enable calculation of total stream discharge. Areas
upstream or downstream of the gauging station (but still of the same Strahler stream
order) may anastomose and/or be surrounded by extensive floodplains, and flow is likely
to reach bank full stage or go overbank in these settings (Western et al., 1997; Jansen and

Nanson, 2004). Consequently the current DNIyo,s model may be underestimating the

3% The term ‘wet year’ used here refers to a year in 3 major rainfall events occur, one at
the beginning of the wet season, one at the end of the wet season, and a major rainfall
event during the dry season.
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amount of denitrification occuring on any given stream order, particularly for stream

reaches that contain extensive anastomosis.

A further limitation is that the WSC estimates for each vegetation class are literature
rather than field work based. The values identified from the literature represent the
vegetation and climatic conditions encountered in the catchment. However they may be
locally inaccurate given the hydrological conditions encountered on the floodplain and in
littoral zones. The literature values are for non — riparian tree species in the study area ,
and riparian tree species may differ in rooting habit to those species described in the
literature. The values for WSC used in this study reflect expected trends insofar as areas
with high aboveground biomass support high amounts of WSC and decreases in the
amount of above ground biomass correspond with decreasing amounts of WSC.
Furthermore WSC declines exponentially with increasing soil depth, which is consistent
with the description of WSC dynamics for vegetation in the study area as described in
Dalal et al. (2005). However to calculate the amount of denitrification with any degree
of certainty it would be necessary to measure the distribution of WSC with depth for the
different structural classes encountered in littoral zones and on the floodplain within the
study area, and ideally carry out a series of these measurements at different times during
the year i.e start of the wet season, end of the wet season, middle of the dry season. In
addition to this, surveys of denitrifying enzyme activity (DEA) would be carried out to
establish whether the WSC is being consumed by denitrifying bacteria, or via other
processes. Remote sensing may prove a useful tool in quantifying the fine root and WSC

dynamics on the floodplains based on the following proposal.
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Figure 7.2 Range of DNIgq,a Values for every stream order and vegetation type
combination
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Figure 7.3 The difference in NDVI over time between woody vegetation accessing
plant available water in the topsoil (light green) and those accessing groundwater
(dark green)

Theoretically, if woody vegetation is located on a large floodplain, and has access to
groundwater or water that is deeper in the soil profile, then it will tend to maintain a
relatively high leaf area throughout the year, while other vegetation in the landscape dries
out as the dry season progresses. Under these circumstances the Nomalized Difference
Vegetation Index (NDVI) time series of floodplain vegetation will tend to vary less over
time than woody vegetation elsewhere within the landscape (Goodrich et al., 2000) as

shown in Figure 7.3.

This phenomenon has been observed and described using multi-temporal NDVI data in
Glenn and Nagler (2005). To identify whether the MODIS NDVI data could be used to
estimate groundwater/deep soil water behaviour in floodplains within the study area the

following steps were taken:

1. Stands of woody vegetation located on the floodplain (definition of floodplain
vegetation is contained in Section 5.3.3) that were larger than a MODIS pixel

(250m x 250m) were identified from the vegetation/land cover classification;

2. A mask was generated using the areas identified in step one and this mask was
used to identify the NDVI timeseries of woody vegetation located on the

floodplain, and;

3. A Minimum Noise Fraction (MNF) analysis (Green et al., 1988) was

performed on the masked data to identify areas of low variability.

The MNF transform performs two principal components analysis (PCA) transforms on
the data, the first transform decorrelates, removes noise and re-scales the data, and the

second transform performs a traditional PCA analysis of the data. The second MNF
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Figure 7.4 NDVI time series for floodplain woody vegetation

band appeared to be closely related to the variation in the amount of NDVI. Areas of the

landscape where NDVI did not vary much over time (such as areas of native vegetation)

had very low values in the second MNF band, whereas areas that varied a lot over time

(such as areas subject to cropping or grazing) had high values in the second MNF band.

A series of masks were generated by thresholding this MNF band, and the masks were

applied to the original MODIS data to generate an average time series for each masked

area. These average time series are shown in Figure 7.4. In Figure 7.4 Series 1 (red)

corresponds with riparian zones adjacent to low order streams, the woody vegetation in

these areas may consist of open woodland, and therefore be dominated by a ‘grass’ rather

Figure 7.5 ASTER imagery
showing channel network

Figure 7.6 Groundwater signal
calculated from NDVI timeseries.
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than ‘woody vegetation’ signal, hence the similarity to the time series seen for grazing
areas previously in Figure 5.12 and Series 9 (blue) corresponds with riparian vegetation
that has more persistent access to moisture deeper in the soil profile or groundwater.
(colours of series Figure 7.4 in above correspond to colours of pixels in Figure 7.6) It is
also interesting to note that the two blue series Series 8 and 9 correspond with stands of

closed or open forest.

Stands of vegetation that access water deeper in the soil profile (irrespective of whether it
is rainwater infiltrating deeper into the soil or regional groundwater) will have fine roots
in the capillary fringe, and the turnover of these fine roots and the exudates produced by
these roots will generate WSC deeper within the soil profile thereby replenishing stores

of WSC for future denitrification events(Kétterer et al., 1995).

This preliminary analysis of MODIS NDVI timeseries could be used to identify the
location and timing of field measurements of WSC and fine root distribution, and, in
conjunction with these measurements, could be used to improve our understanding of
groundwater and fine root dynamics on large floodplains. This would in turn lead to an

improvement in the accuracy of the DNIyqb. model.

Another way in which remote sensing could be used to improve the DNIyqp, model
would be the acquisition of more accurate DEM using laser induced direction and
ranging (LIDAR). Such a DEM would provide valuable data about channel geometry
and planform morphology, and could be coupled with a hydraulic model to calculate
inundation duration and frequency for different parts of the floodplain. An alternative,
and considerably cheaper means of improving the reliability of the DNIyq, model
would be to improve the characterisation of channel dimensions for each of the sub-
classes of each Strahler stream order (seen previously in Figure 5.15). This could be
done by collecting additional channel cross section information, with numerous cross
sections collected throughout the catchment, from small streams to large rivers. The
emphasis in this data collection exercise would be on large rivers, and their adjacent
floodplains, particularly those with anastomosing channels (and their associated B, C and
D class channels). This data could analysed using the techniques described in Western et
al. (1997) to identify more reliable relationships between the channel dimensions of each
Strahler sub-class and catchment characteristics, such as area, rainfall/runoff coefficient
and hypsometric value. These improved estimates of channel geometry would improve
the reliability of the bank full frequency predictions and thereby increase the reliability of
the DNIjopa1 model.

The reliability of the DNIyo could be further improved by carrying out fieldwork
within the study area to quantify the link between vegetation structure and denitrification
potential. Ideally the fieldwork would measure the denitrification potential (rather than
fine root or WSC surrogates) for each vegetation type found adjacent to the channel, and

each vegetation type found on the floodplain. With this information, in combination with
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either a LIDAR based DEM or improved estimates of channel dimension and
characteristics it would become possible to estimate the amount of denitrification
performed by any particular stand of riparian vegetation on a kg ha™ year basis. This
data could then either: a. be used to calculate nitrogen budgets at a whole-of catchment
scale or b. used as input into existing pollutant transport models such as SEDNET

(Prosser et al., 2001).

A more empirical evaluation of the DNIjq,. model could be made by examining the
statistical relationship between the nitrogen loads and concentrations at various locations
in the river system and nitrogen sources and cumulative DNI values upstream of that
point. This could be done using a modified version of the approach described in Basnyat

et al. (1999).

Even though the DNIjo, model has some limitations as detailed above, it does reveal
some interesting patterns in terms of denitrification within the catchment. As discussed
in Chapter 4 denitrification was considered to start (DNy,,) at a given bank height (soil
depth) range in the stream bank when flow had exceeded that height for more than 48
hours (Sigunga et al., 2002) and denitrification was considered to be complete
(DN¢omplete) When the flow had exceed that height for more than 8 days (Powlson ef al.,
1988). The DNy model was calculated using DNcompiee parameter. However a
comparison of the DNI,; and DNI¢ompiee Statistics identifies some interesting trends.
Based on the analysis of the stage height records it is interesting to note that while the
number of DNy, events is much higher for lower order streams, the number of DN¢omplete
events (see Section 2.4 for the definition of these two terms) is more comparable between

lower and higher stream orders (see Figure 7.7).

The reason for this is the lower order streams are more dominated by event flow or
‘flashy’, consequently flow might reach a certain stage height for 48 hours (long enough
for denitrification to start), but may not remain at that stage height for 8 days (long
enough for all available WSC to be consumed). Whereas for higher order streams that
have a larger base flow component and that may receive a series of flood pulses from
different sub-catchments, the stage height varies more slowly so that if conditions at a
certain stage height are suitable for denitrification to occur, it is more likely that the
water will remain at that point in the stream bank long enough for all the WSC to be

consumed.
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When denitrification begins but does not run to completion due to falling soil moisture
levels, the denitrifying bacteria produce nitrous oxide (N,O) rather than nitrogen gas (N,)
(Dalal et al., 2003). Nitrous oxide is an important greenhouse gas, and calculating the
amount of nitrous oxide emissions of from agricultural lands remains problematic (Dalal
et al., 2003). Once additional field measurement have been made to improve the
reliability of the DNIy.p, model, then results such as those shown in Figure 7.7 could be
used to provide previously unavailable information about the spatial distribution, timing,

and amount of nitrous oxide emissions from floodplains and riparian zones.

