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ABSTRACT

Arid lands cover approximately 30% of the earthisface. Due to the broadness,
remoteness, and harsh condition of these lands] Bondition assessment and
monitoring using ground-based techniques appeabdolimited. Remote sensing
imagery with its broad areal coverage, repeatgbitibst and time-effectiveness has
been suggested and used as an alternative apdaractore than three decades. This
thesis evaluated the potential of different remg#asing techniques for assessing and
monitoring land condition of southern arid landsSufuth Australia. There were four
specific objectives: 1) to evaluate vegetationdediderived from multispectral satellite
imagery for prediction of vegetation cover; 2) mmpare vegetation indices and field
measurements for detecting vegetation changes ssekssing land condition; 3) to
examine the potential of hyperspectral imagery fdiscriminating vegetation
components that are important in land managemeng) usmixing techniques; and 4)
to test whether spatial heterogeneity in land serfieeflectance can provide additional

information about land condition and effects of mgement on land condition.

The study focused on Kingoonya and Gawler Soil €oragion Districts that were

dominated by chenopod shrublands and low open waoddl over sand plains and
dunes. The area has been grazed predominatelyeap sbr more than 100 years and
land degradation or desertification due to ovengigazs evident in some parts of the
region, especially around stock watering pointsazBrg is the most important factor
that influences land condition. Four full scenesafdsat TM and ETM+ multispectral

and Hyperion hyperspectral data were acquired theerstudy area. The imagery was
acquired in dry seasons to highlight perennial teggen cover that has an important

role in land condition assessment and monitoring.

Slope-based, distance-based, orthogonal transfamadnd plant-water sensitive
vegetation indices were compared with vegetatiorecestimates at monitoring points
made by state government agency staff during tisé Flastoral Lease assessments in
1991. To examine the performance of vegetatiorcag]ithey were tested at two scales:
within two contrasting land systems and across deoaegional landscapes. Of the
vegetation indices evaluated, selected Stressd®el&getation Indices using red, near-
infrared and mid-infrared bands consistently showsgghificant relationships with

vegetation cover at both land system and landssapkes. Estimation of vegetation



cover was more accurate within land systems thaosacbroader regions. Total
perennial and ephemeral plant cover was prediotsti\ithin land systems tR0.88),
while combined vegetation, plant litter and soypingam crust cover was predicted
best at landscape scale’{R.39).

The results of applying one of the stress relategetation indices (STVI-4) to 1991
TM and 2002 ETM+ Landsat imagery to detect vegatathanges and to 2005 Landsat
TM imagery to discriminate Land Condition Index (.Classes showed that it is an
appropriate vegetation index for both identifyingenids in vegetation cover and
assessing land condition. STVI-4 highlighted insesaand decreases in vegetation in
different parts of the study area. The vegetatitange image provided useful
information about changes in vegetation cover tegufrom variations in climate and
alterations in land management. STVI-4 was abldifferentiate all three LCI classes
(poor, fair and good condition) in low open woodlarwith 95% confidence level. In
chenopod shrubland and Mount Eba country only pmaat good conditions were

separable spectrally.

The application of spectral mixture analysis to elypn hyperspectral imagery yielded
five distinct end-members: two associated with va&gen cover and the remaining
three associated with different soils, surface grand stone. The specific identity of
the image end-members was determined by compadnigig mean spectra with field
reflectance spectra collected with an Analyticaé&pal Devices (ASD) Field Spec Pro
spectrometer. One vegetation end-member correlasigaificantly with cottonbush
vegetation cover (0.89), distributed as patches throughout the stadba. The
second vegetation end-member appeared to map gnekegrey-green perennial shrubs
(e.g. Mulga) and correlated significantly with totagetation cover (R0.68). The soil
and surface gravel and stone end-members that mheggoel plains, sand dunes, and
surface gravel and stone did not show significantetations with the field estimates of

these soil surface components.

| examined the potential of a spatial heterogendmyex, the Moving Standard
Deviation Index (MSDI), around stock watering psind nearby ungrazed reference
sites. One of the major indirect effects of watgrpoints in a grazed landscape is the
development around them of a zone of extreme dagcadcalled a piosphere. MSDI

was applied to Landsat red band for detection as@éssment of these zones. Results

-VI-



showed watering points had significantly higher MSialues than non-degraded
reference areas. Comparison of two vegetation @sdithe Normalized Difference
Vegetation Index (NDVI) and Perpendicular Distanegetation index (PD54), which
were used as reference indices, showed that thel RI2S more sensitive than NDVI
for assessing land condition in this perennial-dawted arid environment. Piospheres
were found to be more spatially heterogeneous nd kurface reflectance. They had
higher MSDI values compared to non-degraded araasd, spatial heterogeneity

decreased with increasing distance from water point

The study has demonstrated overall that image-bastides derived from Landsat
multispectral and Hyperion hyperspectral imagemy ba used with field methods to
assess and monitor vegetation cover (and consdygu@md condition) of southern arid
lands of South Australia in a quick and efficieraywRelationships between vegetation
indices, end-members and field measurements caisdgbto estimate vegetation cover
and monitor its variation with time in broad aressere field-based methods are not
effective. Multispectral vegetation indices can b&ed to assess and discriminate
ground-based land condition classes. The sandy-leadrmember extracted from
Hyperion imagery has high potential for monitorisgnd dunes and their movement
over time. The MSDI showed that spatial heteroggriailand surface reflectance can
be used as a good indicator of land degradatiodiffgérentiated degraded from non-
degraded areas successfully and detected grazaajegts slightly better than widely
used vegetation indices. Results suggest furtregareh using these remote sensing
techniques is warranted for arid land conditioneassment and monitoring in South
Australia.

- VIl -
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INTRODUCTION 1-

1 INTRODUCTION

Arid lands occupy nearly one-third of the worlddat land surface (Figure 1.1) and
support about 13 percent of the world’s popula(iiatiock, 1981). Drought, low and
variable rainfall and high temperature and evapamaare the main characteristics of
these dry lands. Arid lands are defined as ardisgravithin the rainfall range of 0-300
mm (FAO, 1987). Because of variability in rainfalhd the short growing period of
around less than 74 days (FAO, 1987), these areas\@ suitable for cultivated
agriculture. The main land use in these regiomgaging that depends entirely on native
vegetation cover. Research by FAO in 36 dry coastshowed that without changes in
grazing areas, the numbers of stock increased #0énmillion head in 1961 to 600
million in 1995 (FAO, 1996). As a result, the inase of stock numbers has been one of
the main reasons for land degradation in thesepmuctive lands. Overgrazing has
been documented widely as one of the main causésndfdegradation in arid and
semi-arid regions (Hosteet al., 2003b; Archer, 2004; Farahpogtral., 2004; Hahret

al., 2005; Kinloch and Friedel, 2005a; Kinloch andeBel, 2005b; Zhaet al., 2005;
Ruthven 1lI, 2007; Zhacaet al., 2007). It has been reported that approximately 80
percent of arid and semi-arid land degradation iwstfalia has been caused by
overgrazing (Figure 1.2).

DISTRIBUTION OF
NON-POLAR ARID LAND
(after Meigs, 1953)

iarid
2000 MILES

O 000 2000 KILOMETERS
e

Sem
] 1000

Figure 1.1 Thedistribution of arid landsin theworld (Fraser, 1997)
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NOTE: This figure is included on page 2 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 1.2 Arid and semi-arid Rangeland degradation from 1945 to 1995. Percentages
indicate contribution of overgrazing to total degraded area (Sidahmed, 1996)

Land degradation in arid lands, also called desertification, is a term that became
widely known through the 1969-1973 drought in the Sahel region of Africa that
caused the starvation of millions of people and livestock (Dregne, 1983). Since then
have been documented widely the causes, processes, and consequences of this
phenomenon (Dregne, 1983; Chisholm and Dumsday, 1987; Pickup, 1990;
Schlesinger et al., 1990; Kassas, 1995; Rubio and Bochet, 1998; Arnalds and Archer,
2000; Dregne, 2002; Reynolds and Stafford Smith, 2002; Symeonakis and Drake,
2004; Zhao et al., 2005). The latest definition of desertification that was presented in
Brazil in 1992 (UNCED, 1992) is "land degradation in arid, semi-arid, dry subhumid
areas resulting from various factors including climate variations and human
activities." The term desertification refers to a group of land degradation processes
which have the most impact on the productivity of land. They include vegetation
degradation, wind erosion, water erosion, salinisation, and soil compaction. The FAO
and the United Nations Environment Programme (UNEP) developed a provisional
methodology for assessment and mapping of desertification based on various criteria
for each of the contributing processes (FAO, 1983). The evaluation of this
internationally recognized technique in a pilot project in Kenya showed that applying
this method across broad areas is timeconsuming and expensive (Grunblatt et al.,

1992). Hence, many studies (Rubio and
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Bochet, 1998; Sharma, 1998; Jafari, 2001) have attempted to reduce the number of the
criteria provided by FAO/UNEP in order to reduce the cost and use criteria that are

more applicable to local scales.

Among the various desertification processes, vegetation degradation is the main
process in Australia's arid lands (Stanley, 1982; Woods, 1983; McKeon et al., 2004)
(Table 1.1). It often occurs around stock watering points (Lange, 1969) and starts with
the reduction of vegetation cover. This can result from single or combined effects of
overgrazing, rainfall deficits. The effects of these are the appearance of barren soils

and an increased susceptibility to wind and water erosion.

Table 1.1 Vegetation degradation in Australian arid lands (Chisholm and Dumsday,
1987)

NOTE: This table is included on page 3 of the print copy of the
thesis held in the University of Adelaide Library.

The arid lands of Australia cover about 75% of the continent. Half of these areas are
not suitable for grazing, while the rest of them are used for stock grazing (Chisholm
and Dumsday, 1987). Arid and semi-arid grazing lands cover 85% of South Australia.
The grazing history of this area followed the settlement by Europeans about 100 years
ago (Condon, 1982). Since then, because of mismanagement, a large amount of the
arid lands in South Australia have been overgrazed and moved towards degradation. It
has been estimated that approximately 35% of Australia’s arid lands were degraded
within a few years of European settlement (Stanley, 1982), and a substantial loss of
perennial vegetation and soil was reported in south Australian grazing lands in the
1920s (McKeon et al., 2004). To protect these areas from degradation the south
Australian Pastoral Land Management and Conservation Act was enacted in 1989.
The land care objectives of the Act are to: (1) "ensure that all pastoral lands in the
state are well managed and utilized prudently so that its renewable resources are

maintained and its
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yield sustained; and (2) provide for the effective monitoring of the condition of pastoral
lands, the prevention of degradation of the land and its indigenous plant and animal

life, and the rehabilitation of the land in cases of damage."

A major problem that all landholders, administratand researchers have confronted is
the lack of suitable techniques to assess and oromitid rangeland condition.
Rangeland condition here refers to the health saoilgy of the land. It is determined
by comparing soil and vegetation characteristicdifférent sites within the same area.
The main aim of assessing rangeland condition determine the effect of grazing on
land condition (Lay and Evans, 1973). A variety ibfferent field assessment and
monitoring methods have been used to evaluate dandition in rangelands, both in
Australia and internationally (Lay and Evans, 19Y@json et al., 1987; Mesdaghi,
1998; Arizona University, 2001). In South Austraka&o field methods have been used
for assessing and monitoring rangeland conditiba:land condition index (LCI) and
permanent monitoring sites. The LCI is used to gl®va long term assessment of
average land condition in the southern arid larfdSauth Australia every 14 years. It
categorises land into three condition classes (péar, and good) using visual
assessments against defined criteria at many rargites. In contrast to the LCI,
permanent monitoring sites have been establishe@termine shorter temporal trends
in land condition (Department of Water Land Biodsity and Conservation, 2002).
Although these ground-based methods provide ddtdéga at small sites, they can not
adequately cover the vast areas of the arid randgjaand in addition they are time-
consuming, expensive and subject to human errodk@¥al970; Friedel and Shaw,
1987a; Friedel and Shaw, 1987Dh).

Vegetation cover is one of the most important congmds of the earth's surface. It
strongly influences evapotranspiration, infiltratjacunoff and soil erosion. Vegetation
cover is also the principal factor limiting stocgirates in managed grazing lands. It has
been widely recognized as one of the best indisator determining land condition
(Bastinet al., 1998; Booth and Tueller, 2003; Bastin and Lud&i@g06; Wallaceet al.,
2006). Therefore, land condition can be assessgdnamitored according to vegetation
cover and its variations in time and space. Thismmnent is often used as the key

indicator in the remote sensing of land condition.
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Use of remote sensing for land condition assessmetitmonitoring started with the
launch of the first Landsat satellite in 1972. ®itlsen many other polar orbiting Earth-
observation satellites such as the Landsat sdf@msh Observation-1 (EO-1), Satellite
Pour I'Observation de la Terre (SPOT), National @ae and Atmospheric
Administration (NOAA), Advanced Spaceborne Thernkahission and Reflection
Radiometer (ASTER), Moderate Resolution ImagingcBpeadiometer (MODIS) have
been launched and their imagery have been usedl iode range of applications. The
broad swaths and regular revisit frequencies addhmaultispectral satellites mean that
they can be used to rapidly detect changes indamdr. However, their limited spectral
resolution reduces the capability of these multspd sensors for discriminating
different land cover components. Airborne hyperspécsensors such as the NASA
Airborne Visible-InfraRed Imaging Spectrometer (ARIE) with high spectral and
spatial resolution have overcome this problem (Asaed Heidebrecht, 2003).
Furthermore, because of their high spectral remwutheir images can be calibrated to
absolute reflectance and compared with field abdriory spectra. However, despite
the many advantages of airborne imagery, its agiphc to arid lands, with their
extensive areas, is limited by high cost. Spacebdryperspectral sensors such as
Hyperion on board of NASA’s Earth Observing-1 (EPDshtellite seem to overcome

some of the limitations of both mutispectral amtbaine hyperspectral sensors.

Remotely sensed data has been applied successfule assessment and monitoring
of vegetation cover, land degradation, forestatimal deforestation, floods, fire and
many other applications (Johannsen and Sanderg; ¥ef®l, 2001; Metternichét al.,
2002; Miller and Yool, 2002; Ostiet al., 2003; Symeonakis and Drake, 2004). The
reason for using this technology in environmentaldies is that it can provide
calibrated, objective, repeatable and cost-effecitiformation for broad regions and it
can be empirically related to field data such agetation cover, collected by ground-
based methods (Graetz, 1987; Tueller, 1987; Pickd@?9).

Due to the importance of vegetation cover in theemhination of land condition, a
large number of remote sensing techniques have beggested and used to extract
vegetation information from the remotely-sensedgesa One of the most widely used
techniques is vegetation indices (Piclaial., 1993; Bannarét al., 1995; Purevdorgegt

al., 1998; Thiam and Eastman, 2001). These indicebaged on numeric combinations

of a sensor's spectral bands, mainly red and méaréd, which are used to highlight
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vegetation cover. The Normalized Difference Vegetaindex (NDVI) is the most
commonly used vegetation index that has been usedvironmental studies, globally
(Myneni et al., 1997), continentally (Townshend and Justice, 128& at regional
scales (Foran and Pearce, 1990; Al-Bakri and Tag003; Wanget al., 2004).
However, most of the widely used vegetation indides/e been shown to be
inappropriate in arid and semi-arid lands of AU&réO' Neill, 1996). This appears to
be the result of the low red and near-infrared spkcontrast in the perennial plants
that are dominant in these areas. This makesfitulif to distinguish vegetation from
soil background (Huete, 1988). Several indices heaen proposed and demonstrated as
more appropriate in Australian arid and semi-amidzong lands (Pickup and Nelson,
1984; Pickupet al., 1993). In addition to vegetation indices, othemote sensing
techniques such as spectral mixture analysis (Sehish, 1990) and landscape spatial
heterogeneity indices (Tanser and Palmer, 1999¢ limeen applied successfully for
assessing and monitoring arid environments. Sgegtreture analysis estimates the
fractional vegetation contribution to the refletanmeasured by a sensor, thus it
appears to be more applicable than vegetation esdi;m arid and semi-arid
environments (Smithet al., 1990; Elmoreet al., 2000). In contrast with vegetation
indices and spectral mixture analysis, the spdigterogeneity index may be less
sensitive to the underlying substrate and doeslapend on measurement of absolute
reflectance. In other words, it does not requira imagery be calibrated to absolute
reflectance and this is an important advantagedomote sensing of land conditions in
areas with highly variable land cover.

The application of remote sensing in land managenmeAustralia has a long history.
Australia became one of the first users of remetesing data shortly after the launch of
the first earth observation satellite (Graetz, )9&fowever, most of state-wide and
national scale programs such as the Statewide baedand Trees Study (SLATS),
Land Cover Change Project of the Australia GreesboOffice National Carbon
Accounting System (AGONCAS), and Australian Grasdland Rangeland Assessment
by Spatial Simulation project (Aussie GRASS) hagerbdeveloped in recent years. At
state-wide scale, the SLATS project provides infation about woody vegetation cover
and their changes over time in Queensland basetherLandsat archive (Danaher,
1998). Another Landsat-based program is the landercechange project of the
AGONCAS. As one of the largest satellite monitoripgograms in the world,
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AGONCAS provides comprehensive information of laxoder and its change over the
Australian continent for the past 30 years (Rickaathd Furby, 2002). The Aussie
GRASS project is a state-wide and national leveljgat that is led by Queensland
Department of Natural Resources, Mines and Watemuses advanced simulation
modelling techniques for assessing the land canditif Australia's grazing lands or
rangelands (Queensland Department of Natural RessuMines and Water, 2006).

This model uses NOAA NDVI vegetation images imnitsdelling.

At regional levels there has been considerableareken the use of remote sensing data
to assess and monitor arid land condition (Pickugh ldelson, 1984; Foran and Pearce,
1990; Bastiret al., 1993a; Holmet al., 2003a; Karfst al., 2004; Karfs and Trueman,
2005). Bastinet al. (1998) applied a grazing gradient method (Picknd Chewings,
1994) to northern arid rangelands of South Austrédattle grazing country) to assess
land condition. They found that land condition d@successfully detected using this

remote sensing approach.

In southern arid lands of South Australia, whicé arainly sheep grazing country only

field techniques are used to determine rangelanditon. This current study examines

the potential for use of remote sensing technigqoesigment these field measurements
in land condition assessment and monitoring. Te daere have been no studies that
have evaluated the capability of different remod@sing techniques in these areas.
Therefore, this research investigates the poteaotidifferent remote sensing techniques
for arid land condition assessment and monitonm¢he southern rangelands of South

Australia.

1.1 Research aims

The overall aim of this research was to evaluateptitential of different remote sensing
techniques for assessing and monitoring arid lamdlicion in the southern rangelands
of South Australia. The specific objectives of thigdy were:

1. to evaluate vegetation indices based on multispesttellite imagery for

prediction of vegetation cover;

2. to compare satellite imagery and field measuremasitseans for detecting

vegetation changes and assessing land condition;
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3. to test whether it is possible to separate vegetateflectance from soil
surface background and to discriminate more veigetatomponents using

hyperspectral imagery; and

4. to examine whether spatial heterogeneity in refleceé can provide
additional information about land condition and thmpact of the

management on land condition.

1.2 Research significance and hypothesis

The land condition index and sampling methods anpaent monitoring sites are used
for determining land condition in the southern dedds of South Australia. The first
assessment of land condition, using the LCI, sdairie1990 and continued until 2000.
According to the Pastoral Land Management and Gwagen Act (1989), this
assessment must be repeated every 14 years. Ihoadth the limitations of field
methods, land condition assessment and monitorgndabour-intensive and very
expensive. Therefore, this project aimed to addtbss problem by reviewing and
evaluating the suitability of different remote segstechniques for assessing and
monitoring land condition of southern arid rangelsnof South Australia. The
hypothesis was that remote sensing techniques rcaidp qualitative and quantitative
information on land cover and they can be usedaslaunct to field methods to aid the

assessment and monitoring of land condition intseut South Australia.

1.3 Research structure

This thesis is divided into seven chapters. A bsemmary of the content of each
chapter has been given below. Chapters 3, 4 andcGsfon the remote sensing
techniques in which information about vegetationl @oil cover is derived from the

spectral characteristics of these components, \abe@hapter 6 deals with the spatial
heterogeneity in surface reflectance and invegigttie potential of this factor in land

condition assessment.

Chapter 2 introduces the environment of the study area, histd land condition
assessment and monitoring, satellite imagery aetinpnary processing of imagery

used in the study.

Chapter 3 focuses on vegetation indices. It reviews andsdias different vegetation

indices based on the concepts underlying their &ion. It investigates relationships
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between vegetation indices and field measureménnad cover. This chapter has been
accepted for publication as Jafdi, Lewis, M.M. and Ostendorf, B., 2007. Evaluation
of vegetation indices for assessing vegetation rcavesouthern arid lands in South
Australia, The Rangeland Journal 29 (1) 39-49.

Chapter 4 uses the most suitable vegetation indices identiin Chapter 3 to monitor
vegetation changes over time. It compares imagganat field cover data and land
condition classes for monitoring changes in vegatatover and land condition in the
study area. This chapter also evaluates the slifyaluf vegetation indices for

discriminating land condition classes identifiedtbg current field assessment methods.

Chapter 5 validates vegetation and soil components derivedfthe hyperspectral
imagery against field measurements of spectraéetthce and abundance of ground
cover. The components of the research in this endyatve been published as Jafari, R.,
Lewis, M.M. and Ostendorf, B.2006. Use of EO-1 hyperspectral imagery for
discriminating arid vegetation, Proceedings of 1B¢h Australian Remote Sensing and
Photogrammetryonference (ARSPC), The Photogrammetry Associaifofiustralia,

November 2006, Canberra, Australia.

Chapter 6 uses a spatial heterogeneity index for assessidglard degradation. It
compares spatial heterogeneity in degraded and dagraded areas and also
investigates the spatial scale of variability ambwtock watering points by examining
spatial heterogeneity with increasing distance froatering points. This chapter has
been submitted to thdournal of Arid Environments as Jafari, R., Lewis, M.M. and
Ostendorf, B., An image-based diversity index fesessing land degradation in an arid

environment in South Australia.

Chapter 7 reviews the results and findings for each chaptéhe thesis, highlights the
implications of the research findings in arid laswhdition assessment and monitoring

and provides recommendations for future research.
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2 STUDY AREA, FIELD AND SATELLITE IMAGE DATA

2.1 Study area

The study area was located in the southern aridslaf South Australia. It comprises
123,600 kA within two Soil Conservation Districts, includingingoonya Soil
Conservation District and Gawler Soil Conservatidistrict. The region lies between
latitudes 29 00 S and 3300 S and longitudes 1330 E to 138 00 E. Figure 2.1
shows the location of the study area and alsoxteneof imagery that was used in this
research. The information of the environment ofshaly area that is presented in this
chapter has been drawn from the Kingoonya Soil €wagion District plan and lease
assessment overview report on the Kingoonya andl€&soil Conservation Districts
(Kingoonya Soil Conservation Board, 1991; Tynarf3;Kingoonya Soil Conservation
Board, 1996).

The choice of study area was influenced by thethysaf land condition assessment and
availability of spatial and ecological data. Thesteeal Management Branch of
Department of Water, Land and Biodiversity Consgova of South Australia
established permanent monitoring sites throughbesd districts in 1991 to record
changes in land condition over time using sampéndg photographic methods. They
also recorded land system characteristics of tha and assessed land condition using
the land condition index method. A second roundaafl condition assessment of the
area was conducted in 2002 at a smaller sampleemmhgnent monitoring sites. This
time span from 1991 to 2002 enabled detection ahgks in vegetation cover and land
condition over time (Chapter 4). To meet the resuients of the Pastoral Land
Management and Conservation Act, a comprehenssesasient of land condition of
the entire Kingoonya and Gawler districts has comoed in 2004, using land condition
index at random sites on each property. The fiali ¢hat was collected in 1991, 2002
and 2004 as a part of these assessments was ugadlade remote sensing techniques
that were applied in this study to the study area.
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211 Climate

The climate in the study area is characterised diyshmmers and cool mild winters.
The mean daily maximum temperature ranges from 36°€Limmer to approximately

17°C in winter and mean daily minimum temperatumeges from 15°C in summer to
about 5°C in winter. The mean annual evaporatidae s approximately 2500 mm.

Winds are usually from the southeast in the north southwest in the south of the
study area. Rainfall is highly variable from yearyear in this region. It varies across
the districts from less than 150 mm in the nortlalbout 300 mm in the south. Figure
2.2 shows the annual rainfall at Coondambo staitiothe study area recorded from
1990 to 2003 with a notable maximum in 1992. Thatien is located almost in the
centre of the region. Because of the high varigbiin the rainfall, various water

resources are used for domestic, industrial antbdsurposes. These include local
ground water (e.g. wells), local surface water.(dams), network systems originating
outside the area, temporal natural water, andakiainks.
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NOTE: This figure is included on page 12 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 2.2 Yearly rainfall at Coondambo station (Pastoral Board, 2002)
2.1.2 Land use

Because of the low and variable rainfall, the study area has not been cultivated.
Grazing is the main land use in this area and sheep and wool production is one of the
most important sources of income. Like other pastoral lands in South Australia, the
study area has been divided into stations and held under pastoral leases. The region
has been divided into 58 stations ranging from 35 to 6,000 km2. The stations have
been fenced into smaller paddocks ranging from less than one to 252 km2. The
paddocks are the main management units; they are mostly provided with artificial
water sources such as dams, tanks and troughs, and that grazing is focused on these
water points. The average number of sheep in the region over a 24-year period (1976-
2000) was approximately 325,000. Pastoralists often aim to increase income by
increasing stocking rates and this may have negative effects on land condition.
Inappropriate grazing reduces the cover of living and dead vegetation (plant litter) and
this increases the susceptibility of the soil to erosion by water and wind. Overgrazing
has been recognised as a main cause of land degradation in the area, though other
factors such as mining and mineral exploration and military operations have caused

some degradation in specific parts of the region.

2.1.3 Geology and geomorphology

Overall the study area is flat to undulating, with an elevation of about 300 m above
sea level. Sand dunes with eastern-western ridges dominate the northern parts of the
region. Plains of sandy loams and sandy soils, usually covered with gravel and stone
(gibber) occur in different parts of the study area. The dominant vegetation cover on

sand dunes
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and sand plains is chenopod shrubs and open watsdlaow hills, rock outcrops and
salt lakes are distributed throughout the arealentablelands occupy most of the
Woomera and Arcoona regions towards the centresellgently rolling tablelands are

generally dominated by chenopod shrubs.

The low topography of the area reflects the dontraof relatively young, flat-lying

sediments, which have not been changed due to majtdr movements. The rocky rises
and hills along the western margin of the Lake @wer are the oldest outcrops formed
from a succession of sedimentary, volcanic, andametphic rocks between 1600 and
2600 million years ago. The younger volcanic roftkened the Gawler Ranges in the

southeast of the area about 1600 million years ago.

Deposition of sandstone, siltstone and mudstonenseds occurred about 150 million
years ago between the outcrops of the older rockthe north of Lake Gairdner,
northwest of Tarcoola and near Andamooka. The remmthnortheast of the Kingoonya
district are mostly covered with gibbers or pebbid¢sch were formed approximately
two million years ago after the erosion of the seghts that contained silica elements.
These gravels are usually brown due to high irordexconcentration. The latest
sediments which were commonly sand, silt, gypsumd, day were deposited in hills,

alluvial plains and salt lakes.

214 Soil

Sandy and calcareous soils dominate the study areasandy soils are infertile and
coarse-textured with high rainfall infiltration est Although wind erosion and dune
formation may occur in these soils, they have losceptibility to erosion because of
substantial covering with perennial vegetation.c@aous soils are relatively infertile,
with coarse to medium textures. They are less gtibte to wind erosion than sandy
soils and mainly are covered with chenopod shrulsa®ther soil types within the
study area are cracking clay soils, loamy soitepBols (shallow stony soils), ironstone

gravels and saline alluvia associated with saktdafStanley, 1982).

2.1.5 Land systems

Soils, plants and geology are associated and cd&éteent landscapes or land systems

in the environment. Land system here refers tonabomation of land units with specific



STUDY AREA -14-

patterns and land unit is an area that includes similar vegetation, soil type and
landform (Rangeland Assessment Unit, 1988). Figure 2.3 shows the distribution of
land systems in the Kingoonya and Gawler districts. The main land units of the study
area are sand plains with open woodland, calcareous plains with pearl bluebush
(Maireana sedifolia F.Muell) and bladder saltbush (Atriplex vesicaria Benth.), sand
dunes with native pine (Callitris glaucophylla Joy Thoms and L.A.S.Johnson) or
mulga (Acacia aneura F.Muell. ex Benth), tableland with bladder saltbush and
samphire (Halosarcia pergranulata J.M.Black) and low hills with low bluebush
(Maireana astrotricha L.A.S.Johnson) and mulga and granitic hills (White and Gould,
2002). Appendix 1 shows photographs of these and other plant species that have been
mentioned in coming chapters. Further details of specific land systems in which the

research was based are given in Chapters 3, 5 and 6.

NOTE: This figure is included on page 14 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 2.3 The distribution of land systems in Kingoonya and Gawler districts (Pastoral
Board, 2002)
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2.2 Land condition assessment and monitoring in the study area

The system of land condition assessment in the hSéuwistralian arid rangelands
comprise long term assessment of trends usingdhd Condition Index and short term
assessment at permanent monitoring sites (BuriasideChamala, 1994; Department of

Water Land Biodiversity and Conservation, 2002).

2.2.1 Land condition index

The Land Condition Index (LCI) is used to determaaerage land condition in the
southern pastoral lands of South Australia everydats. Land condition is determined
by visual estimation of land condition state andred on a 3-point scale: 1= poor, 2=
fair and 3= good, according to defined soil erostatus and vegetation criteria at about
80-100 randomly located sites along tracks on éeate. Criteria used for determining
land condition class differ according to the pastiype, and include vegetation cover
and composition, presence of regeneration, unpgiéatpecies and grazing effects. An
average LCI is calculated for each lease by myingl the percentage of sample sites
for each condition state rating by the score. Télees in this calculation for each lease
range from 100 (high disturbance at all samplesyite 300 (low disturbance at all
sample sites), and then from these lease valuesavhrage condition index of the
district and the whole area is determined (Depantroé Water Land Biodiversity and

Conservation, 2002).

The first land condition assessment in the King@orand Gawler districts was
performed by the Pastoral Management Branch overedds from 1990 to 2000. The
survey recognized different pasture types in tlggore Chenopod shrublands and low
open woodlands were the main pasture types, cayenore than 94% of the districts
(Table 2.1). The survey showed that about 42% efkimgoonya district was in land
condition class 3, 28% in class 2 and 30% in claasd the results for Gawler district
were 52%, 32% and 16% respectively. In this rouhthiod condition assessment the
LCI was used to determine land condition at momtpssites, though it is not a site-
based technique (White and Gould, 2002). Figureshdws the LCI classes of the
Kingoonya and Gawler Soil Conservation Districtsyrf@an, 1995; Kingoonya Soil
Conservation Board, 1991). Mean LCI scores forKimggoonya and Gawler districts
were 2.13 and 2.21, respectively. This means #rat tondition in the study area was

laid in a fair condition.
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Table 2.1 The percentage of various pasture types within the Kingoonya and Gawler Soil
Conservation Districts

Pasturetypes Kingoonya (%) Gawler (%)
Chenopod shrubland 64 77.42
Low woodland 30 21.03
Mt. Eba country 5 -
Hummock grassland 0.5 1.55
Ephemeral plains 0.5 -
Total 100 100
O Kingoonya
60 | Gawler
50
3 40
-
w5 30
S 20 -

0
1

2
LCl class

Figure 2.4 Land condition classes in the Kingoonya and Gawler Soil Conservation
Districts

White and Gould (2002) used another method, thectiamality Index model (further
described in Della Torre, 2005), for assessing laoddition at some 180 randomly
selected monitoring sites. The determination ofdlacondition classes in the
Functionality Index model is similar to the LCI st&s. The rangeland condition classes
are divided in 5 categories (excellent, good, f@a@or and very poor). These classes are
determined according to the plant species compositplant productivity and soil
erosion status. The study observed that only venydites had excellent and very poor
conditions. Therefore, these classes were combimedthe good and poor classes
respectively. By using three condition classes @essimilar to the LCI method was
calculated. The mean score of the Functionalityexnohodel for 180 sites in 2002 was
2.36, which shows that the overall land conditiorthese sites was fair. Using three
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similar classes for determining land condition nsedhat the 2002 land condition
assessment can be compared with the first 199%samsat to detect changes in the land

condition over time (Chapter 4).

2.2.2 Permanent monitoring sites

During the first land condition assessment using IC1991, permanent monitoring

sites were established in each paddock through@upastoral country to provide for
shorter-term assessment of land condition and ti@epartment of Water, Land

Biodiversity and Conservation, 2002). There areual®b00 such monitoring sites
throughout the South Australian pastoral landsybich 1900 are located in the study
area (Figures 2.5 and 2.6). They were located alenabe distances from water to avoid
the heavily grazed areas, but still sample areadhat influenced by stock. In sheep
stations the points were located about 1.5 km fvester, while in cattle country they

were located approximately 3 km from water. At eatbnitoring site two sampling

methods, including Jessup and step-point transauts a photo-point are used for
collecting ecological data and documenting chamyésnd condition. At some of these
sites the Pastoral Management Branch records daty &-7 years (ecological data,
photographs, etc) and these data are compiledaim@mnual and given to landholders
and who are encouraged to monitor the sites wheribeg see a visible change in the

land condition.

Figure 2.5 Thedistribution of permanent monitoring sitesin the study area
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te labellin

Figure 2.6 An example of a permanent monitoring site established in 1971

The Jessup transect method measures the densifsegnéncy of perennial plants such
as chenopods and other shrubs and grasses. Istoabia 100 m transect that is fixed
with two pegs at the end. The number of plantet®med in ten 2 m quadrats on
both sides of the transect, giving a total sampéa af 400 i The quadrats enable
subsequent changes in the abundance of perenmatspto be quantified easily.
Although this method measures perennial vegetatiover, which is an important
criterion in land condition assessment, it is tico@suming and difficult to apply in tall
and dense vegetation areas (Cook and Stubbendi@8k; Department of Water Land

Biodiversity and Conservation, 2002).

The step-point method is used for determining tkecgntage of vegetation cover.
Vegetation cover is the proportion of ground suzfabat is covered by a vertical
projection of the foliage cover canopy. An obsemé@h a pin or mark at the tip of his
boots paces out in the same direction as the Jeésmugect or other selected transects.
Along these transects the observer records thendraover components intercepted
(plant species, litter, soil, stone etc) by eadh 4f the 'mark’. The percentage of
different ground cover is determined for each nmaimy site by the proportions of hits.
A minimum of 500 hits or points is usually recordedach transect. Although the step-
point method is simple, easy to use and needs l@xdperience, the results of this
method can vary between observers. Furthermois,time-consuming in large areas
(Cook and Stubbendieck, 1986; Friedel and Shawyd:98riedel and Shaw, 1987b;
Department of Water Land Biodiversity and Conseovat2002).

The photographic method is used at the permanenitonimg sites as a supplementary

tool for monitoring vegetation change. Photographs taken using a camera at the
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photo-point monitoring sites. The photographer dsamehind a marker peg that is about
10 m from the Jessup transect and focuses on thieead a sighter peg at the beginning
of the Jessup transect (Department of Water Larmtilrsity and Conservation,
2002). Some of the advantages of these photogrehthat they are obtained rapidly
and easily, the amount of change in vegetation athdr events associated with that
change are recorded, and they provide a good a&d¢brmonitoring vegetation or land
condition over time. The limitations of this methack that photographs can present a
biased selection when photographed and they ayeuseful for small and low growing
vegetation areas (Harpetral., 1990).

2.3 Satdliteimagery

Multispectral medium-resolution satellite imagesyone of the most widely used forms
of remote sensing data for many environmental apgtins (see Chapter 1). The
availability of extensive archives of this imageamakes it suitable for broad-area,
operational monitoring programs. This current studgd four full scenes of Landsat
imagery and a Hyperion image, obtained from the tialian Centre for Remote
Sensing (ACRES) (Table 2.2 and 2.3). The exterthefimagery is shown in Figure
2.1. All the images were acquired in dry seasonmitomize the contribution of green
ephemeral vegetation, maximise solar irradianceland surface reflectance and also
exclude cloud cover from the imagery. The Octol®911Landsat image was used to
derive vegetation indices and investigate theitafulity in the Kingoonya region
(Chapter 3). The index identified as being mostafle in Kingoonya was applied to
the 2002 image to detect changes in vegetationrcover an eleven-year period
(Chapter 4). It was also applied to the 2005 imigevaluate the usefulness of this
index for discriminating LCI classes which wereleoled by the staff of the South
Australian Pastoral Program in 2005. The Janua®l i®age was used in Chapter 6 to
examine the capability of a remotely-sensed ditieiadex to assess land degradation
in the Kingoonya and Gawler districts. The 2005 drgpectral Hyperion image was
used to discriminate vegetation types that are mapoin land management (Chapter
5).
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Table 2.2 Acquisition dates of Landsat 5(TM), Landsat 7 (ETM+) and Hyperion images

Image Acquisition date Path Row
Landsat TM 20/10/1991 100 81
Landsat ETM+| 13/01/2002 100 81
Landsat TM 14/02/2005 100 81
Landsat TM 31/01/1991 99 82
Hyperion 29/12/2005 100 81

Table 2.3 Spectral and spatial resolution of the Landsat-5 and Landsat-7 ETM + sensors

Band number | Wavelength (um) | Spectral region Spatial resolution (m)
1 0.45-0.52 Visible blue 30

2 0.52-0.6 Visible green 30

3 0.63-0.69 Visible red 30

4 0.76 — 0.79 Near infra-red 30

5 1.55-1.75 Middle infra-red 30

7 2.08-2.35 Shortwave infra-red 30

2.3.1 Radiometric calibration of Landsat imagery

To compare multitemporal images, calibration ofirthhadiometric values is needed.
This is necessary because atmospheric conditiensps characteristics, and image pre-
processing influence the values recorded in thetadlignagery (Campbell, 1996).
Therefore, it is important to separate real changetand cover components from
radiometric changes associated with the images fobfferent dates. Furby and
Campbell (2001) used some invariant features witiad approximately the same
reflectance over time to calibrate a sequencesaofltat images. They recommended
that 20-30 invariant features are required for iensmimage calibration and the features
should be selected from a range of dark, middle lamght targets. The calibration
involves identifying invariant features in the sesnand developing calibration

relationships between them.