7.3.4. Large Woody Debris Indices

I-WDIIocaI

The capacity of woody riparian vegetation to produce LWD is important for both the
terrestrial and aquatic ecosystems, as well as river and floodplain geomorphology
Information about the spatial distribution of vegetation capable of producing LWD can
be used to identify stream reaches where the removal of woody vegetation has led to a
decrease in the amount of LWD inputs, thereby reducing the quality of the aquatic

environment, increasing terrestrial habitat fragmentation and altering the hydraulics, both
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in stream and overbank. Furthermore, the capacity to identify areas in need of
protection, riparian planting and candidate sites for LWD placement means that the
limited resources available for riparian and LWD management can be used with a high

degree of efficiency.

The use of high spatial resolution (15 metre pixel) ASTER imagery was essential to
capture the narrow strips of fringing littoral forest along the larger channels that generate
large amounts of LWD relative to other vegetation throughout the catchment. The ability
to identify stands of vegetation capable of generating LWD that were located on
floodplains (as identified by MrVBF) was also important because it is in these areas
where water is likely to remain in the channel network long enough for aquatic species to
complete their life cycle, whereas low order, bedrock or hillslope constrained channels
typically only flow during and immediately after rainfall events. By combining these
two layers with a simple LWD recruitment model the LWDI,, provides an estimate of
how much the capacity for LWD production has changed between pre-settlement and the

present day.

The main limitation of both LWDIj,c.; and LWDIop.1 (discussed in greater detail below)
is that they predict recruitment loads (the amount of LWD that is likely to be generated at
a stand of riparian vegetation), rather than predicting actual loads (the amount of LWD
that would be found in the channel adjacent to that stand of vegetation). This reflects the
fact that the LWD generation occurs via a number of mechanisms such as windthrow
(Abernethy and Rutherfurd, 1998), limb mortality or channel undercutting (Fetherston ez
al., 1995). These processes are all episodic in nature, and may vary in dominance in
different parts of the catchment. The episodic nature of LWD generation combined with
the potential for transport of LWD during large flow events makes it difficult to
accurately predict the in-stream volume of LWD at any given location. The other
limitation to the LWDIs is that they both rely on the assumption that the relationship
between standing timber and LWD observed by Marsh et al. (2001), applies to
vegetation found in the study area. The data that Marsh et al. (2001) refer to are for the
same genus of tree, and include data collected in a similar climatic region, but additional
research would be required to establish whether the relationships described in Marsh et

al. (2001) apply directly to the study area.

The distribution of LWD in relation to stream order observed in this study differs from
that observed by Diez et al. (2001), in Spain and by Gurnell e al. (2002) in Pacific
Northwest forests. The key difference being that the amount of predicted LWD
recruitment tends to increase downstream rather than decrease. This reflects a
fundamental difference in the land use practices and climatic conditions between this
study area and the other study areas. In this study area riparian vegetation along some 1%
and 2™ order streams was cleared for grazing. In contrast the 1% and 2™ order streams in

Pacific Northwest and the Iberian peninsula are often surrounded by high relief
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watersheds and remain partially or fully forested headwater streams. The distribution of
riparian vegetation within the study area is strongly controlled by water availability, so
that even pre-clearing many of the 1%, 2™ and 3™ order streams would only have
supported woodland, whereas open forest would have been present in the littoral zones of
4™ 5™ and 6™ order streams with small pockets of closed forest found along 5™ and 6™
order streams. The higher order streams within the study area have significant portions
of remnant vegetation along the banks, and it is these portions of vegetation, particularly
the open forest and closed forest that are predicted to be producing the large amounts of

LWD.

The information generated by the LWDI,..,; approach can be used to support decisions
concerning the spatial prioritisation of riparian conservation and rehabilitation projects.
Areas along high order streams where closed forest and open forest are providing large
amounts of LWD to the stream would be of high priority for conservation as part of a
management strategy aimed at maintaining LWD loads within streams. The LWDI .,
also identifies areas where no woody riparian vegetation is adjacent to the channel. Such
areas could be visited and assessed as possible locations for LWD replacement

depending on the local conditions.

Previous attempts to describe the spatial distribution of LWD have included the use of
airborne remote sensing to identify pieces of LWD within a channel network (Marcus et
al., 2003). The success of this approach is hampered by the similarity in colour (and
therefore reflectance) between LWD and other objects in the stream network. Another
approach is the mechanistic model, such as the Riparian Aquatic Interaction Simulator
(RAIS) described in Welty et al. (2002). Such models seem useful for the areas in which
they are developed, but can require a wide range of input data that can be difficult to
obtain for large areas. One of the advantages of the LWDI,,,; approach is that, with a
limited amount of field work, and some inexpensive satellite imagery, it is possible to
estimate the amount of LWD being generated by riparian vegetation anywhere within

large (>100 000 ha) catchments.

There are a number of avenues for future research into the LWDI. One of the key areas
of future research would be to assess how well the model described in Marsh et al.
(2001) applies to the study area. This could be done as part of a broader field campaign
aimed at assessing whether in-stream LWD volumes are correlated to the LWDI,, of

the adjacent stream banks or some function of LWDI,,, values upstream..

The LWDI,o,; could be applied to other areas, but fieldwork would need to be carried out
to establish the relationship between vegetation structure and standing timber volumes.
Additional fieldwork would also need to be carried out to establish the relationship
between standing timber volumes and LWD loads for areas where Eucalyptus was not
the dominant riparian species. Care would need to be taken in interpreting the LWDIs

particularly in environments where the streams capacity to transport LWD is high, and in



Index Reliability and Applications 7-21

areas where the wood is less dense, and therefore likely to be more buoyant, and

therefore more easily transportable.

I-WDlgIobaI

The LWDIa places the predicted amount of LWD recruitment into a catchment scale
context by looking at the relationship between the volume of LWD produced and the
volume of the channel into which that piece of LWD would fall. This is done by
dividing the area that the LWD projects into the flow (assuming random orientation) by
the channel cross-sectional area. This is equivalent to the blockage ratio B described in
Abernethy and Rutherfurd (1998). This is a particularly useful measure of the ecological
and hydraulic functions of LWD because it simultaneously describes the influence of
LWD on in-channel hydraulics (Abernethy and Rutherfurd, 1998) and the influence of
LWD in providing visual protection from predators and velocity refuges (Crook and
Robertson, 1999). The blockage ratio values used to describe LWDI4p, are shown in

Figure 7.8.

The values shown in Figure 7.8 represent the blockage ratios generated by LWD under
bank-full flow conditions assuming a simple U shaped channel. The LWDIqy, are most
sensitive to channel cross sectional area, and less sensitive to vegetation structural
classes. The channel dimension parameters bank height and channel width were reliably
predicted as a function of Strahler stream order (see section 0 for details) and the wood),
parameter used to calculate LWD recruitment can be reliably predicted using a map of

vegetation structural classes (see section 4.3.5 for details).

This means that the values shown in Figure 7.8 are likely to be reliable at the stream
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reach scale, provided the LWD is not being transported. There will of course be local
variations in the blockage ratio due to both the episodic nature of LWD recruitment, the
possibility of LWD transport and the variability in channel geometry for any given
stream order. The absolute values of the blockage ratio (Figure 7.8) are sensitive to the
U shaped channel assumption. If the channels are assumed to be V rather than U shaped
then the blockage ratios all increase. However the relative importance of any given
vegetation class and stream order combination remains unchanged. The high blockage
ratios encountered on D class channels (Figure 7.8) represent a scenario whereby the
volume of LWD recruited may be larger than the channel. In this case the channel may
either be partly or fully blocked, or the tree may simply bridge the channel and provide
some blockage in the form of tree limbs. Given the low unit stream power calculated for
these D class channels the presence of a large piece of LWD may have significant
impacts on the floodplain geomorphology, potentially leading to new channelization to
enable flow to bypass the blockage caused by the LWD. This is consistent with the
theoretical influence of LWD on floodplains as described in Brooks et a/ (2003).

One of the major limitations of the LWDIyq model as shown in Figure 7.8 is that it
only shows the blockage ratio at a single time, in this instance when the flow is bank-full.
This underemphasises the importance of LWD in higher order streams. Blockage ratios
in these streams are likely to rise rapidly as channel network starts to dry up and are
likely to provide valuable habitat as the dry season progresses. This effect is enhanced
by the tendency for LWD to accumulate at the base of the channel. The temporal nature
of the blockage ratio is approximated in Figure 7.9. So, while the LWD in a 4D order
stream may provide valuable instream habitat during high stage events, LWD becomes
increasingly important in higher order streams as the dry season progresses (Note that the
sudden drop in blockage ratio represents the point at which the channel dries out and the

LWD therefore ceases to provide any aquatic habitat due to the lack of water).
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To account for this temporal dynamic it is important to consider both the LWDI and SSI
(described in greater detail in the following section) simultaneously, because the SSI is
calculated for those areas of the channel network that are likely to support waterholes.
Consequently the stands of woody vegetation capable of providing shade to waterholes
are also those likely to produce LWD to the waterholes. So in some senses the areas
identified by the LWDI represent the maximum extent of the aquatic habitat during the
wet season habitat, and the shading and LWD recruitment capacity of the littoral
vegetation in this area are essential during the wet season. The SSI also identifies stands
of littoral vegetation that provide shade and LWD to the limited proportion of the stream

network that supports the aquatic ecosystem during the dry season.

7.3.5. Stream Shade Index
SSIIocal

One of the main advantages of the SSI,,, is that provides an estimate of how the amount
of stream shade provided by a stand of riparian vegetation has changed since European
settlement. Furthermore it can do so without the complex data requirements and
computational intensity of the Chen model (Chen et al., 1998a; Chen et al., 1998b). This
means that a broad description of the stream shading function of riparian vegetation can
be quickly and easily calculated for large areas using inexpensive satellite imagery and

some simple terrain analysis.

Another advantage of the SSI is that it enables rapid identification of high order stream
reaches (that are likely to support aquatic life in the study area) that are devoid of any
riparian vegetation. These areas would be a high priority in terms of regeneration to
restore the stream shading to pre-European levels. This is of importance in the Fitzroy
basin where the amount of sunlight reaching the water surface can rapidly alter the
temperature and chemistry of isolated waterholes that support the aquatic ecosystem
during the dry season, potentially resulting in fishkill events (Puckridge et al., 1998;
Erskine et al., 2005).

The SSIj,ca provides a robust estimate of how much the stream shading has changed as a
result of changes to the vegetation, because it is calculated using a local reference, and
therefore is insensitive to channel geometry. The SSlj,. assumes that the channel
geometry hasn’t changed between pre-settlement and the current day. This assumption
may be violated in areas where channel geometry has been altered via cattle activity,
channel incision or channel infilling. In such areas the SSI, will still provide an
indication as to how the stream shading capacity of the riparian vegetation has changed,
but may under or over estimate the magnitude of this change. Bearing this limitation in
mind, the SSIj,.,; assumes that any change in the amount of sunlight reaching the streams
surface is solely due to changes in the riparian canopy architecture and projected foliage
cover (PFC). Both the canopy architecture parameters and the PFC parameter were

reliably predicted using the vegetation classification (see Section 4.3.1 for details).
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Consequently the SSIj,,; values are likely to be fairly accurate in terms of estimating the

change in the amount of shade provided by riparian vegetation.

One limitation to this accuracy is the assumption (as previously discussed) about the
distribution of pre-settlement littoral vegetation. If there were areas of littoral zone on 4™
5™ or 6™ order stream that contained woodland (rather than open or closed forest) prior to
settlement, then the SSI,,; will indicate a reduction in the amount of stream shade

(SSIeal = 0.5) when there has not actually been a reduction.

Another limitation of the SSI (both local and global) is that it describes the importance of
a stand of vegetation in providing shade to the adjacent channel, however it doesn’t
calculate the amount of sunlight arriving at the stream surface (which is a function of the
amount of shade provided by both banks and their littoral vegetation). This reflects the
fact that the SSlioca and SSlgepa were developed as tools for prioritizing riparian
vegetation based on the amount of stream shade each stand of vegetation provides, and

identifying areas where vegetation is likely to assist in providing stream shade.

SSIglobal

The SSIyba is useful because it can quantify the relative importance of channel-adjacent
vegetation in providing shade to the stream®. This is particularly useful because it
identifies areas where planting riparian vegetation is likely to have a significant impact

on the amount of sunlight reaching the stream, and also identifies areas where planting
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the same riparian vegetation would have considerably less impact.

Please note that the NS and EW terms in Figure 7.10 refer to the channel orientation
(north-south, or east-west respectively). The SSIyqpa is most sensitive to the canopy
geometry parameters, and in particular the PFC. The PFC is reliably predicted by the
vegetation classification, and the vegetation classification has a classification accuracy of
96%, so the PFC parameter is likely to be fairly reliable throughout the study area. As a
consequence of this the SSIy . is likely to be reasonably reliable, although it is sensitive
to a number of other parameters. The SSI,epa is sensitive to both channel orientation and
channel geometry. The channel network was manually digitized to match the channel
network observed in the satellite imagery, so the channel orientation is fairly accurate,
although the conversion of the channel network from vector to grid does generate some
small errors. The SSIyha is sensitive to the accuracy with which the channel geometry
is estimated as shown in Figure 7.10. Accurate channel geometry estimates are required
to improve the reliability of the SSIyjqna1, particularly in calculating non-zero values. The
accuracy with which channel geometry is estimated impacts on the reliability of the
SSIyepal in two ways. It influences the identification of the stream order upon which the
riparian vegetation has the largest influence. It also influences the maximum value of the
Ory against which all other 6ry values are normalized. If the research into the
relationship between catchment characteristics and channel dimensions, discussed
previously in terms of DNIyp., Were carried out, then the outputs could be used to
address this particular limitation. The SSIyoa is also sensitive to the probability of
waterhole (Pwh) parameter (without which the SSIyqpa values for 6" order streams would
be lower than that of 5™ order streams, based solely on channel geometry). The Pwh
parameter is calculated from long term gauging station records, and the values calculated
from these records fit with expectations, i.e. larger rivers have a bigger base flow
component and therefore flow for longer and are therefore more likely to support

waterholes (Puckridge ef al., 1998).

Another limitation of the SSIyo is that it doesn’t account for the location of the
waterhole relative to the centre of the channel (i.e. it assumes that all waterholes are at
the centre of the channel). This is likely to lead to an underestimate in the maximum Ogy
value (i.e. a tree that overhangs a waterhole is likely to have a large shading influence
than a tree on the top of a bank with a waterhole in the centre of the channel. In reality
there are a wide range of vegetation and channel geometry scenarios, combined with a
range of waterhole location scenarios, which limits the capacity of the index to infer the
exact amount of shade provided by any specific stand of vegetation. The simplified
channel geometry and central waterhole assumptions are necessary because remote

sensing and terrain analysis are unable to resolve which of the many canopy geometry,

3! These figures should be interpreted with some caution because they are sensitive to the
accuracy of the channel dimensions for each stream order.
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channel geometry, and waterhole location scenarios should be used at each location
along high order streams. However it is important to keep those assumptions in mind

when interpreting the index.

There are a number of avenues for further research into the SSIgqhy. The most important
of which is providing reliable channel geometry measurements, because without these
the index is relatively unreliable. Fieldwork could also be carried out to establish the
reliability of the Ory value, based on a series of predicted vs observed Ory values for

various points throughout the catchment adjacent to different stream orders.

The parameters used to calculate the SSIyb. could also be used to parameterize a stream
shade model that could be used to estimate stream temperatures, which can in turn be
linked to temperature sensitivities of native species to identify the influence of
maintaining and/or increasing stream shade on the mortality rates of aquatic biota, based

on the approach described in Rutherford ef al. (1997).

The SSlyepa could be refined further by combining it with a map of waterholes for the
study area. A map of waterhole locations could be collected at the end of a drought
period using light plane or helicopter. This would then be combined with the SSIyp, to
highlight specific stands of vegetation that were capable of providing shade and
producing large amounts of LWD and were immediately adjacent to waterholes. There is
an interesting feedback between waterholes and vegetation structure. Permanent
waterholes indicate a permanent supply of water. In semi-arid climates, where water is a
limiting factor for plant growth, a permanent water supply is likely to support the highest
canopy cover anywhere within the landscape based on the concepts of eco-hydrology
(Caylor et al., 2005). Therefore it is possible that stands of closed forest immediately
adjacent to the channel are indicative of permanent waterholes (or areas with water
supply significantly greater than elsewhere within the catchment). It would be
interesting to examine this relationship by combining the waterhole map with the
vegetation structural map, particularly in light of the areas predicted to have groundwater
in the root zone throughout the year as identified using the preliminary MODIS NDVI

analysis described in the DNIgqp, Section of the discussion.

In applying the SSIyep, to other areas it would be necessary first of all to carry out
fieldwork to establish all of the parameters required to calculate the SSIyqpa (With
particular attention to channel geometry). It would also be necessary to review
assumptions about solar azimuth angle also. For the purposes of this study the solar
azimuth angle is considered to be 90 (i.e. the sun tracks from due east to due west and is
directly overhead at noon) which is reasonable for mid summer at the study area (which
is located on the Tropic of Capricorn). In applying this approach to areas further away
from the equator a different solar azimuth would be required, and this will impact on the
magnitude of the Ory parameter for vegetation of a fixed geometry (the further from the

equator the larger the Ogy for any given stand of riparian vegetation.
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The SSlgepa Would also be unreliable in areas with more extreme terrain (the study area
is relatively flat, particularly the floodplains where the SSIyepa is calculated). In areas
where terrain provides significant amounts of shade to the stream, the SSI,jqpa is likely to

overestimate the importance of riparian vegetation in providing shade.