In this current study, image-to-image radiometdibration was done by selecting a
reference image (2002 image) and calibrating tH# ithage by using some invariant
targets. As the 2002 image was recorded befordéaihee of the Scan Line Corrector
(SLC) of the Landsat 7 Enhanced Thematic Mappes (T M+) on May 31 2003, this
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malfunction did affect on the selected image. 2dairant targets including roads,
buildings, mine factories and bare soil were chasemvariant features. Vegetation and
dry salt lakes were excluded as invariant targetsabse they tend to show seasonal
trends. In addition, targets with the digital weduof 255 (i.e., very bright or
radiometrically saturated targets) were excludemnfrcalculations. A mean of 3-5
pixels for each target was calculated for both iesaglLinear regressions were
established between these, with the 2002 imagbeseference (dependent variable)
and 1991 image as the independent variable. Thétireslinear regression coefficients
were then used to convert the 1991 image valug®@@-equivalent values. The linear
equations and relationships?(Ralues) between the 2002 and 1991 image refleetanc

values for invariant targets are shown in Table 2.4

Table 2.4 Relationship between the reflectance of invariant targets in the 2002 and 1991
images

ectral bands inear equations values
| band Li equati R?val
Band 1 y=1.12x-5.52 0.95
Band 2 y=1.97x-4.41 0.96
Band 3 y=1.98x-12.28 0.96
Band 4 y =1.08x - 3.03 0.97
Band 5 y=1.31x-31.01 0.96
Band 7 y =1.68x - 10.64 0.95

2.3.2 Pre-processing of Hyperion hyperspectral imagery

The Hyperion sensor is the first hyperspectral ienagn-board NASA’s Earth
Observing-1 (EO-1) satellite that was launched dnNbvember 2000. The EO-1
satellite follows the same orbit as Landsat 7 byualone minute. The spatial resolution
of Hyperion is 30 m and standard scene is 7.7 kdewaind 42 km long. This sensor has
242 spectral bands ranging from 400 nm to 2500 metprded at 12-bit radiometric
resolution (Appendix 2).Some of the bands of the image that was used snstidy
were affected by noise that might have been asudtref atmospheric or sensor effects.
CSIRO’s Hyperspectral Processing Software was wgeaduce noise in the image
(Mason, 2002; Quigleyet al., 2004). In addition to this software, Atmospheric
Correction Now (ACORN) software (ImSpecLLC, 2004hda several standard
hyperspectral processing technique€NVI (Research Systems Inc, 200@¢re used
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to reduce noise in the Hyperion scene and coverntatiance at sensor values to surface

reflectance (Chapter 5).

2.3.3 Georegistration

Georegistration is needed to enable comparisomafés from different dates and to
accurately relate image values to field and otpatially-referenced data. A reference
image that had been georectified to a 1:250,000 (ap Grid of Australia, MGA 94)
was used as a base to georegister the imageryrgnewstudy. 31 Ground Control
Points (GCPs) were selected throughout the referemage and raw image (2002
Landsat image). Road intersections or other marenfeatures were appropriate targets
for this purpose. The final Root Mean Square (RM®pr for the selected points was
0.49 pixels. The raw image was transformed to dwrertified image using a first order
polynomial, then resampled using the nearest neighimethod to preserve radiometry.
The same method was used to register the remalr@ngsat images to the reference
image. The Hyperion image was registered to thereete image using the same
technique as above. The RMS error for registrabbthe Hyperion image using 15
Ground Control Points was 0.10 pixels.

24 Spatial data

Several forms of Geographical Information Systeratadvere used in this research.
These spatial data were used for interpreting iegery, extracting information from
the imagery, and determining the location and baued of areas of interest. These
data were provided by the Department of Water, LBmtliversity and Conservation
and included land system boundaries, district batiad, station boundaries, paddock
boundaries, locations of permanent monitoring sitesd water points, and
meteorological stations. All spatial data were getiwally rectified to Map Grid of
Australia (MGA 94).

25 Summary

The study area was located in the southern aridslarf South Australia. A region
covered with young sedimentary deposits. The soithis area has low fertility and
sandy and calcareous soils dominate, mainly coveved open woodlands and
chenopod shrublands. The climate is characterigddvio and variable rainfall and high

temperature and evaporation. The main land useadng of sheep for the production
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of wool and meat on extensive pastoral leases wéiehsubdivided into large, fenced
paddocks. One of the indirect effects of grazinghi@ study area is land degradation,

especially near the stock watering points.

In South Australia two main field methods have bemsed in rangeland condition
assessment and monitoring including the Land Cmmdindex (LCI) and permanent
monitoring sites. According to the first land cammh assessment in 1991, land
condition status in the study area was fair. Altfiodield methods that have been used
for this land condition assessment provide detaitddrmation about conditions at
sample sites, this may not be representative adeaveas. Moreover, the application of
these methods in broad areas is expensive andcoms&iming. Thus, in the following
chapters the potential of remote sensing techniquéand condition assessment and

monitoring is investigated.
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3 VEGETATION INDICES

3.1 Introduction

One of the most common applications of remote sgnisi vegetation assessment and
monitoring via vegetation indices (Pickapal., 1993; Bannaret al., 1995; Purevdorgy
et al., 1998; Thiam and Eastman, 2001; Metternicht, 2068)wever, most of the
widely used vegetation indices appear to be lepticaple in arid and semi-arid lands
of Australia (Pickupet al., 1993; O' Neill, 1996). Indices that are less dejeat on
infrared response, such as the Perpendicular RstéPD54) and Soil Stability Index
(SSI1) have been shown to be more appropriate sphecttices in Australian arid and
semi-arid lands (Foran and Pickup, 1984; Pickup Mel$on, 1984; Pickup and Foran,
1987; Pickupet al., 1993; McGregor and Lewis, 1996; O' Neill, 199@wards, 2001).

Although ground-based methods provide detailed dataut specific sites at infrequent
monitoring intervals, they represent a very limitainple of the full extent and spatial
variation within much broader areas of arid larfelgthermore, such field assessment is
time-consuming, expensive and subject to obseragaton (Friedel and Shaw, 1987a;
Friedel and Shaw, 1987b). Consequently, the ainthisf part of the study was to
evaluate the suitability of vegetation indices dedi from multispectral satellite
imagery as an adjunct to field methods for assgssid monitoring vegetation cover,
and consequently land condition, in the southend #&nds of South Australia.
Specifically, this component of the study aimedidentify the most suitable image
indices for recording vegetation cover in thesedsmapes, to determine the scales at
which they may be applied, and the components gktation cover that they best
predict. The approach was to determine the relshi@s between a range of widely
used spectral indices and vegetation cover as mexhby the South Australian Pastoral
Lease assessment program, with the intent of prmgumage maps that more fully

document spatial and temporal variation in vegetatover.

3.1.1 Vegetation indices

Vegetation indices combine reflectance measuremieoms different portions of the

electromagnetic spectrum to provide informationwbagetation cover on the ground
(Campbell, 1996). Healthy green vegetation hasndigte reflectance in the visible and
near-infrared regions of the spectrum. At visitded in particular red wavelengths,
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plant pigments strongly absorb the energy for phtthesis, whereas in the near-
infrared region, the energy is strongly reflectedtbe internal leaf structures. This
strong contrast between red and near-infraredatefhee has formed the basis of many
different vegetation indices. When applied to nspléictral remote sensing images,
these indices involve numeric combinations of #essr bands that record land surface
reflectance at various wavelengths. Pearson ankiil972) first presented the near
infrared/red ratio for separating green vegetafimm soil background. Since then,
numerous vegetation indices have been proposedifiethdanalysed, compared and
classified (Perryet al., 1984; Huete, 1988; Qat al., 1994; Bannariet al., 1995;
Rondeawet al., 1996; Thiam and Eastman, 2001; Gilaleeml., 2002). In this current
study vegetation indices have been grouped into fgpes including slope-based,
distance-based, orthogonal transformation and platér sensitive vegetation indices
on the basis of the spectral bands they use anahé¢la@s by which these are combined.

Definitions of these indices are provided in Table.

3.1.1.1 Sope-based vegetation indices

These vegetation indices comprise simple arithmebmbinations of reflectance
measurements, contrasting the high infrared andremreflectance that characterises
photosynthetic vegetation. This contrast has bessd uwvidely to generate several
vegetation indices such as the Simple VegetatiaeXn(SVI) (Pearson and Miller,
1972), Normalized Difference Vegetation Index (NDYRouseet al., 1974), and Soill
Adjusted Vegetation Index (SAVI-A) (Huete, 1988)x&t values in this group produce
vectors with differing slopes through the origin toe red and NIR bi-spectral plot.
Figure 3.1 shows the distribution of pixel valueghe NDVI. The NDVI has been used
widely in many applications including regional andntinental-scale monitoring of
vegetation cover (Satterwhite and Henley, 1987;teluE988; Foran and Pearce, 1990;
Sattle and Drake, 1993; Rondeasixal., 1996; Purevdorggt al., 1998; Minoret al.,
1999; Schmidt and Karnieli, 2001; Al-Bakri and Tay®003; Runnstorm, 2003; Wang
et al., 2004; Wesselat al., 2004).
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Table 3.1 Vegetation indices applied to the 1991 L andsat image
Vegetation Vegetation Acronym | Author Formula Landsat TM
index group Index bands
Simple SviI Pearson & NIR/R 4/3
Group 1 Miller, 1972
(Slope-based) | Normalised NDVI Rouse, 1974 (NIR-R)/(NIR+R)| (4-3) / (4+3)
Difference
Soil Adjusted- | SAVI-A Huete, 1988 [(NIR- [(4-3)/(4+3+0.25)]
A R)/(NIR+R+L)] x | x1.25
(L+1)
L= Soil adjusted
factor
Perpendicular | PVI-3 Qietal.,, 1994 | AxNIR-BxR Ax4-Bx3
Group 2 Vegetation A= the intercept of
. Index-3 soil line
(Distance-based
B= the slope of
soil line
Perpendicular | PD54 Pickupet Perpendicular 2v3
Distance al., 1993 distance from soll
line toward
vegetation line
Soil Stability | SSI Pickup & Perpendicular 2/4 v 3/4
Index Nelson, 1984 | distance from soil
line toward
vegetation line
Saoll SBI Kauth & Orthogonal All bands except
Group 3 Brightness Thomas, 1976 | Transformation band 6
Index
(Orthogonal
transformations) Green GVI Kauth & Orthogonal All bands except
Vegetation Thomas, 1976 | Transformation band 6
Index
Stress Related STVI-1 Thenkabaikt (MIRXR)/NIR (5%3)/4
Group 4 1 al. 1994
(Plant-water Stress Relatedr STVI-3 Thenkabaikt NIR/(R+MIR) 4/(3+5)
sensitive) 3 al. 1994
Mid-infrared-1 | MSVI-1 Thenkabait NIR/MIR 4/5
al. 1994
Mid-infrared-2 | MSVI-2 Thenkabait NIR/SWIR a7
al. 1994
Mid-infrared-3 | MSVI-3 Thenkabait NIR/(MIR+SWIR) | 4/(5+7)
al. 1994

3.1.1.2 Distance-based vegetation indices

The second group consists of distance-based vemetadices. These indices have

been designed to remove the influence of soil bmiggs in sparsely vegetated areas;
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they are more effective at discriminating vegetation from bright soils when the two
are mixed within the sensor field of view.

NOTE: This figure is included on page 27 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 3.1 The distribution of pixel values in Normalised Difference Vegetation Index
(Harison and Jupp, 1990)

These indices take advantage of the fact that most soil-dominated pixels fall along a
line in a red/near-infrared bi-spectral plot, with vegetation increasing with distance
perpendicular to this line. The soil line can influenced by surface roughness, moisture,
texture and colour (Huete et al., 1984; Baret et al., 1993). The Perpendicular
Vegetation Index (PVI) (Richardson and Wiegand, 1977) was the first of this type of
index (Figure 3.2). The PD54, which has been used with considerable success in
Australian perennialdominated arid vegetation, also falls within this group (Pickup et
al., 1993). All of the vegetation indices in this group require definition of the slope

and intercept of the soil line.

3.1.1.3 Orthogonal transformation vegetation indices

The slope-based and distance-based vegetation indices generally use two spectral
bands, most usually red and infrared. Orthogonal transformation vegetation indices,
the third group, use multiple spectral bands to derive a new set of image components
that are uncorrelated with one another and ordered with respect to the amount of scene
variation they capture from the original band set (Kauth and Thomas, 1976; Fung and
LeDrew, 1987). The first component usually represents overall land surface
brightness or albedo while the second component often represents variation in
vegetation cover. This group has been used in numerous environmental studies,

mostly in agricultural and forest
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environments (Byrne et al., 1980; Richards, 1984; Ingebritsen and Lyon, 1985; Fung
and LeDrew, 1987; Deer and Longmore, 1994; Ribed and Lopez, 1995; Hirosawa et
al., 1996; Wu, 2000; Caren et al., 2002; Price et al., 2002; Lu et al., 2004; Jin and
Sader, 2005). The tasselled cap transformation is the best-known of this group (Kauth
and Thomas, 1976): its two first components are the Soil Brightness Index (SBI) and
the Green Vegetation Index (GVI). This transformation was adapted to the six bands
of Landsat Thematic Mapper (TM) data by changing the empirical coefficients from
those originally applied to the four bands of Landsat Multispectral Scanner imagery
(Crist, 1985).

In addition to the soil brightness that is considered in the second and third group of
indices, soil colour can also influence vegetation indices. Red and yellow soils with
high red reflectance can particularly interfere with vegetation estimation. To address
this problem, Escadafal and Huete (1991) presented a colouration index, the Redness

Index (RI), as a correction for the soil colour effect on vegetation indices (Bannari et
al., 1995). The index, based on the contrast between red and green reflectance, was
shown to double the sensitivity of vegetation indices, especially in sparsely vegetated

areas.

NOTE: This figure is included on page 28 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 3.2 The perpendicular vegetation index (Richardson and Wiegand, 1977)
3.1.1.4 Plant-water sensitive vegetation indices

The fourth group consists of vegetation indices that include mid and short-wave
infrared regions of the electromagnetic spectrum, on the basis that vegetation has

lower
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reflectance than soil in these regions, a contitast may assist their discrimination
(Kimes et al., 1981; Duselet al., 1985; Baretet al., 1988; Thenkabaiét al., 1994).
Since it is water content that largely determinkspreflectance in the near infrared,
mid and shortwave infrared regions, these have lmdled plant-water sensitive
vegetation indices. Thenkabatlal. (1994) proposed six different plant-water sensitiv
vegetation indices using Landsat TM mid-infraredd ashortwave-infrared bands,
including the Mid-infrared Vegetation Index (MSV] 2 and 3) and the Stress Related
Vegetation Index (STVI-1, 2 and 3). They found tkia¢se indices were as good or
better predictors of yield, leaf area index, weainbass, dry biomass, and plant height
than slope-based vegetation indices in corn antdesoyfields. O’ Neill (1996) applied
these indices to chenopod shrublands in western Slewth Wales and suggested that
STVI-1 can be a useful index for vegetation mappiagd analysis in these

environments.

Most of the vegetation indices that use red and iigtons of the spectrum appear to
be inappropriate in Australian arid and semi-aadds (O' Neill, 1996). because the
perennial vegetation types of these regions daeftact highly in the NIR (Graetz and
Gentle, 1982). Moreover, the sparse cover and éafvdrea index of the vegetation also
contribute to low reflectance in the NIR channed. dddress this problem Pickepal.
(1993) developed the Perpendicular Distance vagataidex (PD54). This index falls
within group 2, but uses visible green and redemfince to separate vegetation cover
from soil (Bastinet al., 1999). Pickupet al. (1993) found that this index is less sensitive
than red and NIR indices to differences in plameginess. The PD54 has been widely
used in rangeland monitoring and assessment inrdlizs{Bastinet al., 1993a; Bastin

et al., 1993b; Pickumt al., 1994; McGregor and Lewis, 1996; Bastiral., 1998). The
Soil Stability Index (SSI) is another distance-luhgegetation index developed to assess
soil condition in Australian arid rangelands (Pipkand Nelson, 1984). Although the
SSI provided useful information about soil erosistability, and deposition, it was
much more sensitive than PD54 to the amount of reige green vegetation in the
landscape and hence was considered less suitabks$essing perennial dominated
landscapes. Due to the longevity and lower semsitof perennial plants to seasonal
conditions, they are usually used as a key indraafttand condition. As a result, strong
relationships between perennial cover and vegetatidices would mean that image

indices have capability for land condition assesgraad monitoring.



VEGETATION INDICES 306-

3.2 Methods

3.2.1 Studyarea

The study area was located in the Kingoonya Soihs@ovation District in the arid
rangeland of South Australia (Figure 3.3) and waBnéd by the extent of Landsat
scene path 100 and row 81. Detailed informatiothefenvironment of the study area

has been presented in Chapter 2.

The relationships between vegetation cover andlisaienage indices were analysed at
two scales: across 34,225 kmovered by the Landsat scene, which encompassed te
different land systems, and within two particuland systems: Buckshot and Gina.
Buckshot land system (498 Kmcomprises “buckshot’ gravel (iron-oxide coated
gravels) plains and watercourses of mulga low wad| while Gina land system
(1,601 kn?) is dominated by sandy calcareous plains of geadbush (Table 3.2).

Figure 3.3 The study area defined by Landsat scene path 100, row 81 within the
Kingoonya Soil Conservation District. Shown also are the location of monitoring sites and
Buckshot and Gina land systemswhich were used for land-system scale analysis.
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Table 3.2 Characteristics of Buckshot and Gina land systems (Pastoral Board, 2002)

NOTE: This table is included on page 31 in the print copy of the thesis
held in the University of Adelaide Library.

3.2.2 Field cover data

The vegetation cover data used in this study were collected at permanent monitoring
sites throughout the Kingoonya Soil Conservation District as part of lease assessments
in 1990-1991: sites within Gina and Buckshot were recorded in October 1990 and
April 1991, while sites across the district were recorded in October and December
1990 and between March and June 1991. Rainfall in the study area was below average
during these years (140 and 102 mm recorded at Bon Bon station in 1990 and 1991).
Monthly rainfall during and immediately preceding the data collection periods was
generally low, with some localised falls during January and May 1990 (Figure 3.4).

NOTE: This figure is included on page 31 in the print copy of the thesis
held in the University of Adelaide Library.

Figure 3.4 The distribution of monthly rainfall in Bon Bon station centrally located within study
area (Pastoral Board, 2002)

The field data comprised estimates of ground cover derived from step point transects

with a minimum of 500 points or hits (Department of Water Land Biodiversity and
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Conservation, 2002). Linear transects originatenfthe permanent monitoring sites,
although the specific direction was not recordeo fhis study the cover data were
aggregated into three groups to compare with imadees: perennial plant cover,
combined perennial and ephemeral plant cover, atadl tegetation plus litter and soil-
covering cryptogam cover. Forty monitoring sitesniracross the district representing
ten different land systems with varying land formegetation and soils were used to
evaluate relationships of perennial plants and rottewer components with image
indices across the extent of the Landsat scendqtape scale) (Figure 3.3), while eight
and 19 sites were used to test relationships wibhinokshot and Gina land systems.
These two land systems were chosen for analyssusedhey are extensive, they have
contrasting landscapes, and because they contsirféclent monitoring points to allow

statistical comparisons of field and image variable

Total vegetation cover averages were similar ferttto land systems, at 20% and 21%
in Gina and Buckshot respectively, compared witinean of 19% for all sites (Table
3.3). Buckshot had higher ephemeral and grass ¢@@ét) and lower perennial cover
(8%) than Gina and the regional average (12%)eli#nd cryptogam cover were
significant contributors to total ground cover &téhd 30% for Buckshot and Gina, and

27% for all sites, bringing total ground cover & 30%.