7.4 Use of RFlIs for catchment management purposes

One of the potential applications for the riparian function indices (RFIs) is as decision
support tools for catchment managers who are required to make decisions about
allocating limited resources to achieve various objectives such as reducing in-stream
sediment loads, maintaining water quality and protecting the aquatic ecosystems. The
RFIs will provide useful information to catchment managers faced with such decisions
and could be used in a number of ways. An index could be used to focus on a specific
process within the catchment, indices can be assessed in functional groups, or all indices

can be considered collectively as part of an integrated catchment management plan.

7.4.1. Using Individual Indices

The use of individual indices to address specific problems is relatively self explanatory.
An index such as the STI could be used to identify areas in the catchment where there are
areas of bare soil immediately adjacent to the channel. Such areas would be a high
priority in a catchment, such as the Nogoa and Comet, where hillslope sediment is one of
the major contributors to in-stream sediment loads. The catchment manager would then
be able to identify where installing additional riparian buffer strips or reducing grazing
pressure would have the greatest impact in reducing the amount of hillslope-generated
sediment reaching the stream. The indices are more informative when used in
combination to focus on a catchment scale process, such as sediment transport and in-

stream sediment loads, pollutant loads, and aquatic ecosystem values.

7.4.2. Functional Index Groups

Three scenarios are described below that detail how a series of RFIs can be combined to
address catchment scale processes. The capacity to combine these indices to focus on
catchment scale processes represents an important new development in integrated
riparian management at the ‘whole-of-catchment’ scale. It enables the allocation of
resources to multiple locations in the catchment, in such a way that those resources are
allocated to areas where they are likely to have the greatest effect in reducing undesirable

impacts, or protecting desirable riparian functions.

Sediment Load Reduction Scenario

For catchments where in-stream sediment loads and sediment exports are a major
concern, the STI, and BRI indices could be analysed simultaneously to identify a range
of riparian zone management options that would be used in conjunction to reduce the
amount of in-stream sediment, and reduce the amount of sediment exiting the catchment.

The STI would be used to identify hillslope areas that were contributing sediment to the
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stream, and identify areas where the installation of riparian buffer strips, reduced grazing
pressure, or riparian fencing would be most effective in reducing the amount of hillslope-
generated sediment entering the stream. The BRI would be used to identify areas where
stream bank erosion could be mitigated by the planting of woody riparian vegetation, or
the installation of riparian fences to allow woody vegetation to regenerate. The cost,
feasibility and likelihood of land-holder adoption would have to be assessed by the
catchment manager, or catchment management agency. However these two indices in
combination could certainly be used to identify areas throughout the catchment that are
potential sediment sources. In a survey of landholder sentiment towards riparian zone
management in the Fitzroy basin Fielding et al. (2005) established that approximately
half the landholders surveyed have strong intentions to actively manage their riparian
zones via riparian fencing, altered stocking rates or installation of off-stream watering
points, and half had weak or no intentions to do so. Clearly, the capacity to convince the
weak intenders that the riparian zones on their properties are directly impacting on the in-
stream water quality and the water quality of the Fitzroy estuary and Great Barrier Reef
Marine Park is highly important. The indices developed in this thesis will be able to

assist in this process.

Pollutant Load Reduction Scenario

For catchment areas where in-stream pollutants were a major problem, and maintaining
water quality was a high priority then the STI, BRI and DNI indices could be used in
conjunction to: 1. Identify areas that were non-point-source pollution was entering the
stream network using the STI as described above; and 2. Identify floodplain and channel
adjacent areas that needed to be protected because they were providing sites for
denitrification in the system. The timeframe for regenerating the denitrification potential
for a specific site based on native vegetation regeneration is unclear. Consequently this

is approach is not developed further here.

Aquatic Habitat Protection Scenario

For a catchment where maintaining the aquatic ecosystem was a high priority then the
LWDI or SSI would be used to identify areas of riparian vegetation adjacent to high
order streams, providing a range of important functions for the aquatic ecosystem. These
areas would be a high priority for a protection because the functions provided by these
stands of vegetation take a long time (decadal timescale) to establish. So, for a
catchment manager concerned solely with maintaining terrestrial and aquatic biodiversity
and protecting the aquatic ecosystem, the highest priority would be protecting high SSI
and LWDI value stands of riparian vegetation adjacent to high order streams. This is
because protecting these areas is a more efficient use of resources than trying to
regenerate/replant riparian vegetation to perform those functions after the riparian

vegetation has been removed.
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7.4.3. Combining All Indices for an Integrated Riparian
Management Strategy

As discussed above, combining a series of the RFIs to focus on particular processes,
provides a useful tool to catchment managers concerned with a specific problem in the
catchment. However the RFIs are most useful when considered collectively. This is
because there is little point in maintaining levels of riparian shade and aquatic large
woody debris production if the water flowing through the high order streams is
excessively turbid, has a high nitrogen concentration, and the waterholes are filled up
with coarse sediment. Consequently riparian zones need to be managed in an integrated
fashion at a catchment scale, and the RFIs provide the tools to do so. The following
riparian management strategy has been formulated using all of the RFIs. The
management strategy consists of a series of phases, based on the timescales at which the

riparian functions operate, and the timescales at which they can be restored.

Phase 1: Low order streams adjacent to hillslopes
management

Identify areas of bare soil and heavy grazing adjacent to low order streams using the STI.
These are the priority areas for installation of riparian buffers and/or riparian fencing®?.
Grassed riparian buffer strips and grassed waterways are relatively quick to establish, and
it is important to reduce the amount of hillslope-generated sediment and sediment sorbed
pollutants entering the stream network to reduce turbidity and increase water quality
downstream. Use the BRIy, to identify banks that are reinforced with woody
vegetation (for protection) and areas without any reinforcement by woody vegetation (for
riparian fencing and planting, particularly along 2™ and 3™ order streams, where riparian

grasses alone are insufficient to reinforce the banks).

Phase 2: Floodplain management

Prioritize areas for protection based on the DNIyoy and BRIyepa. Priority areas for
restoration could be identified based on zero index values for both DNI and BRI
Restoring DNI and BRI values adjacent to the channel is likely to involve some form of
bush re-establishment or regeneration. The results described in Hancock ez al. (1996)
would suggest that areas of zero index value, adjacent to areas with non-zero values
would be the optimal place to start. This is because it is easier to regenerate bush if there
is remnant bushland adjacent to it, rather than starting in the middle of an empty

paddock.

Away from the channels, riparian vegetation management would be based on the DNI.

Areas with non-zero values would be a priority for conservation/protection (although not

32 The cost of fencing off all 1** order streams subject to grazing may be unrealistic, in
which case impressing to graziers the importance of maintaining ground cover levels in
these areas becomes a priority.
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as high a priority as those identified using the composite DNI/BRI scores described
above). Suggesting management scenarios for areas of the floodplain that have been
cleared of all woody vegetation is beyond the scope of this thesis. However the author
would suggest that maintaining cover levels within these areas is of particular importance

given their potential to erode during flood events.

Phase 3: High order stream management

Once phases one and two have been implemented, areas adjacent to high order channels
that perform multiple functions would be identified and protected. Areas for
protection/conservation would be selected based on composite scores of the following
indices LWDI, BRI, DNI, and SSI. Alternatively, areas could be selected based on a
specific index, if a specific process was of concern for these higher order streams. The
composite score could also be based on a weighted mean depending on the relative
importance of the processes within the catchment in question. Although they are
identified relatively late in the riparian management strategy, stands of mature
vegetation, adjacent to high order channels (which have high LWDI, BRI, DNI and SSI
values) are the highest priority in terms of protection and conservation. Not only because
they provide a wide range of riparian functions, but also because they are generally
limited in extent, they are difficult to re-establish once removed, and can take many

decades to reach maturity to provide the full range of riparian functions.

Areas for restoration could be identified as described above by identifying zero index
values adjacent to stands of riparian vegetation with non-zero values for a range of
indices. An alternative method of prioritizing restoration would be to identify waterhole
locations throughout the network of high order streams, and base stream restoration

works around those waterhole locations.

Phase 4: Monitor

Biannual updates to assess changes in the RFIs would provide useful feedback for
catchment managers, and would allow identification of ongoing problem areas. Ongoing
monitoring of in-stream indicators, such as sediment loads, pollutant concentrations and
waterhole temperature ranges would provide valuable feedback to the catchment
managers and scientists to compare the changes made to the system with the changes
observed in the system. It is important to note that due to the time frames at which
sediment transport and other catchment scale processes operate, it may be possible to
implement the four phases of the riparian management plan, and only observe minor
changes to sediment loads in the immediate future, with more significant changes place
over longer periods. Consequently the monitoring phase may need to continue for many
years to detect any long term reductions in sediment output that result from the integrated

riparian management strategy.
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Chapter 8 Conclusions

Land use changes within the Nogoa and Comet catchments have lead to the removal and
alteration of riparian vegetation at various locations throughout both catchments. The
approach developed in this thesis enables the quantification of how these changes have
impacted on the capacity of riparian vegetation to perform a range of important
functions. The combination of field data and historical gauging station data with recent
developments in image processing and terrain analysis provides new insight into the
important spatial and temporal dynamics of the following riparian zone functions:
sediment trapping; bank stabilization; denitrification; stream shading and large woody
debris production.  This capacity to quantify riparian vegetation functions, and
understand how human activities can improve or reduce these functions provides new
information to catchment managers who are faced with making decisions about
allocating resources across large catchments to meet end-of-valley targets in terms of
reduced sediment and pollutant loads (Table 8.1 and Table 8.2). In addition to this the
RFIgqba algorithms can potentially be adapted to improve existing long-term or event

based models of sediment/pollutant transport or stream ecology.

Table 8.1 Priority areas for protection (hectares of littoral zone)

Process 1™ 2" 3" 4m 5 6™
order order order order order order

Sediment trapping | 5215 2303 1283 483 86 356

(STI=1)

Bank stabilisation | 3715 2430 1853 452 391 686

(BRllocalzl)

Denitrification N/A 1500 1312 509 115 590

(DNI local:l)

Stream Shade N/A N/A N/A 310 42 651

(SSI localzl)

LWD production | N/A N/A 1853 452 97 705

(LWDI local=1)

Table 8.2 Priority areas for restoration (hectares of littoral zone)

Process 1 2 3 4" 50 6"
order order order order order order

Sediment trapping | 1097 502 156 <1 <1 <1

(STI=0)

Bank stabilisation | 917 427 631 347 50 56

(BRI global:o)

Denitrification N/A 223 130 97 110 <1

(DNI gj0pa=0)

Stream Shade N/A N/A N/A 780 110 201

(SSI global:())

LWD production | N/A N/A 631 780 110 201

(LWDI global:o)




8-2 Conclusions

Table 8.1 summarises results presented in previous chapters and demonstrates how the
RFI approach can be used to identify priority areas for protection to conserve the
remaining riparian vegetation that is currently performing a range of functions. Table 8.2
demonstrates how the RFI approach can be used to identify priority areas for restoration,
and how restoration in different parts of the catchment is required to restore specific
functions. Maps of each RFI and the rationale for not calculating some indices for

certain stream orders are contained in Chapter 6.

Sediment Trapping Index

Grazing and cropping practices have lead to a decrease in the sediment trapping capacity
of many littoral zones within the study area. This is of greatest concern in areas where
hillslopes drain directly into the stream channel. The 1500 hectares of riparian zone that
contained bare soil and heavy grazing, as highlighted by the STI, are areas that would
need to be targeted to reduce the 1750 kt y™' of hillslope generated suspended sediment
exported from the Fitzroy catchment (value based on SEDNET model results described
in McKergow et al. (2005). The areas of highest priority would be those that are not
upstream of Fairbairn reservoir. Future development of the STI could follow a number

of avenues including:

1. Fieldwork to establish whether remotely sensed estimates of grazing pressure

can reliably predict ground cover levels beneath tree canopies;

2. Further analysis of the MODIS MOD13Q1 product to quantify the temporal
dynamics of the sediment trapping capacity of riparian zones, with a particular
emphasis on using NDVI timeseries to estimate stocking rate, and thereby
estimate ground cover levels (both green and senescent) at different times of

the year;

3. Using the STI in combination with information about riparian zone slope and
width to calculate the sediment delivery ratios for different particle size classes
to estimate the capacity of riparian zones to trap pollutants such as

phosphorous that are sorbed to small particles;

4. Linking the STI with an event-based sediment transport model to quantify the
impact that various ground cover management strategies would have on

reducing end-of-valley sediment loads.

Bank Reinforcement Index

The removal of woody vegetation from riparian zones in the Nogoa and Comet
catchments has lead to a dramatic increase in the risk of bank erosion. The combination
of the bank reinforcement processes described in Abernethy and Rutherfurd (1998) with
a parameter that can be linked to a vegetation classification (the number of trees per
hectare) is an improvement in our ability to predict the amount of bank reinforcement at

any point in the catchment. In combination with estimates of unit stream power and a
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detailed description of the channel network this enables more detailed predictions about
where bank erosion is likely to occur. This ability not only allows improved estimates of
bank erosion in sediment transport models, it also enables targeted strategies to reduce
the potential for bank erosion in the highest risk areas. The BRIy, is currently limited
by the reliability of the unit stream power values assigned to each stream order. To
address this limitation and to further develop the BRI (both local and global) future

research should focus on the following:

1. Comparing BRIy values with observations of bank erosion to assess

whether bank erosion is occurring in the high risk areas predicted by BRIyiopal;

2. Improving the reliability of the stream power estimates applied to each link in
the channel network. This would ideally be based on the catchment area and
slope for each stream link rather than the current Strahler stream order based

estimates;

3. Examining the relationship between channel geometry and the Strahler stream
order sub-classes (A, B, C and D), this would also potentially improve the

reliability of the DNIyqp, calculations.;
4. Inclusion of the BRIy, results into long term sediment transport models; and

S. Improved estimates of the spatial location of bank erosion through the

inclusion of bank material information and channel planform morphology.

The Denitrification Index

The DNIyqba describes the relative importance of channel-adjacent areas, and floodplains
in terms of denitrification, and provides an estimate of how much denitrification is likely
to take place at each location. Soils beneath stands of closed forest and open forest
located in floodplain littoral zones on 2™ and 3™ order streams were identified as the
places where denitrification was most likely to take place, based on the coincidence of
high concentrations of water soluble carbon (WSC) in the topsoil and high frequency of
bank full events. Denitrification was less likely to occur in progressively higher stream
orders due to the fact that flow reaches bank full capacity less frequently for the larger
streams. The results of the DNIj,, indicate that land clearing and the presence of
cropping on the floodplain has resulted in a substantial decrease in the denitrification
potential of riparian zones throughout the study area. This has potentially resulted in a
switch in the between nitrogen sink to nitrogen source in floodplain soils that are subject
to the application of nitrogen fertilizer. This is of particular concern on high order
streams because nitrate that enters these high order streams is more likely to be delivered
to the estuary, and, according to the DNIy4p, model is less likely to encounter conditions

suitable for denitrification before it arrives at the estuary.

The major limitation of the DNIyba is its sensitivity to uncertainty in the prediction of

channel dimensions and thereby estimates of bank-full and overbank flow frequencies,
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and an absence of WSC measurements from riparian soils within the study area. Despite
the limitations of the DNIyoba, the following catchment management actions would be
prudent to reduce the amount of nitrogen reaching the estuary. First, cease removal of
riparian (both floodplain and littoral) vegetation from the floodplains of all higher order
stream with a particular emphasis on 2™ and third order streams, and an additional
emphasis on the two forest structural classes. Second, where possible, exclude cattle
from the stream channel to reduce the amount of nitrogen rich animal waste being
generated directly into the channel network. Third, review the amount of nitrate being
applied to flooplain soils by farmers engaged in broadacre and irrigated cropping to
assess whether lower application rates are feasible, and encourage farmers who are
applying nitrate or nitrogen rich fertilizers to restore and maintain the woody riparian

vegetation on their property.

To address the limitations of the existing DNIo,. model and further develop a catchment

scale model for denitrification the following avenues of research will be pursued:

1. Measurement of WSC and denitrification enzyme activity for each vegetation

type and stream order combination within the study area;

2. Based on the results of these measurements a catchment scale model of
denitrification would be developed which could be coupled with estimates of
nitrogen inputs from various land uses to develop a catchment scale nitrogen

budget; and

3. Investigation of the MODIS MODI13Q1 product to assess whether NDVI
timeseries can be used to describe the dynamics of WSC at depth on large

floodplains.

The Large Woody Debris Index

The LWDI,, results indicate that removal of woody vegetation from the riparian zone
has lead to a significant decrease in the quality of the aquatic habitat during the wet
season, with fewer velocity refuges during flood events, increased habitat fragmentation
and fewer breeding sites for the 26 species of native fish that live in the study area.
Fencing and regeneration of woody vegetation along stream and river banks would
ensure the long term potential for LWD recruitment, whilst simultaneously improving the
bank stability and denitrification potential of these littoral zones. This is particularly
important for 3™ and 4™ order streams which have experienced the greatest reduction in
the amount of stream bank vegetation. The LWDIyp, should be considered in
conjunction with the SSI, because they describe the importance of woody riparian
vegetation to aquatic ecology from a ‘wet season’ and ‘dry season’ perspective
respectively. One of the advantages of the LWDI,qq is that it provides the capacity to
identify stands of vegetation that are likely to produce large amounts of LWD, and

thereby, enables more targeted vegetation management strategies for high order streams.
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The main disadvantage of the LWDI is that the index predicts the potential for
recruitment, rather than actual LWD volumes. Future research in the LWDI can take a

number of directions including:

1. Field work to identify whether LWD recruitment is a useful predictor of local
in-stream LWD volumes, or whether a transport term needs to be included to

estimate LWD distribution; and

2. Integrate the LWDI4p, model over time to encapsulate the behaviour of the

blockage ratio at different stage heights;

The Stream Shading Index

The SSIyoa model indicates that while riparian vegetation provides the most shade to 4t
order channels (based on channel and canopy geometry) and provides progressively less
shade to higher order streams on account of deeper channels lessening the influence of
riparian vegetation in providing stream shade. However the shading function is
particularly important along 6™ order streams because it is on these streams that
waterholes are most likely to form. The inclusion of a channel orientation term in the
SSIyepa provides additional insight into the relative importance of each stand of riparian

vegetation in providing shade to the channel.
Future research into the SSI could include the following:
1. Coupling the SSIya With models of in-stream water temperature;

2. The inclusion of a solar azimuth term to allow the SSIy,, model to be applied

to other geographic locations;

3. Fieldwork along the base of higher order streams to assess the reliability of the

SSI in terms of amount of shade provided by riparian vegetation; and

4. Assess whether a thalweg location model improves the reliability of stream

shade estimates.