Table 3.3 Vegetation cover components at landscape and land system scales

: % cover % cover % cover
Vegetation components Study area Buckshot land Ginaland system
Sample size= 40 | system Sample size= 19

Samplesize=8

Mean | StdDev Mean StdDev Mean StdDeyV
Perennial species 12.1 7.4 7.9 6.2 12.4 6.5
Ephemeral & grass species 6.8 5.3 13.5 12.3 8 5.4
Total vegetation (perennial,| 18.9 8.7 21.4 16.3 20.4 8.1
ephemeral and grass species)
Litter and cryptogams 27 14.5 22.7 9.3 29.5 10.%
Total vegetation plus litter & 45.9 16.6 44.1 19.3 49.9 9.9
cryptogams

3.2.3 Satdliteimage data

The Landsat Thematic Mapper (TM) scene from 20 BEtd 991 (path 100, row 81)

was used for this component of the study. Becaes® data collection spanned several
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months in 1990-1991 it was not possible to acqameimage that coincided with all
field data dates. The imagery captured similar @bgditions, however, with only 10
mm of rain falling during the preceding four monthBreliminary radiometric

calibration and georegistration of the image aszdbed in Chapter 2.

The vegetation indices detailed in Table 3.1 wereutated using the Landsat image
bands. In addition to these indices, a new Stretat®& Vegetation Index (STVI-4) was
devised (Equation 3.1). This index is a varianth@ plant-water sensitive group, and
was designed to respond positively to increasingetaion response, whereas the
existing STVI indices decrease with increasing vayen influence. It was calculated
using Landsat red band 3 (0.63-Qué9), near-infrared (NIR) band 4 (0.76-0.89) and
mid-infrared (MIR) band 5 (1.55-1.@5) with the following formula:

STVI-4 = NIR-(REDMIR) / (NIR+MIR) (3.1)

The index contrasts the higher NIR reflectance efetation with chlorophyll
absorption in the red and water absorption in thER.MBecause of xeromorphic
adaptations and low chlorophyll levels the visildd reflectance of arid plants may be
high, but the MIR reflectance may be low in resgotts moisture content, particularly
of semi-succulent chenopods. Therefore, in thidystthe (NIR-(REXXMIR)) operation
instead of (NIR-RED) that was used in the NDVI foten was used to highlight
vegetation cover. By normalizing the (NIR-(RERIR)) operation over (NIR+MIR)
instead of (NIR+RED) as in the NDVI formula, thefeslts of soil background were
significantly reduced and highlighted the sparsegetation cover in this arid
environment. This normalization retains the abiliof the index to minimize

topographic and atmospheric effects.

This index was also corrected using the RednessxlifBannariet al., 1995). This
index calculates the difference between red andngreflectance, normalised by their

sum, defined by the following equation:
Redness Index= (R-G)/(R+G) (3.2)
where

R= the mean reflectance in the red channel
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G= the mean reflectance in the green channel

The method uses the slope “K” obtained from theratation between RI and the
vegetation index, in this case the STVI-4. Thisduwed a corrected vegetation index,

VI* as shown in the Equation 3.3:
VI*= STVI-4 — KRI (3.3)

Each of the permanent monitoring sites was locatethe rectified satellite image and
average pixel values extracted for each of the tatiga indices within a 150 m radius
from the point. Field data were collected from $s®ets up to 750 m from the
monitoring sites, although the direction of thesssswot recorded. Consequently there
was some uncertainty about the precise image tocaind area that coincided with the
field transects. To address this, the mean valwes buffers of 100, 150, 300, and 400
m were extracted around the monitoring points, #mel comparative strength of
relationships between the image and field data weealuated. This preliminary
assessment showed that the 150 m radius buffetegidhe strongest relationships with
the field data.

3.2.4 Dataanalysis

The relationships between field cover data, agdeegato different categories, and
vegetation indices were tested with linear regogssinalysis. Vegetation indices were
used as independent variables and the dependeablearwere different categories of
field cover data. To investigate the influence pédral variations on the vegetation
indices, relationships between field cover data\aygktation indices were tested at two
different scales: landscape scale, using the 40dtororg sites across the whole Landsat
scene, and land system scale with less spectraltioay; using the 8 and 19 samples in

Buckshot and Gina.

3.3 Resaults

The regression relationships between field covéa dad vegetation indices across the

Landsat scene are given in Table 3.4.
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Table 3.4 Relationships between field cover (N=40) and vegetation indices at landscape
scale acrossthewhole Landsat scene. Relationships significant at p< 0.05 ar e highlighted.

Vegetation Vegetation | % Cover % Cover % Cover
index group Index Perennial Total Total vegetation &
plants vegetation litter & cryptogams
Group 1 R? P R P R? p
(Slope-based) | 022 |0.002|/026 |0.001|037 |0.001
NDVI 0.22 0.002| 0.27 | 0.001 | 0.39 0.001

SAVI-A 0.22 0.002| 0.26 | 0.001 | 0.38 0.001

Group 2 PVI-3 0.04 | 0.208 0.14 |0.019 |0.20 0.003

(Distance-based) ,, - , 0.06 | 0.1170.15 |0.015|0.18 0.006
SS 20.02 | 0.333 -001| 0387 -0.01 0.774

Group 3 SBI 0.09 | 0.061 -0.19 |0.005 |-022 |0.002

(Orthogonal

transformation) | GV 0.08 | 0.069 0.20 |0.003 |0.30 0.001

Group 4 STVI-1 .0.17 |0.009|-0.26 |0.001 |-0.23 |0.002

(Plant-water i

sensitive) STVI-3 028 |0.001]|0.12 |0.029 | 0.01 0.917

STVI-4 0.10 0.048| 0.21 | 0.003 | 0.26 0.001

MSVI-1 0.10 0.045| 0.01 0.561| -0.09 0.063

MSVI-2 0.04 0.225 -0.01| 0.49¢ -0.24 0.001

MSVI-3 0.07 0.091 -0.01| 0.964 -0.17 0.009

At this scale, an area that includes 10 differetdl systems, all the slope-based
vegetation indices were correlated significantlytwiield cover data, with the strongest
relationships of NDVI with combined plant, littené cryptogam cover explaining up to
39% of the variation in field measurements. The-B\And PD54 of the distance-based
vegetation indices were also correlated signifigamtith total vegetation and total

organic cover, explaining 18-20% of cover variatidout their relationships with

perennial plant cover were not significant. Similasults were obtained with the
orthogonal vegetation indices (SBI and GVI). Thd,SBweighted sum of the Landsat
image bands, equating to total ground reflectamcalledo, correlated negatively with
total ground cover, while the GVI showed a strongesitive relationship. The PVI-3
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and PD54 predicted total vegetation cover and ttgé&nic ground cover, but the SSI
from the same group of distance-based vegetatidicaa was not related significantly
to any of the field cover components. The plantewvatensitive vegetation indices
(group 4) showed variable relationships with fidlta. Among these indices, the Stress
Related Vegetation Indices (STVI-1 and 4) were elated significantly (R=0.1-0.3)
with all combinations of field cover componentghaligh they explained relatively low
proportions of the variance in the field measureimie@ther vegetation indices in this

group were less consistent predictors of field cove

Within the two land systems, as expected, theree vg@monger relationships between
vegetation indices and field cover data than attloader scale. Table 3.5 shows these
relationships in Buckshot land system. The STVhbveed the strongest relationship
with total vegetation cover (R0.88), followed by the SBI #&0.82) and STVI-4
(R?=0.78). There were significant correlations betwdenslope-based indices and total
vegetation cover (&0.6) but these indices were very poor predictdrperennial
vegetation cover or total organic cover. In corttasthe regional analysis, all the
distance-based and orthogonal transformation isdicere correlated significantly with
all categories of field cover data in this landteys, although the strongest relationships
were with total vegetation cover. However, the SBvand MSVI versions 1, 2 and 3
showed no significant correlations with field codata.

In Gina land system all the relationships were ificant at the 95% confidence level
with the exception of the slope-based indices tette poorly related to total ground
cover (Table 3.6). The vegetation indices generb#gt predicted total plant cover,
followed by perennial plant cover. The stronge$itienships were between GVI and
total vegetation cover (R0.74) followed by STVI-4 (R=0.66).

3.4 Discussion and conclusions

The prediction of vegetation cover was strongehiwvithe two land systems studied,
rather than across the range of land systems wiitieimegion. Across the study area up
to 39% of the variation in cover was explained, s within land systems the
vegetation indices explained up to 90% of variationcover measurements. The
stronger predictive power of the vegetation indiceghin land systems is not

unexpected, as soils and vegetation are usuallye nmmmogeneous and resultant

spectral variations are lower at this scale. Atioeal or landscape scale the
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relationships between cover and spectral respomsenare varied, and although they
may be strong within land systems, are weaker wherand systems are aggregated
together.

Table 3.5 Relationships between field cover data (N=8) and vegetation indicesin Buckshot
land system. Relationships significant at p< 0.05 are highlighted.

Vegetation index | Vegetation | % Cover % Cover % Cover
group Index Perennial Total vegetation | Total vegetation
plants & litter &
cryptogams
Group 1 R? p 2§ P R? P
(Slope-based) | gy 0.02 | 0.325 057 |0.030 |024 | 0.215
NDVI 0.03 | 0.314| 0.58 0.020 | 0.26 0.196

SAVI-A 0.01 | 0.329| 0.57 0.031 0.24 0.217

Group 2 PVI-3 0.71 | 0.008/0.78 |0.003 |061 |0.022

(Distance-based) | 4 0.61 | 0.013/0.72 |0.008 |062 |0.021
SS 044 | 0.044| 061 |0.022 |-0.62 |0.020

Group 3 SBI -0.71 | 0.008| -0.82 |0.001 |-0.63 |0.018

(Orthogonal

transformation) | GV! 0.68 | 0.012| 064 |0.017 |055 |0.036

Group 4 STVI-1 -0.64 | 0.011| -0.88 |0.001 |-0.65 |0.015

(Plant-water i i i i

sensitive) STVI-3 0.07| 0.260 -0.08 | 0500 -0.12| 0.404

STVI-4 0.71 | 0.008| 0.78 0.003 | 0.62 0.019

MSVI-1 -0.01 | 0.437] -0.01 0.914 -0.04 0.633

MSVI-2 -0.39 | 0.057] -0.20 0.267 -0.20 0.264

MSVI-3 -0.16 | 0.178 -0.06 0.554 -0.11 0.421

Across the region the vegetation indices best pteditotal cover comprising the
combination of perennial and ephemeral plants wittface plant litter and cryptogam
crust, followed by the less abundant total planvecoand perennial plant cover,
suggesting that it is the reduction in overall lscape reflectance brought about by the
organic cover that is influencing the spectral cedi By contrast, the cover components
predicted best within the two land systems weral tplant cover and perennial plant
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cover, with the combined cover components predipteatly. The strength of the cover
prediction is noteworthy, since the total plant@owas only 20-21% and the perennial
cover 8% and 12% in Buckshot and Gina. The po@lationships between the spectral
indices and total cover (plants, litter and cryptmg) within the land systems suggest
that the indices are indeed responding to the ateflee characteristics of

photosynthetic vegetation, rather than the simgéKening” effect of cover on the soil.

Table 3.6 Relationships between field cover data (N=19) and vegetation indices in Gina
land system. Relationships significant at p< 0.05 are highlighted.

Vegetation index Vegetation | % Cover % Cover % Cover Total
group Index Perennial plants | Total ngg;tiglon &
vegetation
cryptogams
Group 1 R? p R p R? p
(Slope-based) svi 037 |0.005 [065 |0.001 |0.12 | 0.146
NDVI 0.36 0.006 | 0.64 | 0.001 0.10 0.168

SAVI-A 0.36 0.006 | 0.64 | 0.001 0.12 0.145

Group 2 PVI-3 0.49 |0.001 |0.61 |0001 |047 |0.001

(Distance-based) | e, 0.40 |0.003 |054 | 0001 |054 |0.001
SS 2032 |0.013 |-0.22|0.040 |-0.60 |0.001

Group 3 SBI 053 |0.001 |-0.64|0.001 |-0.32 |0.004

(Orthogonal

transformation) GV 0.60 |0.001 |0.74 | 0001 |0.33 |0.010

Group 4 STVI-1 2049 |0.001 |-0.60|0.001 |-029 |0.018

(Plant-water i i i i

sensitive) STVI-3 021 |0.045 |-022|0004 |-054 |0.001

STVI-4 0.51 0.001 |0.66 |0.001 |0.41 0.001

MSVI-1 -0.32 | 0.011 |-0.46 |0.001 |-0.53 |0.001

MSVI-2 -0.24 | 0.035 |-0.49 |0.001 |-0.37 |0.006

MSVI-3 -0.30 | 0.015 |-0.52 |0.001 |-0.48 |0.001

Across the land systems the best vegetation indiess the slope-based group, which
explained up to 39% of total cover variation, folled by some of the stress-related
indices and the Green Vegetation Index (20-30%owkc variation). There was little
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difference between the performance of NDVI, thepered/infrared ratio vegetation
index (SVI) and the soil-adjusted vegetation in@@®AVI-A) in predicting total cover at
this scale. The distance-based indices performesiviell at this scale, explaining only
around 20% of total cover variation. These pooraiations result from the dependency
of these indices on specific landscape spectrabcheristics in the image. All distance-
based vegetation indices rely on the definitionao$oil line, with vegetation cover
estimated by the perpendicular distance from itispectral space. This soil line
depends on soil type and colour and varies betvad#éerent land systems. Thus, it
would be poorly defined for the whole scene, whitdluded 10 different land systems.
In addition, these indices (e.g. PD54) require mdgéin of a point of maximum
vegetation cover in bi-spectral space, also a fedhat is likely to vary across different

land systems.

Within Gina and Buckshot, many of the vegetatiodidgas were correlated strongly
with total plant cover, explaining 60-90% of theiaéion in the monitoring point cover
measurements. Strong relationships were recordeddfih land systems, despite their
marked differences in soil type and colour and d@mni vegetation species. The best
image indices were from the orthogonal and strelsgad (STVI) group, followed by
the distance-based and slope-based indices. Roedicof total plant cover were
somewhat stronger in Buckshot land system, eveuagtinat had lower perennial plant
cover (8% vs 12%), and the soils are covered hyaxide coated “buckshot” gravels
which considerably add to the visible red refleceaand may interfere with vegetation
discrimination. However, the Buckshot predictiom®@dd be used with caution, since

they were based on only eight sample sites.

Of the orthogonal indices, both the Soil Brightnésdex and the Green Vegetation
Index correlated strongly with all cover comporsetiie Soil Brightness Index showing
negative relationships with plant cover, as expkdbecause it is a weighted sum of the
satellite image bands, recording brightness thasiglly related to exposed soils. The
orthogonal indices were somewhat poorer predicibiombined vegetation, litter and

cryptogam cover, compared with vegetation covenalolrhis may be because the
spectral responses of dry plant litter and darkpttnyam crust are more likely to be

found in the third component of the tasselled capsformation rather than the first and

second ones.
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Responses of the stress-related indices were \@aridbe mid-infrared indices (MSVI
1,2, and 3) were significantly correlated with etiver components in Gina, but were
very poor predictors in Buckshot. Examination of tlregetation index images
suggested that these indices were highly influenlbgdthe variations in the soll
background in this arid environment. However, ttress related indices, in particular
STVI-1 and 4, were good predictors of cover in blaihd systems. The STVI-4, here
applied with the soil colour correction, showeddiimprovement over existing indices
of this type (STVI-1) in Buckshot, but performedtiee in Gina. Although the STVI-4
did not perform statistically significantly bettethan STVI-1, it had positive
relationships with vegetation cover and this mad#®IS! imagery easier to interpret
than STVI-1. In addition, cover mapping using ted-corrected STVI-4 showed better

discrimination of vegetation patterns.

The distance-based indices were good predictor®taf vegetation cover, and to a
lesser degree of perennial vegetation cover withéntwo land systems. Within a land
system soil types are more consistent and betpeesented by a single soil line in a bi-
spectral space. As a result, distance from the lsm® was a better indicator of

vegetation cover. Several of distance-based vegetaidices (e.g. PD54) have been
used successfully as indicators of perennial ptaméer which has important role in land
condition assessment and monitoring, irrespectivelant greenness. The correlations

here confirm their utility within land systems, gt across broader landscapes.

In considering predictive relationships between gmapectral indices and the field
cover measurements at the monitoring points, ittthesemembered that the cover data
was collected over several months, and that thegemyahas captured landscape
conditions at one time during this period. The Garad Buckshot field data were
collected in two months, although they were six therapart, while the monitoring
points across the whole region were measured om@reamonth period. Consequently
temporal variation in vegetation cover and its pkghthetic status, resulting from
continuing grazing and from response to changingtine and rain, must be considered
as contributors to variability in the field data. addition, slight mismatch between the
precise area sampled in the field and the pixelsaeted from the imagery could also
potentially reduce the strength of relationshipsmeen the two data sets. The field
cover data was collected from transects radiatipgau 750 m from the monitoring

points, while the image values came from areappfaimately 7 ha around the points
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in order to include corresponding location. Finatlye field measurements were made
by several different field workers, adding anoteeurce of variation to the data. For
example, it has been shown that there may be @p%o difference in measurements of
plant cover made by experienced field workers, gisinjective methods similar to those
made at the pastoral lease monitoring sites (Hriadé Shaw, 1987b; Wilsoat al.,
1987).

The findings of this study have several implicasiofor the use of multispectral
vegetation indices in vegetation cover assessnmahienitoring in this environment.
Firstly, it is clear that predictive relationshipsn be established between image-derived
indices and vegetation cover assessed by famiglt fechniques. While total organic
ground cover and total plant cover can be quadtifig some image indices, it is most
significant that perennial plant cover can be predi, since this is the vegetation that is
most important in assessment of rangeland condatrmhmonitoring of long term trend.
This means that image indices could be used torrdate vegetation cover and
document its distribution across broad landscapesyiding more information about
spatial variation than is possible with current ugrd-based methods. Image-derived
maps can show variations in plant cover within ma#d, properties and land systems,
and can direct grazing and land management. Imageebassessment of vegetation
cover also opens the way for more frequent momi¢gpaf land condition at land system
level. At present the vegetation cover at somehefgermanent monitoring points is
surveyed at infrequent intervals, while the ovemlbperty and district condition is
assessed on a 14 year cycle, as required by ther&lakand Management and
Conservation Act. More frequent assessment and tororg using conventional field
methods would be prohibitively expensive. Howewsage-based assessment could be
performed more frequently and cheaply to track tsaad longer-term trends in land

condition.

Secondly, prediction of vegetation cover from imageices is best approached on a
land system basis, rather than across broaderdapes comprising a wider range of
terrain, soils and vegetation. Comparisons of caived from image indices can be
made within land systems, but should be used withtion across different land
systems, since the relationships between plantrcawe image indices vary with
vegetation and soil types. Stratification into laggstems should be undertaken if

vegetation cover is to be quantified from imageidad. For similar reasons, such
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stratification has been an integral part of thegerbased grazing-gradient approach to
pastoral land condition assessment that has begienmented in northern arid
rangelands of South Australia and in Central Alisti@Bastinet al., 1993a; Bastiret

al., 1998).