Applying the RFI approach to other areas

The RFI approach could be readily applied to other areas that are subject to similar
climate and land use practices, however the models that underly each RFIyqsp, would
need to be modified prior to application in other climatic areas. The use of multi-
temporal data to estimate grazing pressure could be applied to other climatic areas,
however the relationship between NDVI timeseries and grazing pressure would need to
be re-examined. Furthermore it would be necessary to use a higher spatial resolution
sensor to identify the narrow riparian buffer strips that are used for runoff control in more
temperate climates with lower rainfall intensities. The BRI could be applied to more
temperate riparian zones, however maximum rooting depth (as constrained by the height
of the water table) would need to be incorporated into the BRIyqpa to account for

influence of rooting depth on bank stability. The DNl g, model has been developed
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specifically for a semi-arid setting, and would need to be modified significantly prior to
application in a temperate or wet tropical catchment. The use of stage height records to
calculate the frequency of denitrification events at different locations throughout the
catchment could certainly form the basis for a component of such a model, however the
distribution of WSC and the role of shallow groundwater generated in hillslope soils in
temperate catchments would need to be considered. The LWDI,;q,, model would need to
be revised in the context of LWD generation mechanisms and the potential for LWD
transport, particularly in areas with higher stream power or more buoyant wood. The
SSIyi06a1 Would need to be modified to include terrain and solar azimuth terms particularly
if it were applied to areas outside the tropics or in areas with more pronounced terrain

closer to the stream channel.

Catchment managers using the information provided by an analysis of the RFI results
may choose to use individual indices to identify specific problem areas, or combine the
index results for an integrated riparian zone management plan. Such a plan could apply a
series of weights to individual indices, with the weights determined by community or the
decision-makers values. This weighted approach would have advantages over current
‘whole-of-river’ indexes insofar as each of the five riparian zone functions is explicitly
represented, and the component indices can be used to identify suitable management

actions for priority areas.
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Appendices

Appendix 1: Additional RFls

The Pollutant Trapping Index
The pollutant trapping index (PTI) refers to the capacity for riparian zones to trap
pollutants carried in shallow overland flow from the adjacent hillslope. The PTI
describes one of the important functions served by riparian zones in maintaining water
quality for both consumptive and ecological purposes. The pollutant trapping index is
described by

PTI—1- Mannings'n(current) N(current) 57

Mannings'n(noRZV) N(noRZV)

where, Manning’s n(current) is the sediment trapping capacity of the current riparian

zone, N(current) is the current concentration of sediment adsorbed nutrients per unit
mass of sediment leaving the riparian zone (enrichment ratio), Manning’s n(noRZV) is
the sediment trapping capacity of the riparian zone without any vegetation, and
N(noRZV) is the concentration of sediment adsorbed nutrients per unit mass of sediment
that would leave the riparian zone if there was no riparian vegetation. This index follows
the approach developed by Hairsine and Rose (1992) with modification based on Palis et
al. (1990) for sediment-bound nutrient transport. This index could be used to calculate
pollutant loads for a range of different pollutants provided that specific enrichment ratio
data was available for that pollutant on that soil type. Such information would be of

particular interest for areas where the OFI is less than 1.

The Overland Flow Interception Index

Overland flow entering a riparian zone from an adjacent hillslope can be stored in
riparian soil. The volume of overland flow that can be stored in the riparian zone is
determined by the available soil water storage, which in turn is determined by the width
of the riparian zone and the depth and porosity of the riparian soils (Herron and Hairsine,
1998). By reducing the amount of overland flow entering a stream channel riparian soil
storage also reduces the amount of flow-transported sediment reaching the stream

channel.

This index uses the model of Herron and Hairsine (1998) which defines the riparian ratio
Y as the ratio of riparian zone width to hill-slope length (expressed as a proportion of
the total hill-slope length) required to capture the runoff generated by a 1 in 5 year
rainfall event of 30 minutes duration, under soil storage limiting conditions. The model
of Herron and Hairsine (1998) has been modified slightly to enable calculation using
spatial data. The new model uses hillslope and riparian areas rather than lengths. On this

basis the W5 year is defined as
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r(P1)

where: p is the available porosity; D is the depth to the water table or an impermeable
layer; and pD is the product of p and D, P is the precipitation rate of a 1 in 5 year storm
event (mm/hr); T is the duration of the rainfall event for a 1 in 5 year storm event (hr)
and Ic is the infiltration rate of the hillslope (mm/hr) for a particular land use and soil

type. The spatial data inputs for this model are described in section 3 of this paper.

This index is used as a reference point for comparison with current riparian ratio
WYecurrent values as measured using remote sensing and a DEM. The current riparian

ratio is given by

¥ — ARZ
current ARZ + ACZ

where ARZ is the area of the riparian zone, and ACZ is the area of the contributing

hillslope. Consequently a new Overland Flow Index (OF]I) is defined as

OFI — \I] current

5 year
The OFI describes the current riparian zone as a proportion of a hypothetical riparian
zone that would trap all the runoff generated by a 1 in 5 year storm event. Where the
area of the current riparian zone exceeds the amount required to trap all of the runoff, the
index will have a value greater than 1; where there is no riparian zone (identifiable via

riparian vegetation) the index will approach 0.

Flood Resistance Index

The flood resistance index is important because it allows a quantification of the flood
attenuation caused by riparian that can alter local and downstream flood heights, with
obvious implication for human infrastructure. The flood attenuation index is based on
the relationships between flood attenuation and woody and non-woody riparian
vegetation described in Darby (1999) For the purposes of this index, riparian vegetation
refers to all vegetation inundated by a 1 in 25 year flood. This flood return period has
been chosen primarily because the rainfall records throughout Australia are only long
enough to generate the magnitude of a 1 in 25 year rainfall event (that drives the 1 in 25
year flood) with any statistical rigour (Pickup and Marks, 2001), this flood return period
was also chosen because it is the large magnitude events that have the largest impact in
terms of transporting sediment to the near shore reefs (Mitchell et al, 1997). The
formula described in Equation 10 is based on a simplification of the model described in
(Darby, 1999) The key simplifications include the removal of a hydraulic model and the
omission of any bed material (of the regular channel) parameters. The result is an index

that describes the drag imparted by riparian woody and non-woody vegetation based on

(5.8)

(5.9)

(5.10)
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their respective drag coefficients and the proportional channel width taken up by each

vegetation type,

(WWV ><C1)+(WG ><C2)
WWA

FAI =

where Wyy is the width of woody vegetation (perpendicular to the channel), W is the
width of grass (or other non woody vegetation) perpendicular to the channel, C, and C,
are coefficients describing the roughness or resistance to flow of the respective
vegetation types and, Wy, is the width of the wetted perimeter during a 1 in 25 year flood
event. This index will scale between 0 and 1, where 0 values represent no riparian
vegetation within the wetted perimeter, and 1 would represent woody vegetation and

grasses covering the entire wetted perimeter.

Appendix 2 Relationship between LWD and w

Equations 2 through to 12 in Abernethy and Rutherfurd (1998) can be used to calculate
the change in @ for a stream of known bankfull discharge Q and known channel
geometry for channels with and without LWD. For the purposes of this thesis, the
Equations 2 through to 12 presented in Abernethy and Rutherfurd (1998) are used to
calculate the change in @ associated with different LWD loads where LWD load is

calculated as a function of the riparian vegetation structure.

0)
FA[ — current LWD (5 12)

a)referenceiLWD

where @, Lwp 1S the stream power at that location in the stream network based on

the amount of LWD in the stream at present, and @, ¢ ... Lwp 1S the stream power at

that location in the stream network based on the amount of LWD in the stream prior to
European settlement. Equation (5.12) can be re-written into Equation (5.13)

RVS
FAI: (pg )currcnt (513)

( pgR VS )reference

given that p and g are constants, and assuming that the local energy slope S is not
effected by the amount of LWD in the channel, then Equation (5.13) can be calculated
using R and V values calculated for the current and reference cases. To calculate these R
and V values requires information about the following, the amount of LWD present in the
channel in both the current and reference cases, and the influence that this LWD has on R

and V. This is done in three steps:

1. Estimating the amount of LWD in the channel at any point in the stream

network for both the current and reference cases.

2. Calculating R for the current and reference case.

(5.11)
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3. Calculating V for the current and reference case.

Calculating the hydraulic radius R
The hydraulic radius R is calculated using Equation (5.14)
4,

R=— 5.14
P (5.14)

where A4, is the bankfull cross-sectional area and P is the wetted perimeter. If LWD is
present in the channel this reduces the hydraulic radius by reducing the cross-sectional

area by a factor indicated by the blockage ratio B. B is calculated using Equation (5.15),

B=-Lt (5.15)

where Ap is the cross-sectional area that the LWD projects into the flow.

So the hydraulic radius with LWD present is given by R, as calculated in Equation
(5.16)

R, =— (5.16)
where 4, can be calculated according to Equation (5.17)

A = A, —Bx 4, (5.17)
Channel dimensions measured during the fieldwork, described in Section 3.3, were
combined with channel dimensions for stream gauging stations surveyed by the
Queensland Department of Natural Resources, Mines, to calculate an average set of
channel dimensions for each stream order. For example the average third order stream is

X metres wide, Y metres deep, have a hydraulic radius of Z m and a cross-sectional area

This use of an average set of channel dimensions for each stream order ignores the fact
that streams of a given Strahler order may have a wide range of contributing areas, may
pass through different substrates (i.e. bedrock controlled reaches and fluvial sediments),
and may or may not anastomose into multiple channels but the use average channel

dimensions is necessary in order to estimate P and R for each stream order.

The average set of channel dimensions, the values for which are described in Section 0,
was used to calculate the channels hydraulic radius with the current load of LWD
R,current, and the hydraulic radius of the channel with LWD loads predicted for pre-
settlement conditions R,zzrzrence. This was done by using the 4, for either case to
calculate the blockage ratio for either case Bcyrrenr and Brergrence , Which in turn is
entered into Equation (5.17) to calculate Aycurrent and Avrererence: These A, values are
then entered into Equation (5.16) to calculate R,cyrrent and R gererence It is worth noting

that if there is no LWD present in the channel, then Bcyrrenr equals zero and therefore

_ - Comment [I3]: The final stats for these haven’t
been calculated yet, and will be updated once they
have
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Aycurrent equals Ay, so the hydraulic radius for the channel R,cyrreyr would be equal to

the hydraulic radius R as calculated in Equation (5.14)

Calculating bankfull flow velocity V

velocity can be expressed in terms of the increase in the Darcy-Weisbach friction factor f

due to LWD according to Equation (5.18)

4
fi=—x (5.18)
a

where « is the kinetic energy correction factor (1.15), y is dimensionless and is

derived for a reach averaged projected area 4, using Equation (5.19)

c,4
=4 (5.19)
cw
where CW is the channel width and Cyis given by Equation (5.20)
of
(5.20)

C,=——d
¢ 0.997(1- B)*"
where C:i is the drag coefficient of LWD in flow with no boundary effects. C‘; is

dependent on the median angle of LWD pieces to the flow, where the median angle of

the LWD pieces is perpendicular to the flow, as was observed for even the largest
streams within the study area, C‘; is equal to 0.6, and this is the value used for all

streams in the study. If we assume that gauging stations in the study area have not been
desnagged (Carroll pers com 2005) then the total Darcy-Weisbach friction factor f; can be
calculated using Equation (5.21) (which is Equation 6b in Abernethy and Rutherfurd

(1998) rewritten so that the symbols used are consistent with the rest of the thesis).

8 ngREFERENCE S

(5.21)
2
VvVREFERENCE

ftREFERENCE =

the where Ryreference 18 calculated as described above, S is the average slope for a stream
of that stream order, and V,rgrerence iS the velocity of bank full flow for a channel that
hasn’t been desnagged. The friction due to all other factors aside from the LWD, f; can
be calculated by Equation (5.22)

ﬁ) = ftREFERENCE - vaEFERENCE (522)

where firererence 18 the Darcy Weisbach friction values due to LWD, as calculated by

Equation (5.18) for the reference case.

If we assume that the friction due to all other factors aside from LWD hasn’t changed
since pre-settlement, and that the channel geometry has remained constant, then f;, can be

considered constant, and f,cyrrenr can be calculated using Equation (5.23).

-1 Comment [14]: Equations

2.51 through to 2.55 come directly
from Abernethy and Rutherfurd
(1998), is it sufficient to cite the
paper as it is at present or should
each equation in the original paper
be referred to individually?
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ftCURRENT = fb + Jucurrent (5.23)

where f,currenr 1S the Darcy-Weisbach friction factor due to LWD, as calculated by

Equation (5.18) for the current case.

Based on Equation 7a in Abernethy and Rutherfurd (1998) Vrererence can be calculated
from bank full discharge Q according to Equation (5.24)

0

AVREFERENCE
and based on Equation 7b in Abernethy and Rutherfurd (1998) Vcyrrent can be

VRererence = (5.24)

calculated using Equation (5.25)

B8R currenTS

(5.25)
J{tCURRENT

Veurrent =

Measurements of Q are only available for higher order (3"-6") streams within the study
area, consequently Q was estimated for low order streams in the study area by correlating
Q against catchment area, and estimating Q for 1% and 2™ order streams based on the
average catchment area for each stream order. Using the parameters calculated as

described above Equation (5.13) can now be calculated as shown in Equation (5.26).

(,0 gR current? currEnTS )
(p &R rererence VrerereNcES )

Given that p and g are common to both terms and assuming that the local energy slope

FAI = (5.26)

S isn’t altered by the presence/absence of LWD then Equation (5.26) can be rewritten to
Equation (5.27)

FAI = RVCURRENT VCURRENT (527)

REFERENCE " REFERENCE
The FAI as calculated by Equation (5.27) will provide an estimate as to the change in the

erosive force of bank full flow between pre-settlement and current day at any given point
in the channel (local reference). In terms of identifying areas where the erosive forces
are highest throughout the catchment i.e. those areas most prone to fluvial attack, based

on a global reference, then Equation (5.26) would be used.

It is worth noting that areas with similar FAI values may not necessarily have the same
bank erosion rates, this is due to two factors: firstly, two areas with similar FAI values
may have different BRI values, and if bank collapse due to mass failure (rather than
fluvial attack) is an active process at either site then the bank erosion rates are likely to
differ. This is not likely to be a major factor because the FAI and BRI values are
positively correlated because both indices are calculated based on vegetation structure,
and specifically the number of trees per area (A); secondly two areas with the same
stream power @ may experience different rates of bank erosion depending on the

cohesion of the bank material. Data about the spatial distribution of the cohesive
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strength of bank material are not available for the study area, and consequently areas

with the same FAI values may experience different levels of bank erosion. \

Calculating the reduction in fluvial attack afforded by a stand
of riparian vegetation

As described previously riparian vegetation influences fluvial attack by reducing the
hydraulic radius of the channel by the blockage ratio B and increasing the Darcy-
Weisbach friction factor by an amount described by f,. The FAI described above
integrates the effect of riparian vegetation on either bank by combining inputs from both
banks. The calculations detauiled below describe the influence of a stand of vegetation
on B and f, respectively. This is done by calculating B and f, for half a channel width,
based on the assumption that the LWD between the centre line of the channel and the
bank comes solely from that bank. This assumption is likely to be violated in narrow

streams when the median length of the LWD pieces exceeds half the channel width.

To calculate the influence of the riparian vegetation on one bank on B, let the value of 4,
for a single bank be (4,sp), then B for a single bank Bgg can be calculated using Equation
(5.28)

A
B, =1t~ (5.28)

SB_A/
2

Likewise the influence of riparian vegetation on one bank on the Darcy-Weisbach

friction factor f, for a single bank fy, can be calculated by combining Equation (5.18)

and Equation (5.19) to form Equation (5.29)

4 AsC,
=—0——— 5.29
f;SB CW ( )
2
For a stand of riparian vegetation the reduction in the rate of fluvial attack (FAgp)

afforded by that stand of vegetation can be expressed simply by Equation (5.30).

FAg =By + fiss (5.30)
Where both B, and f,g, are functions of the volume of LWD adjacent to one stream
bank, and the volume of LWD in the channel is a function of the volume of standing
timber of the bank top vegetation This F4gp term is only meaningful in comparison with
a local reference point, such as that shown in Equation (5.31) because it assumes that all
other factors such as slope and the Darcy Weisbach friction factor due to non-vegetative

elements f, are equal.

Current
Far, =t

- FA;{;ference (5:3D.

-1 Comment [I5]: Peter, the FAI

as presented up until this point
differs to all other indices in this
thesis in that it combines
information about the riparian
vegetation on both banks to
describe their influence on an in-
stream process, whereas all other
indices focus on the influence that
an individual stand of RV has on a
process. At this point I go on to
describe how each stand of veg
influences fluvial attack, so that
an index can be calculated for a
stand on either stream bank (as
opposed to the FAI above which
is calculated for the channel). 1
suspect that the FAI calculated so
far could provide some very
interesting results in terms of bank
erosion (which is why I’ve left the
details in) but I could easily move
it to an appendix, or omit it all
together.
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Appendix 3 Estimating bank-average c,

The material cohesion due to roots, ¢, was found to decrease exponentially with depth,
and decrease exponentially with distance from the base of the tree as described by
Equation (5.32).

C, — ek+1C+mD (5.32)
where C is the horizontal distance from the centre of the tree and D is the soil depth.
(Abernethy and Rutherfurd, 2001) present two sets of values for the coefficients £, /, and
m based on observations made on two riparian species Eucalyptus camaldulensis and
Melaleuca ericifolia in the LaTrobe valley in Victoria.