One of the main objectives of this component ofrésearch was to identify vegetation
indices that were the best predictors of vegetatiover, and hence land condition, in
the land systems of the Kingoonya Soil Conservabuastrict. Criteria that make an
image-based vegetation index suitable for regiomahitoring are strong relationships
with perennial cover in the vegetation types of disrict, ability to predict this cover
within land systems and across broader regionalsizapes, and an objective means of

computation to ensure consistent application aaldsent images and dates.

Although simple red-infrared contrast indices, @artgular NDVI, have been widely
used with success in arid land studies throughwutiorld, the results confirm that they
are not the best indices for recording perennehipbr total plant cover within the Gina
and Buckshot chenopod shrub-dominated land sysbémssuthern Australia. However,
this study found they were the best predictors algined plant, plant litter and
cryptogam cover at a broad landscape scale thhtded a diversity of land systems
across the 34,225 Knstudy region. This suggests that NDVI and simpelé-infrared

indices are useful for general cover monitoringardtess of more localised soil and

vegetation variation.

Although distance-based indices, in particularRib4, have been used with success in
other Australian rangeland studies, they were m@istrongest predictors of perennial or
total plant cover in the land systems studied, eeugh these were dominated by
chenopods and other perennial shrubs, and hadvedyalow ephemeral plant cover. A
further difficulty with distance-based vegetatiowlices that inhibits their use in broad-
scale repeated monitoring programs is the neediliestively define a soil line and
vegetation dominated pixels in bi-spectral spadas Pprocess requires considerable
expertise in image analysis, is subjective and haag to inconsistencies in application

of the index.

Of the indices evaluated, the Stress Related Isdicand 4 (STVI-1, 4) performed best
in relation to the criteria of this study. They sl high to very high correlations with
vegetation cover within land systems and significaglationships with cover at
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landscape scale. Generally, they best predictedirwa perennial and ephemeral plant
cover, as did O'Neill (1996) in a vegetation comityrdominated with chenopod
shrublands in western New South Wales. Howevegr; Where also good predictors of
perennial vegetation and of total ground cover.ifThensistency of performance at
different landscape scales suggests that theseemdire less sensitive than others to
variations in soil and vegetation within the Kingga District. An additional strength
of these indices is that they are calculated uanithmetic combination of Landsat TM
image bands, and hence do not require subjectteepietation of soil and vegetation
spectral expressions. Consequently, they are wkd for operational programs of

broad-scale land cover monitoring.

The results of this study provide a strong fouratafor use of vegetation indices as an
adjunct to field methods for assessment of landditimm in southern Australia with
stratification at land system level. Stress-relatédgetation Indices that use
multispectral image bands in the red, near-infrared mid-infrared appear to be good
predictors of vegetation cover as measured bytioadil monitoring methods at both
land system and landscape scales within the KingmoBistrict. Image-based
monitoring can provide more information about vagjen condition and variation in
space and time, and is more cost-effective thdd freethods. Image maps can provide
a means of extrapolating from the current netwdrknonitoring point locations, thus

could potentially supplement field-based land ctadiassessments.
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4 VEGETATION MONITORING AND LAND CONDITION
ASSESSMENT

4.1 Introduction

Monitoring vegetation cover is an essential stefaimd management, because it is the
single most effective indicator for preventing laritbom degradation. Accurate
monitoring of this component provides informatidratt helps to understand climatic
and human impacts on the land condition. Monitorsthus a very useful tool for land
holders, government and different non-governmegaioizations because it helps to

detect potential problems and make better decigmmée future.

Ground-based monitoring techniques used currentirid lands are too inefficient and
expensive for broad-scale applications. Interpotatof data to cover areas beyond
sample sites is difficult because of the spatial samporal variability of vegetation in

arid environments. Satellite remote sensing wihbitoad coverage, frequent repetition

and cost-effectiveness is apparently a clear choice

Monitoring land cover using satellite imagery h&ei recognized since the launch of
the first earth resources technology satellite (BR) in 1972. The NOAA AVHRR
NDVI imagery with its low spatial resolution (nonaitty 1.1 km) and high temporal
frequency have been used widely for monitoring Braeas. For example, Tucletral.
(1983) used a sequence of AVHRR NDVI imagery to imongreen vegetation at
continental scales (see also Myneinal., 1997; Hountondjet al., 2006). Sequences of
the NDVI imagery have been used also for monitorlogg-term trends in the
rangelands of Australia at state and national {@ueensland Department of Natural
Resources, Mines and Water 2006). Landsat imagetlhh s moderate spatial
resolution (30 m) is another source of satellittadhat has been used extensively for
long-term monitoring purposes. Most of the Landssted monitoring programs in
Australia such as Australia Greenhouse Office NwaicCarbon Accounting System
project and Victoria River District project haveemereviewed by Wallacet al. (2006).
The Victoria River District (VRD) project was conttad by the Australian
Collaborative Rangeland Information System (ACRES) the Northern Territory
Government in the rangelands of Victoria River pedt district in the Northern

Territory. The project mapped vegetation changesessfully using a 20 year sequence
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of Landsat cover index imagery (Karfs and Truen2005). VegMachine is another
monitoring project which uses time-series of imggémom different sensors for
monitoring long-term trends in Australian rangelantl is under way currently in the
Northern Territory, southern Queensland and nontWgestern Australia (Karfet al.,
2004).

In addition to long-term monitoring using sequenoésatellite imagery, a number of
studies have used satellite imagery to monitor t&mge cover and land condition
during specific periods (Graett al., 1983; Chavez and Mackinnon, 1994; Peters and
Eve, 1995; Edwards, 2001; Al-Bakri and Tayor, 200Rjrwira and Skidmore, 2006;
Johanseret al., 2007). Foran and Pearce (1990) applied the NOAAN/Nimagery to
arid rangelands of central Australia and found thatising imagery from suitable dates
it is possible to detect seasonal changes in vegeteover. Bastiret al., (1998) used
the grazing gradient approach to determine vegetdtends with increasing distance
from stock watering points in dry and wet condifoifhe assumption was that if the
vegetation was not restored after a good rainfalkigg has had a deleterious effect on
land condition. The result of the study showed tregjetation response to rainfall can

be used as an appropriate indicator of land caditi

To detect changes in vegetation cover, differerstinge detection techniques can be
applied to cover index images (i.e. simple spedieaids or vegetation indices). Such
change detection techniques that use cover indiiogs different dates to detect trends
in vegetation cover have been reviewed widely m ltterature (Singh, 1989; Yoat

al., 1997; Johnson and Kasischke, 1998; Mas, 1999%aeical., 2002; Coppiret al.,
2004; Dewidar, 2004, Let al., 2004; Nackaertst al., 2005). Of the change detection
techniques mentioned in the literature, visual rpretation of true and false colour
composites, image differencing, image ratios, imaggession, change vector analysis,
and principal component analysis have been useclwidach technique has its
advantages and disadvantages, thus there is nte simgthod that is best used for
monitoring purposes. Image differencing is howeore of the most popular change
detection techniques. In this method two spatigdlyistered cover index images of two
different times are subtracted to create a newewdiffce image that represents the
changes between those two dates. Pixels that skipamee change lie in the tails of the
histogram of the difference image and pixels tihaws no change lie around the mean

(Figure 4.1). Amongst the different methods, imaljéerencing is simple, easy to
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interpret and is one of the practical techniques th used commonly for vegetation
cover change detection (Chavez and Mackinnon, 1094¢ al., 2004). | adopted this

approach for analysis of vegetation change withdsahimagery.

No change

Decrease Increase

D2=D1 D2=D1

Figure 4.1 Histogram of values differencing resulting from two dates of imagery (date 1
values subtracted from date 2 values)

This component of my research aimed first to detbenges in vegetation cover in the
Kingoonya Soil Conservation District between 199id a&2002 by using Landsat
vegetation indices that showed strongest correlatwith vegetation cover (Chapter 3).
The second aim was to compare field measuremedtsegetation indices as different
means of documenting changes in land cover. Myl thim was to compare the Land
Condition Index classes (Chapter 2) with vegetatiodices to evaluate whether

vegetation indices can be used to assess rangabaddion.

4.2 Methods

This section of the research, like Chapter 3, wasdacted in the Kingoonya Soil
Conservation District. Detailed information abottiracteristics of the environment of

the study area can be found in Chapter 2.

421 Fidddata

Vegetation cover and land condition data used is tomponent of the study were
collected by the Pastoral Management Branch in E3®ilWhite and Gould in 2002 at
the permanent monitoring sites (Chapter 2). Thesa were compared with image data
to see whether the Landsat imagery can detect elsamgfield cover data and land
condition over time. Of the sites assessed in thekkstudies, 40 fell within the study

area covered by the Landsat scene (Figure 4.2).p@onsons between the LCI from
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1991 and Functionality Index from 2002 at thesessghowed 5 sites improved in
condition, 7 sites degraded and 28 sites remainedanged.

Figure4.2 Thedistribution of permanent monitoring sitesin the Kingoonya district

The second round of assessment of all monitoriteg $h Kingoonya and Gawler Soill
Conservation districts began in late 2004. At thgises, the staff of the SA Pastoral
Program measured perennial vegetation density usaigessup transect. In addition to
plant density, they determined land condition uding LCI at random sites on each
station or property (Chapter 2). In contrast with first round assessments in 1991, the
location of all sites was recorded using a Glolzaiffoning System (GPS). This makes
it possible to compare field scores of the LCI witiage indices for corresponding
locations. Figure 4.3 shows the distribution of LS@ies in the Kingoonya District. Of
LCI sites recorded in this district, 885 sites f@lthin the study area. The LCI scores
recorded at these sites were compared with vegetatidices to see whether these

indices were good indicators of land condition.
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Figure4.3 Thedistribution of LCI sitesin the Kingoonya district

Determination of land condition at a site using tl& involves (1) identification of
pasture type, and (2) determination of land coaditscore (LCI-1 (poor condition),
LCI-2 (fair condition), and LCI-3 (good conditionppased on reference descriptions and
photographs in the LCI manual (Department of Waltend Biodiversity and
Conservation, 2002). Major pasture types in thelystarea are chenopod shrublands,
low woodlands and Mount Eba country (plains covdrgdjravels and dominated with
shrubs such as chenopod shrubs). Each of thesar@aypes was stratified into
different sub-types according to the species coitippnsand land forms in which they
occurred. Species composition and abundance andsalk surface condition are the
main land condition indicators that are used t@eine the LCI classes. The criteria
for determining the classes of LCI in an examplstyp@ component within each major

pasture type is given in Table 4.1.
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Table 4.1 Criteria for determining land condition in examples of pasture components in
dominant pasture types within Kingoonya Soil Conservation District (Department of
Water Land Biodiversity and Conservation, 2002). CSR= crown separation ratio, a
measur e of plant density.

Pasturetype Pasture component | Condition class descriptions
Chenopod Atriplex vesicaria 3: Shrubland of. vesicaria andM. astrotrica,
shrublands /Maireana astrotrica | dense to rather spare (CSR 4-6). Sdin¢riptera,

on treeless plains

M. pyramidata andM. aphylla commonly occur alsg
in parts. Scalds appear natural (no dead bush
remains).

2: Stands oM. astrotrica remain (CSR 1-4);
however ndA. vesicaria apart from isolated or
heavily grazed plant&clerolaena spp more
abundant than in 3; some accelerated (man-indug
scalding evident.

1: No A. vesicaria, M. adtrotrica also absent apart
from isolated remnants (CSR 1). Reduced stands
M. triptera, M. pyramidata etc, may remain.
ExtensiveSclerolaena spp; scalding and / or drifting
and dead bush remains.

ed)

of

Low woodlands

Acacia ramulosa/A.
aneura on sandy
countries

3: No obvious browse line oA. anueura trees.
Regeneration occurring éicacia ramulosa/ or A.
aneura, perennial grass cover includes palatable
species e.gVionachather sp. Palatable shrubs intac
No increase of unpalatable shrubs.

2: No A. aneura regeneration; excising trees graze|
Reduction in palatable grasses, with an increase
unpalatable annuals. Palatable shrubs missing or,
damaged. Noticeable increase in unpalatable shr
and fire bushes, or general reduction in plant cov

1: A. Aneura old and senescent, or mostly dead. N
palatable perennials within grazing reaéhagrostis
eriopoda the only perennial grass remaining. Ofte
significant woody weed encroachment of
unpalatable shrubs. Annual growth dominates,
especiallyAristida sp., Salsola kali, melons.

L.

S e

ubs

D

=)

Mt. Eba country

Mt. Eba gibber plain
(plains with fine
black and brown
gibbers or sometimes
coarser); groves of
Acacian aneura and
A. tetragonophylla

s3: Acacian aneura (where present) regenerating,
palatable shrubs ungrazed. These inclOdssia
oligophylla andMaireana astrotrica. Annual growth
of Aristida contorta with few Sclerolaena spp.
Natural bare gibber areas occur in this country.

2: Acacian aneura regeneration absent or grazed
back; palatable shrubs grazed back or missing;
annual grasses with significaftlerolaena spp and
cannonballs present.

1. Country bare, with dominance 8¢lerolaena spp
or cannonballs, increase M tetragonophylla and
Ptilotus obovatus. Any A. aneura present old and
senescent with no regeneration.

4.2.2 Satelliteimage data

| used the 1991 and 2002 TM and ETM+ scenes froth #80, row 81 to assess

vegetation changes over an eleven-year period.dtitian, the February 2005 TM
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scene for the same area was used to examine the potential of vegetation indices for

differentiating LCI scores that were collected in 2005.

Monthly rainfall distribution prior to the 1991 and 2002 images is shown in Figure
4.4. According to the data recorded at Bon Bon station between January and April
2005, approximately 13.5 mm fell in February 2005, prior to the February 2005 image
date.

NOTE: This figure is included on page 50 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 4.4 The monthly rainfall distribution in Bon Bon station in 1991, 2001 and 2002
(Pastoral Board, 2002)

4.2.3 Vegetation change analysis

Analysis of different vegetation indices in relation to field cover measurements in
1991 (Chapter 3), showed that the STVI-1 and STVI-4 were the best indices for
predicting vegetation cover in the study area. Because the positive correlation of
STVI-4 with vegetation cover was easier to interpret than the negative correlations of
STVI-1, the STVI-4 was selected to investigate changes in vegetation cover over

time.

The STVI-4, corrected with the Redness Index (Equation 3.3), was applied to the
1991 and 2002 images and then image differencing was used to highlight changes in
vegetation cover. A significant problem with image differencing is selecting suitable
thresholds to identify the change areas. Two methods for selecting thresholds have
been used: 1) manual trial-and-error; and 2) statistical procedures (Khoudiedji, 1998;
Lu et al.,, 2004; Singh, 1989). The statistical method bases change thresholds on
standard deviations of values around the mean, although there is no general rule about
the number of standard deviations to use. In this study, | found that the mean plus or
minus one standard deviation identified extreme but not subtle changes in vegetation

index,
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therefore | used manual trial-and-error to distisguall vegetation changes in the

region.

The agreement between changes in image and fielt data and also the agreement of
changes in the LCI classes with the image and tlald was assessed using the Kappa
statistical test at 40 monitoring sites. This tesmpares the strength of agreement
between different categories (in this study, vegmtacover, LCI and image data) with
that expected by chance. Kappa statistics or apefiis range from 0 to 1. A Kappa
coefficient of less than 0.2 means slight agreemen®.21-0.4 is interpreted as fair
agreement,K=0.41-0.6 means moderate agreement0.61-0.8 means substantial
agreement, and=0.81-1 means near perfect agreement (Landis aoth,Kk®77). The
suitability of image data for predicting quantiv&i changes in vegetation was
investigated also using linear regression analysms. the purpose of this study, the
vegetation cover data collected by step-point i8118nd 2002 was aggregated into
three groups including perennial plant cover, carabdiperennial and ephemeral plant
cover (total vegetation cover), and total vegetatiolus litter and soil-covering
cryptogam cover (total organic cover). Image da¢@enextracted using a 150 m buffer

around permanent monitoring sites to enable corspanvith corresponding field data.

To extract vegetation values around LCI observasites the same buffer was applied
to the 2005 STVI-4 imagand an independent-samples t-test was used to test for
significant differences in the STVI-4 values infdient LCI classes. To examine
whether LCI classes can be discriminated using te¢ige indices, analyses were
applied in two steps: firstly all the sites withetlsame LCI class were grouped
regardless of pasture type (non-stratified vegmtatiover); secondly the LCI classes
were stratified according to pasture type into dpaad shrublands (e.g. saltbushes and
bluebushes), low woodlands (e.g. mulga) and Moura €untry which included black
and brown gibbers with different vegetation typesg( mulga, dead finish and
chenopods). The same stratification was applieth¢oSTVI-4 values for comparison
with LCI.
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4.3 Resaults

4.3.1 Monitoring vegetation cover over time using STVI-4 vegetation index

Figures 4.5 and 4.6 show STVI-4 vegetation inddyesacross the study area in 1991
and 2002, respectively. As can be seen from thar&gy this index shows different
values in each land system due to differences getation, soil and land form types.
Very low index values relate to bare soil, mostljite shales (Figure 4.5 (a)) that
dominate in the north, especially in Painted lapstesm, and in the north east of the
study area (e.g. north of Roxby Downs land systéte)atively high vegetation index
values in the centre of the image represent higfetagion cover, mostly tree covers, in
sand plains and watercourses that are associatkedlack gravels or buckshots (Figure
4.5 (b)). Visual image inspection and also fielédts showed that the STVI-4 appears
to overestimate the amount of vegetation covewuitkbhot country.

Changes in the vegetation cover have been higklighy subtracting 1991 vegetation
index values from 2002 values (Figure 4.7). It @ppehat increased vegetation cover in
the east and north east of the difference image Roxby Downs land system) mostly
corresponds with areas where rain fell prior to 2002 image acquisition. Parakylia
station which is located in this region recorded64729 and 42 mm in October,
November and December 2001 (Pastoral Board, 200@#3. was almost more than 1.7
times more than the rainfall in corresponding merdh Bon Bon station 88 km to the
west, as a result, it seems that ephemeral planttrin these areas was much greater
than other parts of the study area and has causedr@ase in the STVI-4 values.

For further investigation of vegetation changesresponse to land management, a
subset of the difference image of the southern phthe study area is presented in
Figure 4.8. In this subset difference image, charigevegetation cover can be seen
easily within and along some of the paddock bouedaThese boundaries provide

clear evidence for management related differenceggetation cover.

To illustrate vegetation changes within paddochsed regions that showed the highest
changes in vegetation index values are shown imguarea 'a’ (a group of paddocks),
and paddock 'b' and 'c' (Figure 4.8). These paddack located in Bon Bon and Mount
Vivian stations in the Vivian land system. Thisdasystem comprises low dunes and

sand sheets on calcareous plains. The dominanttatege types include open
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woodlands of mulga and western myall and chenopwdbtands of bluebushes and
saltbushes.

Land systems

25 125 ] 25 Kilometers
N BN wg@ﬁ

Figure 4.5 Spatial variability of vegetation cover (STVI-4 values) in 1991. Photographs
and image locations. a) exposed hills with white shale in Painted land system; b)
water cour se of mulga with black gravelsin Buckshot land system; c) salt lake masked out.
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High

Figure 4.6 Spatial variability of vegetation cover (STVI-4 values) in 2002

Area 'a' shows a high increase in STVI-4 valuegjgssting that vegetation cover
increased over the eleven-year period between isndde Pastoral Branch reports that
all water points were removed (between the two Endgtes) in these paddocks in
response to degradation caused by high grazingsymegPastoral Board, 2002). It
appears that the removal of stock has allowed sezgetation regeneration in these

paddocks.

Very high increase in STVI-4 values was also obseémn the south-east corner of the
image in paddock 'c’. The main reason for thisedase was the regrowth of the
vegetation cover after fire that occurred priorth® 1991 image. Because of the
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remoteness of the area however, there are noalffietords of the exact date or extent
of this fire (Department for Environment and Hegga2007).
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Figure 4.7 Spatial variability of changesin vegetation cover (STVI-4 values) from 1991 to
2002. 1991 STVI-4 was subtracted from 2002 STVI-4, thus high values indicate increase
in vegetation cover.

In contrast with the paddocks in area 'a' and pelddd, paddock 'b' (east of area 'a’)
showed a decrease in STVI-4 values. This decrems®e seen clearly at the boundary
shared between paddock 'b' and area 'a’. Thisatedichat management has been the

main reason for this vegetation decrease, rattzer differences in rainfall. This may be
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the result of overgrazing in paddock 'b'. As carséen from the difference image other

areas showed varying levels of increase and dexie&TVI-4 values.

Kingoonya district
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Figure 4.8 Vegetation change (1991 STVI-4 values subtracted from 2002 values) at
paddock scalein three selected paddocks.

4.3.2 Comparisons of field cover data and STVI-4 vegetation index for monitoring

vegetation changes

1991 and 2002 records of aggregated cover da#Ofanonitoring sites are compared in
scatter plots in Figures 4.9 (a), 4.9 (b), and(4)9 The diagonal dashed line indicates
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the status of no change in cover. The Figure shihasa large number of sites had
considerable decreases in cover in all compon&usie of the sites showed very little

or no change and some sites had increases in de@eegnnial plants had the lowest
range of changes from 1991 to 2002 in comparisai wther cover components.

Perennial vegetation cover increase of up to 5% reasrded at a few sites, and

decreases of up to 10% at some sites. In compatisiah vegetation cover decreases of
up to almost 20% and total ground organic coverabses of up to 45% were recorded
at some sites. This indicates that perennial plargsess affected by seasonal climate
effects and can be used as a good indicator of ¢andition. Decreases in perennial
and ephemeral plants (total vegetation) and tatgktation plus litter and cryptogams
(total organic cover) were much higher than per@nplants. These decreases are
mainly related to the inclusion of ephemeral plaarid cryptogams that are influenced

by seasonal conditions.

Changes in the STVI-4 vegetation index generallipveed almost the same trends as
field cover components (Figure 4.9 (d)). Eightsgbowed an increase, some sites with
very low changes and the rest of the sites shoesegk Idecreases in STVI-4 values. As
can be seen from Figure 4.9 (d), the index shonareower range of deviation from no
change from 1991 to 2002. More sites showed araser in STVI-4 values (eight sites)
than in total plant cover (four sites, Figure 49) (and total organic cover (six sites,
Figure 4.9 (c)) but less than the number of sitéh wcrease in perennial plants (13
sites, Figure 4.9 (a)). Figure 4.9(d) shows tha¢ of the sites has had very low
vegetation cover in both dates. The reason is tiiat site is located in a poorly
vegetated area, mostly dominated by white shaléseémorth east of the study area in

Roxby Downs land system.

Of the 40 sites, 27 sites showing decrease in p&ewoover in the field data also
showed decrease in the vegetation index, and stkeofl3 sites showing increase in
perennial plants also showed increase in the vegetandex. Likewise for the total
plant cover and total ground cover in comparisoth wegetation index, corresponding
decreases in the vegetation index were recordetst of the cases, although increases
in both cover components and vegetation index Wwamer compared with perennial

cover.
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STVI-4 vegetation index change from 1991 to 20@2@esented in Figure 4.10. As the
Figure shows, a large number of sites fell witht Bariation in both field cover and

image data, except in total ground cover in whioly @ix sites showed no change over

time.
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Figure 4.10 Comparisons between changes in STVI-4 and different vegetation cover
componentsfrom 1991 to 2002 (no change shaded grey)

To assess the extent of agreement between STVdgetaton index quantitatively, field
cover components, and LCI data in the change detedhey were grouped into three
classes including increases, no changes and desréld®e result of applying the Kappa
test to the classified data showed there was rHogla agreement between changes in
STVI-4 and vegetation cover classes. The STVI-hgkalasses had a slight agreement
with all cover components. The STVI-4 index chawtgsses had the best agreement
with total vegetation cover change classks((1), followed by total ground cover
change £=0.07) and perennial plant cover changeQ.01). The level of agreement of

the change in LCI classes with change in vegetatiover and STVI-4 variables
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appeared to be slightly better than STVI-4 and gdocover data (Table 4.2). Changes
in LCI classes showed the highest agreement caaffigvith changes in STVI-4 classes
(K=0.14). It had almost similar agreement with totagetation cover K=0.13),

followed by perennial plant covek£0.1) and its lowest agreement was with total

ground coverK=0.08).

Table 4.2 Changes in Land Condition Index (LCI) in comparison with changes in

different cover components and STV1-4 vegetation index from 1991 to 2002

1

1

Land Condition Index (LCI)
[ class Increases No change Decreases Total
5 Increases 0 3 3
o
g No change 4 18 25
% Decreases 1 7 4 12
o Total 5 28 7 40
Land Condition Index (LCI)
Category Increases No change Decreases Total
e
& ® | Increases 0 0 0 0
g O
=5 No change 3 13 17
<
g o8 Decreases 2 15 6 23
a8
Total 5 28 7 40
Land Condition Index (LCI)
oo class Increases No change Decreases Totg
. % Increases 1 2 0 3
g S | Nochange 1 4 0 5
% S | Decreases 3 22 7 32
T o3
o Total 5 28 7 40
Land Condition Index (LCI)
5 class Increases No change Decreases Totg
g Increases 1 0 1
&
§’ i No change 2 19 4 25
<t .=
S‘ Decreases 2 9 14
7 Total 5 28 7 40

Kappa coefficients revealed that changes in the ISTVegetation index had a slight
agreement with changes in cover components and dl@dses. To examine the

suitability of this vegetation index for predictirguantitative changes in vegetation
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components, the changes in index values were gieagainst changes in cover
components from 1991 to 2002. As expected, theatimelationships were not strong
because they were based on 40 sample sites lacatifflerent land systems. Changes
in the STVI-4 showed very poor relationships witharges in perennial plant cover
(R?=0.02) followed by total vegetation cover’&®.06). The predictive power of the

STVI-4 change index was much higher when compangid ehanges in total organic

cover (R=0.30).

4.3.3 Comparisonsof LCI classes and STVI-4 vegetation index

In this section the suitability of the STVI-4 aplito the 2005 Landsat TM image as an
indicator of land condition was examined. The meainSTVI-4 for all pasture types in
different LCI classes are given in Table 4.3 amguFe 4.11. As it can be seen from the
Figure, the STVI-4 has a higher mean value in L@nr# LCI-3 than LCI-1, suggesting
vegetation cover in these classes is greater tl@R1L LCI-3 sites which would be
expected to have greater vegetation cover showeder mean STVI-4. The standard
errors indicate however that vegetation index \&laee very highly variable due to
vegetation variations within the LCI classes. Titest comparisons of mean STVI-4 in
different LCI classes showed that this index waahlmto separate different LCI classes

when vegetation cover was not grouped accordimgsture types (p=0.129).

Table 4.3 Reaults of t-tests for
differences between mean STVI-4 in 175
different LCI land condition classes 174 1
< 173 1
E‘ 172 -
171 -
LCI No.of | STVI-4 P-value ? 170
classes | sample | comparisons 8 169
sites = 168 |
1 (poor) | 156 LCI-1vs LCI-2  0.129 167 -
166 :
2 (fair) 266 LCI-1 vs LCI-3| 0.726 1 5 3
3 (good)| 463 LCI-2 vs LCI-3| 0.178 LCl classes

4.11 Mean STVI-4 with standard
error barsin different LCI land
condition classes

In the second analysis, the STVI-4 values were ggdun each LCI class according to
the pasture type that dominated in the study afedlé¢ 4.4). By stratifying pasture
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type, the STVI-4 followed the same trend as the t&3ults (Figure 4.12): the STVI-4
index increased with the improvement of the lanadititon from poor to a fair to good.
The t-tests revealed that the STVI-4 values betwé&ainl and LCI-3 were significantly
different in all the pasture types (p<0.05). TheV®&Z also showed significant
differences between all LCI classes in the low wands (p<0.05). However, this index
did not differentiate between LCI-1 and LCI-2 irectopod shrublands and nor between
LCI-2 and LCI-3 in Mt. Eba country.

Comparisons between standard errors in stratified @on-stratified pasture types
generally showed that the STVI-4 had low variatienghin and across LCI classes in

stratified pasture types compared with combinecttatgpn types.

Table 4.4 Results of t-testsfor mean STVI-4 in different LCI classes based on pasturetype

Chenopod shrublands
LCI classes No. of ssmplesites | STVI-4 comparisons | P-value
1 (poor) 49 LCI-1 vs LCI-2 0.134
2 (fair) 234 LCI-1 vs LCI-3 0.007
3 (good) 233 LCI-2 vs LCI-3 0.052

L ow woodlands

LCI classes No. of samplesites | STVI-4 comparisons | P-value
1 (poor) 82 LCI-1 vs LCI-2 <0.001
2 (fair) 181 LCI-1 vs LCI-3 <0.001
3 (good) 29 LCI-2 vs LCI-3 0.049

Mt. Eba Country

LCI classes No. of samplesites | STVI-4 comparisons | P-value

1 (poor) 156 LCI-1vs LCI-2 0.096
2 (fair) 266 LCI-1 vs LCI-3 0.047
3 (good) 463 LCI-2 vs LCI-3 0.152

4.4 Discussion and conclusions

Vegetation indices as a remote sensing technique Ibeen used widely for monitoring
changes in vegetation cover. To evaluate the glifyabf these indices in the southern
rangelands of South Australia the Stress Relatedet¢ion Index (STVI-4) was
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applied to Landsat images to detect vegetationgdsim this area. Results showed that
STVI-4 may be used as an appropriate vegetatioexindr identifying trends in
vegetation cover.

Chenopod shrublands Low w oodlands Mt. Eba country
175 195 220
< 170 - £ < 190 - < 210 -
= = 185 = |
= > S 200
P 1651 F 180 | '—
n 2 ¥ 190
S 160 - = 175 - c
180 -
£ g 10| g
155 - 165 - 170 -
150 160 - 160 -
1 2 3 1 2 3 1 2 3
LClclasses LClclasses LCl classes

Figure 4.12 Results of STVI-4 with standard error barsin different LCI classes based on
pasturetype

Changes in vegetation cover across the study amesaeed to be the results of seasonal
effects and differences in paddock managementoAth the 2002 image was selected
to represent the dry season and reduce the inuehephemeral plants, the rainfall for
the few months prior to this image was greater ttiet preceding the 1991 image.
Visual inspection showed that this increased rdiiad little effects on most parts of
the study area except in the east and north eastewhe rainfall was approximately 1.7
times greater than Bon Bon station in the southmr of the region. High STVI-4
values in these regions due to the presence ofnegriaé plants were clearly observed.
Examination of the STVI-4 difference image in theuthern region showed clear
evidence that changes in vegetation cover withith @long some paddocks were the
result of alterations in land management and thiafall had little effect on the changes
in land cover. The management influence on vegetatiover in this region was
particularly evident in areas around some watentgovhich displayed an increase in
STVI-4 values after removal of grazing. The STVdlifference image also highlighted
the regrowth of vegetation cover in the southeasdt @f the study area where a bushfire

occurred prior to 1991 image.

In spite of the good performance of STVI-4 in thetetttion of vegetation changes over
time, the level of statistical agreement betweeanges in this vegetation index and
different vegetation cover components was not Mghthe Kappa coefficients between
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STVI-4 and cover data were less than 0.2, whiclcatds slight agreement. Changes in
STVI-4 index showed approximately 10% agreemenh wtianges in total vegetation
cover followed by approximately 0.7% and 0.1 % agrent with total ground cover
and perennial plants, respectively. It seems thedgreement between image and field
cover data in the detection of changes over tinaa® to the contribution of different
classes in Kappa analysis: the number of sitesanynelasses was very low and this has
influenced the strength of the statistical agreegmiéappa results should therefore be
taken with caution. The regression analysis shosfethges in the values of this index
were not a strong predictor of changes in cover pmmants. It had its highest
relationships with changes in total ground covepla&ning up to 30% of the variation
in this component. These results here confirmedititkng in Chapter 3 that STVI-4 is
a better predictor of total ground cover than othegetation components at broad
scales. This analysis considered 40 sample sites &rrange of land systems, and as the
results of Chapter 3 showed, the STVI-4 is not besglied to the prediction of cover at
this broad scale. The Chapter 3 results suggesgitt better to predict cover change if
analysed within land systems, however there wetsuifficient sample sites assessed in

2002 to allow this stratification.

The comparison of LCI classes from 1991 to 2002ad that changes in the LCI
were in a slight agreement with changes in fieldecocomponents and image data
(K<0.2). The LCI had the highest agreement with SZFWegetation index (14%)
followed by the total cover component (13%) andeparal plants (10%). LCI had
lowest agreement with total ground cover (0.8%) Tdw agreement may relate to the
limited classes of the LCI method. The LCI has ¢hbeoad classes that are unlikely to
be changed with small changes in the field covenmmnents and image data. The
relatively low agreement may relate alternatively ¢hanges in abundance of
unpalatable increasers and invader plant spechés.chuses an increase or decrease in
the percentage of vegetation cover components amgdequently vegetation index
values, but may not lead to a change in the lamditon class. Lastly, the low
agreement may relate to the presence and absepe¢atdble plants. A site with a high
number of small juveniles of palatable species Wwdé classified as fair or good LCI

class, whereas the vegetation index values irsttésvould be very low.

Irrespective of the low Kappa coefficients of LCbnepared with field cover

components and the STVI-4 vegetation index, thd fiata showed that the majority of
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sites had very little or no change in perenniahfdgthe most important ones for land
condition assessment) and LCI, and that only a déas showed minor increases in
plant cover. The STVI-4 change image showed alst there was little change in
cover, and increases, where they occurred, weresreall. For management purposes,
changes in perennial cover are of concern, ané&ié-4 change image followed the
same trends of perennial cover at more than 40%heoample sites. Land condition
change in the area presented by the imagery isistens overall with the LCI (at
approximately 50% of the sites) and field coveradatithough the imagery provided
much more information about the degree and direaifacover change across the whole
region, versus the 40 sample sites used in thigsisa

The results of comparisons between the 2005 ST¥dgetation index and LCI classes
recorded that year showed that this index had piflential to differentiate different
land condition classes in stratified pasture typdsch were low woodlands, chenopod
shrubland and Mt. Eba country. The STVI-4 differetetd all LCl classes in low
woodlands and extreme classes (LCI-1 and LCI-ghenopod shrublands and Mt. Eba
country. The reason for the good performance of IST\h differentiating LCI-1 and
LCI-3 in all pasture types relates to the critathat are used to differentiate these
classes (see Table 4.1): vegetation density, régsardwhether it is palatable or
unpalatable, in LCI-3 is much higher than LCI-1.eThrown separation ratio of
vegetation cover in chenopod shrublands in LCleB,ifistance, is 4-6 in comparison
with LCI-1, which is equal to one. This low vegé&at cover in LCI-1 means that a
higher level of eroded and bare soil areas incréaseontrast between this class and
LCI-3. Vegetation condition or quality is anotheacfor that might influence this
separation. Because senescent and heavily grazgetatien in LCI-1 differs in
reflectance from the fresh and ungrazed vegetati®@x€I-3. As can be seen from Table
4.1, the low differences between these factors@h1 and LC-2 and also LCI-2 and
LCI-3 has affected on the performance of STVI-4 dahts index was unable to
differentiate these classes in chenopod shrublandsMt. Eba country. It appears that
because of the dominance of tree cover in low waadd and strong reflectance
differences between this pasture type and backgramil, the STVI-4 was able to
separate all LCI classes.

Among the indicators used to determine land comditin the LCI method (i.e.

vegetation composition and abundance, palatabditg soil surface condition), the



MONITORING AND ASSESSMIENT 66 -

vegetation abundance, regardless of palatabilitgt, exposure of bare soil appear to be
determinable using image-based methods. It is ¢letrthe abundance of vegetation
cover is the most important factor that influentasd condition and protects it from
wind and water erosion. Results presented hereatalthat STVI-4 is responsive to the
same vegetation cover that forms the basis of tBedasses. The STVI-4 index was
able to discriminate LCI land condition classeslaw woodlands and chenopod
shrublands that comprise more than 90% of the pessia the region. This shows that
the STVI-4 with its broad coverage, simplicity amgheatability could be used to aid the
LCI technique in land condition assessment. If pinenary aim is, for example, to
determine the density of vegetation cover, espgcialits extreme crown separation
ratio classes, then the STVI-4 could be very uséfidreover, the STVI-4 can provide
information about vegetation condition in areasffam the network tracks where direct
observation for application of the LCI is impossiblUse of STVI-4 imagery would
enable a more accurate and spatially-explicit egenof land condition. It would be
possible to more specifically identify the actuatdtion or areas on a property or in a
district that are in different condition classeheTSTVI-4 vegetation index could
therefore be used, not as a replacement, but akiable supplementary method to LCI

in land condition assessment and monitoring.

As shown in Chapter 3, almost all vegetation ingligecluding STVI-4 had stronger
relationships with different cover components atllaystem versus landscape scale due
chiefly to the greater similarity in vegetation eotype within land systems. The STVI-
4 revealed the same results with the LCI classdbarstratified vegetation cover. This
means that in areas with similar vegetation tyjee,amly can vegetation indices be used
as useful tools for predicting and monitoring vadjen cover, but they can also be used
for determining land condition. Using these toaidarge areas is more cost-effective
and may overcome some of the limitations of fieldtimods such as subjectivity and

inconsistency.
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5 ARID LAND CHARACTERISATION WITH HYPERSPECTRAL
IMAGERY

5.1 Introduction

One of the main characteristics of vegetation cowerarid environments is its
sparseness; consequently soil is the dominantdarfdce component in xeric regions.
Remote sensing techniques such as vegetation sdiage been used widely for
assessing and monitoring vegetation cover (Cha@eaad 4). It is well known that
estimating vegetation cover from vegetation indisesften strongly influenced by soill
background effects. Huegtal. (1985), for example, found that most of the slbpsed
vegetation indices (e.g. NDVI) and distance-basegetation indices (e.g. PVI)
overestimate the amount of vegetation cover inelaakd brighter soils, respectively. |
found similar results (Chapter 4): the Stress Relategetation Index (STVI-4), as one
the most promising indices for cover assessmenthen study area, appeared to

overestimate vegetation cover in black gravel aogdmickshot country.