The k, [, and m coefficients presented in (Abernethy and Rutherfurd, 2001) enabled the
calculation of ¢, values as they relate to an average Eucalyptus camaldulensis and
Melaleuca ericifolia in the LaTrobe valley in Victoria. To calculate the BRI it was
necessary to calculate ¢, values for a stream bank with a vegetation type v¢ on top of the

stream bank. In order to do this a number of steps were required.

1. Estimating the ¢, for the average tree in a stand of vegetation by calculating the

k, I, and m coefficients for that stand of vegetation.

2. Calculating the total ¢, for the average tree in a stand of vegetation by

integrating Equation (5.32) over soil depth and distance from the centre of the

tree

3. Calculating the average ¢, for a stream bank based on the total ¢, for each tree
along the top of the bank and the average distance between the trees.

Estimating the coefficients of the c, equation for a tree based
canopy radius

Canopy dimensions of each vegetation type vt were used to calculate the &, /, and m
coefficients because the dominant riparian species were different to those described in
Abernethy and Rutherfurd (2001), this was done as follows. From Abernethy and
Rutherfurd (2001) we know that at the dripline of the vegetation (for both species in that

study) the additional cohesion due to root reinforcement is equal to material cohesion

(c=c,) at 40cm depth. For Eucalyptus camaldulensis ¢ = c, at a depth of 1.7 metres
below the tree trunk (C = 0) and the line of equivalence where ¢ = ¢, is shown for E.

camaldulensis in Figure 0.1.
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Canopy Radius (R)

)

3 A Drip line

Height (m)

Soil Depth = 40cm

Distance from tree trunk (m)

Figure 0.1 Location of the ¢ = ¢, line for Eucalyptus camaldulensis based on
Equation 8 in (Abernethy and Rutherfurd, 2001)

If we assume that for all canopy radii R the line ¢ = ¢, occurs at a soil depth of 40cm
and passes through the intercept of the two observed ¢ = ¢, lines as shown in Figure 0.2.

Then it is possible to estimate the location of the line ¢ = ¢, for any R. The green line
shown in Figure 0.2 represents the average R value of vegetation type vt based on field
data. The estimation of the ¢ = ¢, line process, shown in Figure 0.2 is based on the

assumption that the root distribution of the various riparian tree species in the study area
will be the same as the two tree species described in Abernethy and Rutherfurd (2001).
This assumption is likely to be violated if the subsoil composition limits root distribution,

which has been observed at some locations in the study area (Story et al., 1967), but this
assumption is necessary in the absence of any ¢, measurements from within the study

area. If these assumptions are accepted then it is possible to estimate the The &, and /

coefficients using Equations (5.33) to (5.37)



20 Appendices
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~
"

Distance from tree trunk

Figure 0.2 Interpolating ¢ = ¢, line for the average dripline of trees observed in the
field data using equations 8 and 9 contained in (Abernethy and Rutherfurd, 2001)

The coefficients / and m can be calculated from the interpolated ¢ = ¢, line based on the

rearrangement of Equation (5.32) contained in Equation (5.33)

In(c,)=k+IC+mD (5.33)

therefore, rearranging Equation (5.33) to solve for /C

IC=In(c,)—k—mD (5.34)

and solving for /

In(c,)—k—mD
/= —( ) (5.35)
C
and at the point where the line ¢ = c, intercepts the soil surface, D = 0so
; In(c,)—k
(p=0) = ? (5.36)

Similarly, directly beneath the tree trunk C =0 and m1 can be calculated using by
rearranging Equation (5.33) using the steps shown above, but this time solving for m as

described in Equation (5.37)

In(c,)—k
€=0) ZT

The values for k can be calculated using linear interpolation between the two k values

m, (5.37)

reported in Abernethy and Rutherfurd (2001) as shown in Figure 0.3
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Figure 0.3 Linear interpolation of k values for a canopy radius R.

Using the steps described above the average canopy radius for each vegetation type
observed in the study area Ry7 were used to calculate the k,/, and m coefficients for each
vegetation type vt. These coefficients were in turn used to describe the ¢, equation for

individual trees in that vegetation type C, ,; rpgz as shown in Equation.

kyp +lyr C+myr D

Co vr tREE =€ (5.38)

For example for closed forest with an EVT of 4.35 metres the ¢, ,; pee €quation is
given by Equation (5.39)

_4784-0330C-1.597D
Co vr_rrREE =€ (5:39)

Calculating the total c, value for an average tree

To calculate the total ¢, value for an average tree the following steps were taken.

1. Calculate a maximum value for the C parameter (C M AX) based on the average

distance between trees.

2. Calculate a maximum value for the D parameter (DMAX) based on bank

height.

3. Integrate Equation (5.38) between 0 and C,,,, and 0 and D, ,,, to calculate the

total ¢, value for each tree.
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If 0 is the base of the channel, and BH is the bank height, then let D,,,, = BH The

value of ¢, can be integrated over soil depth D as shown in Equation (5.40)

DAMAX
¢ It p= J. o)) (5.40)
C 0
Solving Equation (5.40) gives Equation (5.41)

e(]“"lwc) X (1 _ emvaMAX )

¢ mwr p= " (541

vt

Which can in turn be integrated between the centre of the tree (0) and a maximum

distance from the centre of the tree C,,,, as shown in Equation (5.42)

Chgx e(k,,,+1,,[C) X (_1 + emeMAX )
CrilNTiDandC = I ac (542)
0 m

vt
Where C w4y 18 calculated as half the distance to the nearest tree.

If we assume that the root system of one tree will not overlap with the root system of

another then C,,,, can therefore be calculated using Equation (5.43)

C,ux =NND/2 (5.43)
Using C,,,, figures calculated from the field data we are then able to solve Equation

(5.42) as shown in Equation (5.44)

ekw X (_1 + e”’w Diax ) X (_1 + el.=:clt1Ax )
C. INT_Dandc =

(5.44)
ZVZ x mvt

The value calculated by Equation (5.44) is shown in Figure 2.2 in dark grey. The total

¢, for each tree C, 1REE is calculated as twice this value (both grey areas in Figure 2.2)

as according to Equation (5.45)

C, TREE = 2x C, INT_DandC (5.45)

Appendix 4: LWD unit conversion

The following steps were used to convert the m3 m™ units used in Marsh ef al. (2001) to

the m3 m™ units used in Abernethy and Rutherfurd (2001) and this thesis

1. Calculate the volume of standing timber per linear metre of channel (VEGd m’

m™") for each vegetation class from the fieldwork data.
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2. Calculate the volume of LWD adjacent to each linear metre of stream bank
based on the density of the bank top vegetation (LWD m’m™) using the
correlation between VEGd and LWD described in Equation (2.53).

3. Calculate the total volume of LWD per cubic metre of stream channel (m® m™),

and dividing by the volume of the channel

4. Calculate the square metres of LWD projected into the channel cross section

(m? m™) assuming that the LWD pieces have a random orientation.

Marsh et al. (2001) describes the parameter VEGd in terms of the volume of standing
timber for the bank-top vegetation per linear metre of channel. So the area from which

the VEGd parameter is calculated is given by Equation (5.46)

VEG 54 =(OS + DBH )x L (5.46)

where OS is the average offset between the edge of the channel and the base of the first
tree, and DBH is the average diameter at breast height, and L is a length of the stream

bank as shown in Figure 0.4

The field work data (described in detail in Chapters 3 and 4) is used to calculate the
number of trees per unit area, A, as given by Equation (5.47) and volume of standing

wood for each tree as calculated by Equation (5.48)

Ntrees
A= (5.47)
Area
Where Ntrees is the number of trees
2
DBH
wood, =1 (T] xTH (5.48)

Figure 0.4 Figure showing area calculation to estimate LWD recruitment
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Where DBH is the diameter at breast height (m), and 7H is the tree height (m). This
formula assumes that the volume of wood for each tree can be described as a cylinder
with these dimensions, which is consistent with the calculations for volumes of wood
contained in Marsh ef al. (2001). The volume of wood per unit area (m* ha™') wood, can

be calculated using Equation (5.49)

wood ; = Axwood, (5.49)

where Wood, is the average volume of wood per tree (m®). Substituting Equation

(5.49) into Equation (5.47) gives Equation (5.50)

Ntrees x wood,

wood , = (5.50)

Area

To calculate the volume of wood for the bank top vegetation for a length of stream bank,

1, substitute Equation (5.50) into Equation (5.46) to give Equation (5.51)

Ntrees x wood

wood |, = ———= (5.51)
(05 + DBH )x1
Re-arranging Equation (5.51) gives Equation (5.52)
—— —\ N
wood , x(DBH +OS) =M (5.52)

By definition the volume of wood per unit length of stream bank (VEGd) is given by
Equation (5.53)

VEGA - Ntrees >l< wood, (5.53)
So, based on the terms common to Equations (5.52) and (5.53)
VEGd =wood, x(OS + DBH ) (5.54)

So the substituting Equation (5.54) into (2.53) the volume of wood in a channel adjacent

to a bank with a volume of standing timber wood, is given by Equation (5.55)

LWD =0.2(wood, x(ﬁ+ﬁ))—0.054 (5.55)
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