Spectral Mixture Analysis (SMA) may overcome thaitations of vegetation indices
by decomposing all the ground cover componentsinvdahsensor's ground resolution or
pixel (Smithet al., 1990). It makes full use of all spectral bandannmage, rather than
relying on combinations of a few selected banddisoriminate particular cover types.
For each pixel in the image SMA estimates the priigos of that pixel covered by
each component on the ground. The general assumiptigpectral mixture analysis is
that the reflectance recorded for each pixel isnaar mixture of the reflectance of
different components in that pixel. This occurs wiiee radiation interacts with only
one material type on its path between the eartfastirand sensor (Campbell, 1996).
SMA has been used in different environmental stidieluding land cover assessment
and monitoring, land degradation assessment an@raliimapping. Several studies
have shown that unmixed vegetation and soil compsnand their variations in space
and time can be used as indicators of land comdiodegradation (Metternicht and
Fermont, 1998; Tromp and Epema, 1999; Harris andeAs2003; Hosteret al.,
2003a). Studies have also shown the benefit ointilehod in many different geological
contexts. For example, Bierwirth (1990) applied cb@# mixture analysis to
multispectral imagery of a geological site in no@beensland, Australia and concluded
that it successfully extracted two vegetation typg®en and dry) and four different
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mineral types. SMA has been shown to be a supsrathod to widely used vegetation
indices in arid and semi-arid environments (Sndtlal., 1990; Elmoreet al., 2000).
These studies found SMA predicted vegetation cbeéer than vegetation indices such
as NDVI. Elmoreet al., (2000) found, for example, that spectral mixtargalysis
determined correctly the changes in vegetation rcae87% of sample sites while
NDVI detected changes in only 67% of these sites.

Known also as linear mixture analysis, linear uringxand end-member analysis, SMA
aims to map the relative abundances of differembpmnents present within a pixel.
This is done by defining spectrally pure pixels wnoas end-members of the particular
surface component (Bateson and Curtiss, 1996; Tomgkal., 1997; Garcia-Haret
al., 1999). These end-members are drawn from the insegk, from field spectra, or
from spectral libraries. Smitét al., (1990) applied SMA to Landsat TM imagery of a
semi-arid environment in California and found tge¢en or photosynthetic vegetation,
non-photosynthetic vegetation, shade and water,tlarg# soil or rock were common
components in this region. Landsat TM imagery poadusimilar results in an arid
region in New South Wales, Australia (Lewis and \Wob994). Research has shown,
however, that the discrimination of different veaj&in species in arid environments
with less than 30% cover is limited, even usind@ine hyperspectral imagery with
high spectral and spatial resolution (Lewis, 20DRin et al., 2001).

SMA was developed originally for satellite multisp@l imagery (Smitret al., 1990)
and various studies have shown the potential oftsgdemixture analysis in these sorts
of data sets (Adamset al., 1995; Asner and Heidebrecht, 2002; Small, 2004)s
approach has also been applied successfully tedtatlite hyperspectral imagery. The
Hyperion sensor is the first space-borne hyperspleichager on-board NASA’s Earth
Observing-1 (EO-1) satellite (Pearlmanal., 2003; Ungaret al., 2003). Since the
launch of EO-1, several studies have shown thenpateof Hyperion data for
vegetation and land degradation assessment iraaddsemi-arid environments (Asner
and Heidebrecht, 2003; Hueét al., 2003). These studies found that end-members
extracted from Hyperion imagery using SMA were atuledetect disturbance in the
landscape due to grazing and other activities. Berostudy in woody and grassland
landscapes of the southern USA showed Hyperion émyagould be decomposed into
four different end-members that were combinatiorfs didferent ground cover

components including senescing foliage, cypresshtufrees, and trees without leaves;
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shadows and green vegetation; senescing Chinése tglecies (i.e. a tree) with yellow
leaves and foliage; and senescing Chinese talldatv ned leaves (Ramseyal., 2005).
Chewingset al. (2002) applied Hyperion imagery to an arid enwim@nt near Alice
Springs in central Australia and concluded the dhtawve good potential for
characterisation of vegetation components in thi$ @egion. In this Australian study,
abundance images of photosynthetic vegetation,phatesynthetic vegetation and soil
were produced using spectral mixture analysisthlstudies mentioned above focused
on specific components of interest to decompose eHgp imagery rather than

attempting to extract all possible spectral end-imens within this imagery.

Apart from Chewingt al. (2002) no research has evaluated the potentidlypérion
data for mapping and assessing Australian aridslaNiether has any work examined
relationships between Hyperion data and ground umeasents of vegetation and soil.
This component of the study aimed, therefore, talate the potential of Hyperion
hyperspectral data to discriminate landscape coemsnof arid rangelands of South
Australia. The hypothesis was that Hyperion imagerth high spectral resolution
should have greater potential for discriminatingous vegetation and soil components
than was possible with multispectral analysis. Thiady aimed, specifically, to
discriminate some of the vegetation types such Fenapod shrubs that have an

important role in land management.
52 Methods

5.2.1 Studyarea

This component of the research focused on an dr8a5oknt within the Vivian land
system, covered by a Hyperion image swath (Figuke B summary description of this

land system is given in Table 5.1.
5.2.2 Field data

5.2.2.1 Caollection of vegetation cover

Quantitative data on ground cover from 52 sampkssvere collected in January 2006
using the step-point technique (Appendix 4). Sangtes were chosen to include

different vegetation species and physical groundec@omponents that dominated in
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the study area. The location of the sample sites was recorded using a Global Positioning
System (GPS).
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Figure 5.1 Location of study area in Kingoonya Soil Conservation District. Shown also are
sample sites across the Hyperion image subset.

Table 5.1 A brief description of Vivian land system (Pastoral Board, 2002)

NOTE: This table is included on page 70 of the print copy of the thesis
held in the University of Adelaide Library.

At each sample site a minimum of 1000 points or hits were recorded to estimate field
cover components (e.g. perennial and ephemeral vegetation species, litter and lichen, and
physical components including soil and surface gravel and stone) along eight radiating
transects within a radius of 150 m, sampling an area of approximately 70,650 mz(Figure
5.2 (a)). The layout of the radiating transects was chosen to sample relatively
homogeneous sites, and avoid mixes of different vegetation and soil types. The average
vegetation cover for all sites in the study area was approximately 28 percent. The
percentage of different cover components was calculated by dividing the number of hits
for each component by the total hits and multiplying by 100.
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For comparison with end-member images derived ftben Hyperion imagery, field
data on abundance of several field cover comporvesits aggregated into groups. Raw
and aggregated components included perennial plailis green colour or greenish
canopies (e.g. mulga), greenish perennial plants glass and herbs (ephemerals), total
greenish vegetation cover plus litter and lichesttanbush, bluish perennial plants plus
litter, total photosynthetic vegetation, bare sgilavel and stone, and bare soil plus

gravel and stone (total physical components).

Figure 5.2 Collecting field cover and spectra: a) step-point, b) portable spectrometer

5.2.2.2 Collection of field spectra

Field spectra were obtained with an Analytical $f@devices (ASD) Field Spec Pro
spectrometer (Figure 5.2 (b)). This instrumentudels three spectrometers to sample
visible and near infrared (VNIR) and two shortwan&ared (SWIR1 and SWIR2) of
the electromagnetic spectrum, from 350 to 2500 nth a/spectral resolution of 10 nm
(Hatchell, 1999). The instrument is controlled atata displayed and stored using a
notebook computer. In the study area, reflectammectsa of dominant vegetation
species (e.g.Acacia aneura, Acacia papyrocarpa, Maireana aphylla, Maireana
sedifolia, andSenna ft. petiolaris) and physical ground cover components such as/sand
soil, sandy-loam, and gravel and stone were redord@pril 2006 (Appendix 1 and 3).
The field spectra were acquired at a nadir pos#itth0 cm above the canopy of shrubs,
foliage of trees, and physical components which d@ibt of 25 cm in diameter on the
ground (Hatchell, 1999). For each sample, ten spewatere recorded, with each
spectrum being an average of 10 individual measemnésn that were obtained
automatically by field spectrometer. The calibratiof the spectrometer was done
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approximately every 4-5 minutes using a white gpémh reflectance panel and dark
object.

5.2.3 Hyperion hyperspectral imagery

Detailed information about the characteristics ofpeftion imagery and the image
acquired over the study on 29 December 2005 has ¢peen in Chapter 2. Figure 5.3
shows the distribution of rainfall which was receddby the lessee of Vivian station
prior to the image capture. Image visual inspectod field checks revealed that
rainfall on 17 December 2005 had minimum effect apthemeral plants were not

present at the time of image acquisition.
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Figure 5.3 Monthly distribution of rainfall from January 2005 to January 2006 in Vivian
station in relation to dates of image captur e and field data collection

524 Preiminary image analyses

The image was delivered as a radiometrically caldad Level 1R product. This image
was georegistered using the image to image retisirmethod (Chapter 2). Figure 5.4
shows the sequence of analyses of the Hyperiondrttey included spatial and spectral
subsetting, noise reduction, atmospheric correctaomd end-member extraction. The
Hyperion image was spatially subset to include wtacka. Spectral subsetting was
performed to remove the first bands 1-7 (355.59-84.6m) and the last bands 225-242
(2405.6-2577.07 nm) continuing null values. Bangs (@26.82-436.99 nm) and bands
222-224 (2375.3-2395.5 nm) were removed due tol pixgixel variation related to

sensor detector differences. Other bands excludwd @8-78 (936-1058 and 852-972
nm) to remove the spectral overlap between thedstectors of the Hyperion sensor. A

total of 51 bands were excluded with 191 bands memgfor further pre-processing.
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Figure 5.4 Flowchart of Hyperion image analysis

The Commonwealth Scientific and Industrial Reseaf@lganization (CSIRO)’s

Mineral Mapping Technology Group (MMGT) A-List Hymspectral Processing
Software, as an extension in ENVI (ENVI Researckt&ys Inc, 2000), was used to
reduce noise in the Hyperion image (Mason, 2004g@y et al., 2004). The software

incorporates different modules including PushbroBiaugger, Pushbroom Destriper,
Outlier Mask Generation, Log Residuals, Normal@atand Background Removal,
Spectral Indices, EFFORT Polishing and HyperPPlontrthese modules the
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Pushbroom Plugger and Pushbroom Destriper weretosesnove bad sensor detector

cells and stripes from the imagery.

The MMTG Plugger module found noisy pixels or ‘baikels throughout the image. A
pixel is known as ‘bad’ if it is completely diffeme from the entire detector-array row
based on mean or standard deviation calculatioms@M, 2002). Most of the noisy cells
were detected in column 1 and 256 of the detectayaVisual inspection showed that
some of the good cells were identified as noisyscd@lhese cells were deselected from
the detector array. After visual correction anditgsdifferent window sizes a standard
deviation window of (85) was used to correct noisy cells. The Pluggers ubés
window to replace the values of bad cells with omgerpolated from neighbouring

good cells.

One of the major problems with the Hyperion imageswnany along-track stripes in
some of the bands. This might result from variatiam the calibration of cells in the
cross-track direction (Mason, 2002). The MMTG Dipsir was applied to the image
and it removed the stripes from the image succhlgsithis module calculates gain and
offset values for each ‘bad’ cell in its row anénhthese values are applied to normalise
the affected cell in the columns of each band.

In order to utilize hyperspectral data for detegtthfferent components on the ground,
uncalibrated radiance recorded by the sensor sHmildorrected for atmospheric and
solar illumination effects and converted to surfaceflectance. This enables
comparisons between image spectra and field ordédmy spectra. There are many
methods for atmospheric correction of hyperspedath that depend on image-based
inputs (Green and Craig, 1985; Ben-Dabral., 1994) and field measurements (Smith
and Milton, 1999). Model-based methods such as East-of-sight Atmospheric
Analysis of Spectral Hypercubes (FLAASH) (ENVI Rasgh Systems Inc, 2000) and
Atmospheric Correction Now (ACORN) (ImSpecLLC, 2004ely on image
characteristics and atmospheric variables for caimgeradiance to reflectance and are
based on the MODTRAN radiative transfer models (@ad Goetz, 1990). ACORN
atmospheric correction software has been applietessfully to Hyperion data in
different studies in Australia (Chewingsal., 2002; Quigleyet al., 2004; Dutkiewicz,
2005). One of the important benefits of ACORN og#rer models is that it removes

water vapour and liquid from the imagery and pradseparate images of water vapour
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and liquid on a pixel-by-pixel basis (ImSpecLLC,02). This option reduces the
probability of overestimating vegetation cover ireas with high water vapour and

liquid.

The noise-reduced image from the CSIRO softwareppreessing was corrected for
irradiance and atmospheric effects using ACORN apheric correction software.
Parameters used in ACORN for atmospheric correci@ngiven in Appendix 2. To
derive water vapour, the 1140 nm channel was ussadad of 940 nm because of high

noise and overlapping between the VNIR and SWIRaets in this region.

To reduce noise in the atmospherically correctedgen subsequent analysis of the
image was performed using ENVI software (ENVI Reske&ystems Inc, 2000). The
Maximum Noise Fraction transform (MNF) was usedl&ermine the dimensionality
of the data (Greemt al., 1988; Boardman and Kruse, 1994). This method ywesl
images ranging from high (the first bands) to ldhe(last bands) coherence or scene
information. The last bands usually have the mogtenand least information about the
landscape and can be removed from subsequent proge¥isual inspection of the
MNF images determined that from 191 bands only Zhds contained scene
information with high Eigenvalues (71.51 to 1.0Ihese 34 bands were used to extract

end-members from the noise-reduced Hyperion image.

5.25 End-member generation

The Pixel Purity Index (PPl) was used to extraot tmost pure pixels in the
atmospherically corrected and noise-reduced MNFd®&anin this method, the pure
pixels are calculated by repeatedly projecting matision data set on to random
vectors. The spectrally pure pixels in each prapeciocate at the apices of the data set
and the total number of times each pixel is madeg@ure pixel is noted. A "pure pixel"
image is created in which the value of each pigghe number of times that pixel was
recorded by these projections. The pure pixel indag run on MNF image with 50,000
iterations and the output image was thresholdeskect 800 pixels with high values or

numbers of hits marked in the projections.

The n-Dimensional Visualiser function was usedoiate and identify the purest pixels
(end-members) in an n-dimensional visualisatiorpafe pixels (n=34, the number of
dimensionality or bands of MNF image) (ENVI Resé&a&ystems Inc, 2000). Mean
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spectra of the end-members were calculated. Thatsafrl end-members were used in
unconstrained linear unmixing to decompose the MiNfBerion image into different
scene components. The unconstrained linear unmpahgulated an abundance image
for each selected end-member. The value of eadh pixhe abundance images was the
proportion of that end-member in the correspongngl of the Hyperion image. A
linear stretch enhancement was applied to the amaedimages to highlight the high
end-member abundance areas. For displaying purpaseaddition to abundance
images, an error image was calculated. This imadieates the adequacy of selected
end-members., An error image with low values arttepa shows, for example, that all
the spectral information relating to scene featurdbe image has been extracted.

5.2.6 Dataanalysis

Each of the field sampling sites was located onrdatified end-member images and
average pixel values extracted for each of the emagthin a 150 m buffer, covering an
area of approximate 70,650°mn order to evaluate whether the image components
could be used to predict field cover data, linemressions were used to examine their
relationships. The abundance of individual and egated field cover components was
regressed against mean end-member abundance feocorttesponding sample sites in
the images. Abundance images were used as indegevaltables and the dependent
variables were different categories of field codata. Preliminary analysis and field
checks revealed that one of the image componentstiyneelated to cottonbush
vegetation coverMaireana aphylla). This species was one of the dominant vegetation
cover at seven sites located in the north of thdysarea in Coondambo land system.
Detailed information about this land system will heen in Chapter 6. It was also a
dominant species at two sites in the south. Thesegites were only used, therefore, to
correlate the field measurements of cottonbushabimage component and the rest of

the sites (45 sites) were used to validate othagarcomponents.
53 Results

5.3.1 Abundanceimages

Five spectrally distinct end-members were extraéteoch the Hyperion subscene in n-
dimensional spectral space (Figure 5.5). The fisandance images resulting from
linear unmixing using these end-members are showfigure 5.6, together with the
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residual error image. Two end-members appeare@ tasbociated with photosynthetic
vegetation, while the remaining three were assediatith soil, surface gravel and
stone. The error image had low values and littlatiap pattern, which indicates that
most of the spectral information about the scereeldeen extracted from the Hyperion

image.

Figure 5.7 compares mean spectra of the image emibers with selected spectra
collected in the field using the ASD spectromeldre selected field spectra were the
most similar spectra to image end-member specatavibre chosen after reviewing all
related field spectra (Appendix 3). Although thepidsion mean spectra contain more
band to band noise, they are very similar in gdnfman and specific absorption
features to selected field spectra. A summary ef énd-members and their main
spectral absorption features for characterisingdhend-members is presented below.
The specific identity of the end-members was deteeth by examining their image
spectra, distribution and abundance in the imagas$,by comparing their mean spectra
with field spectra and their correlations with fielover data (Figure 5.8).
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Figure 5.5 End-member extraction in n-dimension visualiser using band 3, 4, and 5 of the
MNF Hyperion image.
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3 15 0 3 Kilometers

Figure 5.6 Abundance images of end-members resulted from unmixing of the Hyperion
imagery: a) Photosynthetic vegetation (PVg), b) Photosynthetic vegetation (PVc), ¢) sandy
soil, d) sandy-loam sail, €) gravel and stone, f) error image. High abundance ar eas shown
as colour masks superimposed on a grey-scale image.
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Figure 5.7 Mean reflectance spectra: a) Hyperion image spectra, b) field spectra. Noisy
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Field spectra End-member images Field cover data
Inter pretation of Distribution of Relationship of
spectra components image & field components

Identity of image end-members

Figure 5.8 Flowchart of stepsinvolved in end-member identification

The first end-member, photosynthetic vegetationg)P'¥eems to be associated with a
variety of green and grey-green vegetation, with ithage spectrum quite similar to
field spectra for mulgaAcacia aneura), a dominant plant in the study area. As can be
seen from Figure 5.7, both field and image spesftraulga have significant absorption
features at 680 nm caused by the chlorophyll inghges, although they also display a
clear absorption feature at 2200 nm, most likettatted to the background soil. Water
absorption features were also observed in botld feld image spectra at 972-983 nm
and 1134-1164 nm. The green and grey green vegetahd-member image (PVQ)
(Figure 5.9 (a)) appeared to record the distributbseveral perennial shrub vegetation
types such a#cacia ligulata and Acacia aneura. It showed high vegetation cover in
watercourses and on sand dunes. The PVg image dhogleer vegetation cover in the
southern parts of the study area compared witmandh due to higher green tree cover.
In the north chenopod shrublands such as saltbu@hgsAtriplex vesicaria) and

bluebushes (e.gaireana sedifolia) with grey colour were dominant.

The second vegetation end-member (PVc) was assdoveth cottonbushMaireana
aphylla) that was distributed as patches throughout tindystirea. The PVc recorded all
known patches of this species that were distribtiedughout the study area (Figure
5.10 (a)). This image also showed high abundansama plains and dunes where dry
grasses such as WoollybutErégrostis eriopoda) were dominant. The PVc also

displayed high values in areas with dense peadhishes. The spectral signature of
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PVc was very noisy, especially at 915-983 nm (Fagbu7). However, there were clear
absorption features around 690 nm (680 nm in #id Bpectra) and at 2080-2100 nm.
A shallow absorption feature was also observed3a#2351 nm. The absorptions at
2080-2100 nm and 2314-2351 nm correspond to thosestarch and cellulose
absorption and lignin, cellulose, oil and waxegeesively, suggesting that this end-
member has mapped dry grass or non-photosynthegetation and possibly woody
chenopod shrubs with high levels of oil, wax, delse, and lignin in their canopies
(Lewis et al., 2001). Like the PVg end-member, this end-membemwed significant
absorption at 1134-1164 nm, but the 972-983 nnufeavas dominated by noise.

One of the image components mapped the sandyiscilee sandy plains and dunes
(Figure 5.11 (a)). This component has been suadésstparated from others due to its
high albedo. The image spectrum showed similar fanth spectral features to the field
spectra for sandy soil (Figure 5.7). Both had daegorption features at 2200 nm that
shows these soils have high level of clay minerdlsey also showed significant

absorption at 870 nm due to high iron oxide conegion.

The second soil end-member recorded bare and eredaxhs of the study area (Figure
5.11 (b)). This end-member had a spectrum veryairm form and absorption features
to the image spectrum of sandy soil. It appeansaice mapped areas with little or no
vegetation cover. As this end-member and also #redys soil end-member both
recorded the exposed soils of the study area, weeg combined into one soil image
and then the combined image was used to examineeclasionship with the field
estimates of soil cover component. This combinedis@age also was combined with
the gravel and stone end-member image to evalusiteelationship with the field
estimate of total physical components.

The final physical image component mapped black lzoevn gravels and stones that
are distributed in some parts of the study arepeaally in the centre (Figure 5.12).
This end-member appears to overestimate the anobsirface gravel and stone in the
centre of the image, corresponding to areas witlselevegetation cover. The spectral
response of the image end-member was similar tl fepectra with a distinct
absorption feature at 870 nm and shallow absor@id&00 nm due to the concentration
of iron oxide. It also showed a significant absmnptfeature at 2200 nm because of the
clay context of the background soil underlying ¢inavels.
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Figure 5.9 Photosynthetic vegetation image (PVg): high abundance areas shown as green
mask superimposed on a grey-scale image. a) Photograph and image locations: dense
mulga in water cour se; b) regression between total vegetation cover and PVg.
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Figure 5.10 Photosynthetic vegetation image (PVc): high abundance areas shown as cyan
mask superimposed on a grey-scale image. a) Photograph and image locations. dense
cottonbush in water cour se surrounded with mulga; b) regression between total cottonbush
cover and PVc.
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Figure 5.11 Sandy soil and sandy-loam soil abundance images. high abundance areas
shown as brown and yellow masks superimposed on a grey-scale image. Photographs and
image locations: a) sandy soils (sand plains and dunes); b) exposed soil.

Figure 5.12 Gravel and stone abundance image: high abundance areas shown as
green mask superimposed on a grey-scale image. Photographs and image locations:
a) areawith dense gravel and stone; b) close-up of the gravelsand stones.
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5.3.2 Relationships between abundance images and field cover components

Relationships between end-member abundance imaggdield cover components
showed several significant correlations that helpedfirm the identity of the image
spectral components (Table 5.2). The regressiondamaige components against
vegetation cover data have been presented in Figaréb) and 5.10 (b). The strongest
correlation was found between the image componeart Bnd field estimates of
cottonbush (R=0.89), followed by the PVg image end-member wigidf estimates of
greenish perennial plants plus grasses and hefs8.6®) and greenish perennial plants
(R°=0.58). The PVc also showed some correlation wdithl tcover of bluish perennial
plants (e.g. bluebushes and saltbushes) plus (gtgr dry grasses and dead shrubs)
(R?=0.23). The weakest relationship was found betv®ég and the integration of total
greenish cover plus litter and lichen. The combamatof PVg and PVc correlated
significantly with total photosynthetic vegetati¢R°=0.32) but not as strongly as their
individual relationships with greenish and cottosibyegetation components. Although
image visual inspection, mean field spectra anttl fehecks revealed that soil and
surface gravel and stone appeared to map corresgpriceld components, the
correlations between these end-members and quaitaneasurements of their
abundance were not strong. The combination of thesee physical components,

however, showed better correlation with total fipld/sical components (R2=0.28).

5.4 Discussion and conclusions

The low spectral resolution of multispectral saelimagery limits its suitability for

extracting information in arid environments withasge vegetation cover. The higher
spectral resolution of hyperspectral imagery maprowe discrimination of different

components especially various vegetation typesy &ith low cover. This component
of the research evaluated the potential of Hypehgperspectral imagery to map
vegetation and soil components through spectraturexanalysis. Five distinct end-
members were produced using this method, includgrgen and grey green
photosynthetic vegetation (PV(g), cottonbush phattstic vegetation (PVc), sandy
soil, sandy-loam soil and gravel and stone. Totiflethe end-members, their image
spectral responses were compared with field speBResults showed that the image
end-members were very similar to field spectra ammresponded to selected

components on the ground.
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Table 5.2 Relationships between abundance images and field cover

Abundanceimage Field component R? P-value | Sample
size

Photosynthetic vegetation greenish perennial plants 0.58 <0.001 45

(PVQ)

Photosynthetic vegetation| greenish perennial plants+gras9.69 | <0.001 45

(PVQg) and herbs (total greenish plants)

Photosynthetic vegetation greenish perennial plants+gras$.07 | 0.078 45

(PVg) and herbs + litter and lichen

Cottonbush photosynthetic cottonbush 0.89| <0.001 9

vegetation (PVc)

Cottonbush photosynthetic bluish perennial plants+litter 0.23 <0.001 45
vegetation (PVc)

PVg+PVc total photosynthetic vegetation  0.32  <0.00145
Sandy soil+sandy-loam | bare soil 0.21| 0.001 45
solil

Gravel and stone gravel and stone 0.11 0.027 45
Image physical field physical components 0.28§ <0.001 45
components

In addition to the soil end-members, the two vetmtaend-members also had clear
clay absorption features around 2200 nm. This atd&that none of the vegetation end-
members were “pure” and that soil has had a ddtkectmfluence on their image
spectral responses. This might be expected sirace pbver in the region was generally
less than 30%: end-members derived from Hyperioagemy with 900 rh ground
resolution will inevitably comprise mixes of covgpes. The strong absorption feature
at 2200 nm in the soil end-members shows that diileo$ the region contains high

levels of clay minerals.

The absorption features of the vegetation end-mesnbbBowed they belonged to
different vegetation types in the study area. Aliio both had clear chlorophyll
absorption around 680 nm, this was much strongeghénPVg than PVc. The PVg
mapped all the greenish vegetation cover with gtrcmorophyll absorption. The high
correlation between this end-member and field et of total greenish plants
(perennials combined with grass and herb4¥QR69) and its very poor correlation with
the aggregation of total greenish cover with litiad lichen (B=0.07) revealed that the
PVg has only mapped the green and grey green phtetic vegetation cover. In

contrast with PVg, the PVc showed not only a ckdasorption feature around 680 nm
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but also shallow absorptions at 2100 nm and 2354-28n. It mapped all cottonbush
vegetation cover of the study area with a strongetation with the field estimates of
this component (R0.89). The lower correlation between this end-memdnd field
estimates of total bluish perennial plants plugii{R=0.23) revealed that this end-
member may have also mapped other cover comporeaksas chenopod shrubs and
non-photosynthetic vegetation cover.

Image physical components including soil and safgcavel and stone that were
dominant components in the study area, comprisingenthan 70% of the land cover,
had much clearer absorption features than the aggetend-members. The spectral
similarity between these end-members and field tspeand their distribution in the
images revealed that they mapped sand plains,cdiares, eroded areas, and gravel and
stone in the region. However, their relationshipthwvthe field estimates of physical
components on the ground were not strong. The awedbiimage of physical
components accounted for 28% of variation in theugd physical components. It
seems that one of the main reasons for these I@atiomships relates to the different
percentages of soil cover that have been recorgeth® field measurements and
Hyperion sensor: the step-point method used indiidy was able to measure very low
vegetation cover, for example less than 5%, witha Hyperion sensor's field of view
(900 nf), whereas the sensor may not be able to recoscathbunt of vegetation cover
due to high reflectance of soil background. The ammf soil actually recorded by
field measurements in sparsely vegetated areaslomas compared with the sensor

response and this might have influenced the statiselationships.

Despite the high spectral resolution of the Hypergtene, it was not possible to
identify more than five meaningful spectral end-rbens in this arid environment. The
number of end-members extracted here was similarotteer studies in arid
environments (Smitlet al., 1990; Lewis, 1999) that used full set of scenecp from
Landsat multispectral imagery. This similarity hetnumber of end-members suggests
that arid landscapes are dominated with few speotraponents (usually three soil or
rock and two vegetation components) and using imyagéth low spatial and high
spectral resolution may not produce more land sarfaomponents than multispectral
imagery. Previous studies (e.g. Oldnal., 2001) conducted in arid environments with
low vegetation cover (less than 30%) have also rtedothat the discrimination of

different vegetation types is limited with hyperspal imagery, even with high spatial
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resolution. This may be the result of low vegetattwver of arid regions, the lack of
spectral contrast between different arid vegetdiypes and soil background effects.

The validation of end-members against field speatrd field cover data showed that
the end-members corresponded to real vegetatiorp@oemts and soil types on the
ground. Where image end-members provide quanttatestimates about the
distribution of specific vegetation and soil compots they can be used as appropriate
metrics in land management in the region. For exemp a study in Utah, a vegetation
end-member derived from spectral mixture analyasiteen successfully used to assess
land degradation around stock watering points (sl@amd Asner, 2003). Image-derived
end-members such as those mapped in this study pateatial as metrics for land
condition assessment and monitoring. For exampigali inspections showed that the
PVg and soil end-members had low and high valuem séock watering points,

respectively.

Although the spectral mixture analysis extractegetation end-members such as green
and grey green vegetation and cottonbush from gpeHibn image, no meaningful end-
member was identified to show chenopod shrublandks as saltbushes and bluebushes
that are major vegetation types in the study arehtave an important role in land
management. In addition to the low spectral cohtvatveen vegetation types and soil
background effects, one of the reasons that it wais possible to extract more
vegetation components may relate to the high le¥eloise in this image, especially
around the 915-983 nm regions. To date, no studydiscriminated these kinds of
vegetation types using satellite multispectral adggerspectral imagery. A study that
was conducted by Lewis (2000) in an arid environmerMNew South Wales, Australia
showed chenopod shrubs can be discriminated usmgrae imagery with high
spectral and spatial resolution. It appears thgh HEpatial resolution and also high
image quality, because of less atmospheric eff@ftsirborne imagery are the main
reasons for this separation (Harris and Asner, R0@8spite the potential of airborne
hyperspectral imagery for detecting and mappingieped shrubs, applying this kind
of imagery to arid environments with their extesareas is expensive and is likely
only to be suitable for pilot studies. Thereforerenresearch is needed to focus on the
application of other imagery such as MODIS thatareap and cover broad areas and
have advanced spectral resolution.
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6 LAND DEGRADATION ASSESSMENT WITH REMOTELY-
SENSED HETEROGENEITY INDEX

6.1 Introduction

Vegetation disturbance is one of the principal ddgtion processes in arid and semi-
arid lands of Australia (Chapter 1). It occurs rhodue to grazing, which is the main
land use in these regions. To assist managementtefsive arid lands, they have been
fenced into paddocks extending from few to hundi&dsquare kilometres. Depending
on the paddock size, one or more artificial watgpointsprovide a source of drinking
water for domestic stock, although they are used by feral and native animals. As a
result the watering points provide a focus for aasnthat lead to localised land
degradation. Land degradation that has resulted frigh grazing pressure can be seen
easily around the watering points in arid and send-regions, both in Australia and
internationally (Andrew and Lange, 1986a; Andrevd drange, 1986b; James al.,
1999; Britset al., 2002; Heshmattet al., 2002; Harris and Asner, 2003; Naahal.,
2003; Nangula and Oba, 2004). In this zone, addled the piosphere or sacrifice area
(Lange, 1969), grazing changes the distributionality and abundance of soil particles
and vegetation (Friedet al., 2003; Tongwayt al., 2003).

Previous studies have shown that degraded landsaapeegions in Australian arid
lands, especially around watering poirage more spatially homogeneous in cover than
non-degraded areas (e.g. Hoftmal., 2003b). The reduction in spatial heterogeneity is
thought to occur as grazing reduces vegetativehpatand causes changes in the soill
surface, leading to more homogeneous landscapeseifand Palmer (1999) used a
satellite-derived diversity index called the MoviStandard Deviation Index (MSDI) to
assess rangeland degradation in South Africa. mtrast to the Australian field studies,
they found, however, that degraded areas were nheterogeneous in surface
reflectance than non-degraded areas. @ual. (2004) found also that grazed prairie
grasslands in North America had higher spectraltians than conserved regions. In
contrast to these findings, a study by Fabrietual. (2002) in the rangelands of South
Africa showed that degraded areas were more honeogenthan non-degraded areas,
which is similar to the findings of Australian fielstudies. They found that the
coefficients of variation (CV) of image pixels instirbed areas were smaller than in
undisturbed areas.
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Remote sensing has been successfully used in |@gdadhtion assessment and
monitoring (Robinoveet al., 1981; Pickup and Nelson, 1984; Pickup and Chesying
1988; Bastiret al., 1993a; Pickup and Chewings, 1994; Bastial., 1998; Harris and
Asner, 2003; Geerken and llaiwi, 2004; Symeonakis Brake, 2004; Wessets al.,
2004; Wesselst al., 2007). In most instances the evaluation of lamddion has been
based on the spectral reflectance of vegetatiorercaging multispectral vegetation
indices (Chapter 3). As an alternative to vegetaitnaices, spatial heterogeneity in land
surface reflectance has potential for assessmenarafscape condition and land
degradation. In contrast to vegetation indices, M&Dsuggested by Tanser and Palmer
(1999), does not rely on the spectral charactesistif vegetation cover and it is
calculated simply from the variance of surfacea@tince in a moving window across
the imagery. Because of this simplicity, MSDI magpwyde useful information for the
assessment of broad areas. MSDI uses image testuspatial heterogeneity in land
cover to assess land condition. Image texturenamportant spatial feature, has been
used as a useful tool in other applications. FanmgXe, Fabbrét al., (1989) used image
texture for exploring and assessing mineral ressjrevhile He and Wang (1990)

evaluated different image texture methods for imagssification.

This component of the current study investigatesetivr landscape spatial
heterogeneity as recorded by Landsat multispectratjery can be used to assess land
degradation in southern arid lands of South Austrdlhe first aim was to evaluate
spatial heterogeneity status within selected piesggand nearby reference areas that
have minimal grazing impact. In southern Australaid lands, high grazing pressure
generally reduces biodiversity and landscape pattdis part of the study aimed to
evaluate if this leads to findings different frohose of Tanser and Palmer (1999). The
second aim was to assess the spatial scale ofbilyisaround watering points by
investigating spatial heterogeneity with increasdigtance from watering points. As
grazing pressure decreases with distance from mgteoints, a gradient of change in
MSDI is expected. To evaluate the performance oDM3vo widely used vegetation

indices (PD54 and NDVI) were used as referencecasdior comparison.
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6.2 Methods

6.2.1 Studyarea

This part of the study was conducted in the samg@meas that described Chapter 2.
This section focussed on four land systems; Coobdanfudnapinna, Kolendo and
Arcoona, chosen because they were extensive ahdi@ttreference sites that were not
close to salt lakes or roads (Figure 6.1). Thidweex the edge effect of these features
in the calculation of the MSDI. A summary descoptof these land systems is given in
Table 6.1.

kingoonya

- K
i 3B 0
I I W e

Figure 6.1 Location of study area within the Kingoonya and Gawler Soil Conservation
Districts. Shown also are Coondambo, Yudnapinna, Kolendo and Arcoona land systems
which wereused for land-system scale analysis.

Grazing-induced piospheres are common in the regwgth pronounced degradation
within 500 m of stock watering points (Jamesal., 1999; Kinlochet al., 2000),
extending up to 1500 m away from water (Departnoéiwater Land Biodiversity and
Conservation, 2002) (Figure 6.2). To assist assessof land degradation, reference
sites had been established by the SA pastoralifamhgement authority as benchmark
sites for comparison with grazed areas of the skame unit. The reference sites are
located far from watering points (approximately & kn sheep grazing country) to
ensure that grazing domestic stock can not reaem t{Fleminget al., 2002). The
carrying capacity of the area has been considerdm 5.5 to 11.6 sheep/kr(iTynan,
1995; Kingoonya Soil Conservation Board, 1991).
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Table 6.1 A brief description of land systems in the study area (Pastoral Board, 2002)

NOTE: This figure is included on page 91 of the print copy of the
thesis held in the University of Adelaide Library.

Figure 6.2 Examples of piospheres in the region

6.2.2  Satellite imagery

This component of the research used the January 1991 Landsat TM image from path 99,
row 82. The Moving Standard Deviation Index (MSDI) was calculated by passing a 3x3
filter across the image red band (band 3), replacing the moving centre pixel with the
standard deviation for any nine pixel window (Tanser and Palmer, 1999). The TM band
3 was used, as did Tanser and Palmer (1999), because compared with other TM bands it
displayed a greater range of standard deviation values around watering points (degraded

areas) and within reference areas (non-degraded areas). Other studies have shown,
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furthermore, that the red band provides more infdrom about spectral contrasts in soil
and vegetation cover than other Landsat spectrald$an arid and semi-arid
environments (Piloret al., 1988; Chavez and Mackinnon, 1994). For comparigibin
MSDI | used the NDVI (Rouset al., 1974) and PD54 (Pickugi al., 1993) vegetation
indices. The PD54 was calculated using Landsat BNdI2 (green) and band 3 (red)
(Bastinet al., 1999). A mean 83 filter was applied to the PD54 and NDVI to traorsf

data into the same filter size as the MSDI.
6.2.3 Analysis

Watering points and reference sites were used rtqpace degraded and non-degraded
areas, respectively. A reference site and itsastaen water points in each land system
were located on the MSDI, PD54 and NDVI images. iftean MSDI, NDVI and PD54
values were extracted within a 500 m radius budfeund each watering point and the
centre of associated reference sites. Fence liees used to limit the extraction of data
within the paddocks. An independent samples ta#est used to test for significant
differences between the mean index values for degrand non-degraded sites. In
order to examine changes in the MSDI, PD54 and ND#lues with increasing
distances from water points a series of buffersGain intervals ranging from 50 m to
1500 m from the water points was used (Figure 6IBg buffers formed concentric
rings with widths of 50 m.

: i\/lid—lines of‘buffer rings .

Reference site

Water‘point

Figure 6.3 The extraction of the MSDI values at a water point and reference site within
the Coondambo land system
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6.3 Results
6.3.1 Comparison of degraded and non-degraded areas

The mean values of MSDI, PD54 and NDVI within 500 radius samples of the
reference sites and their ten nearest water pwirftair different land systems are given
in Figure 6.4. All degraded sites had higher me&DWand generally lower vegetation
index values (PD54 and NDVI) than non-degradedsaire¢éhe four land systems (Table
6.2). Although all the watering points had the legthand reference sites had lowest
MSDI values, these values differed amongst landesys. Coondambo showed the
highest MSDI for both watering points and the refee site, followed by Arcoona and
Yudnapinna. Watering points and the reference isitolendo land system had the
lowest MSDI values. In addition, the magnitude daffedence between MSDI for
degraded and non-degraded areas varied amongnitheyatems. Arcoona showed the
highest difference (1.2), followed by Kolendo lasgstem (0.9). The differences in
Coondambo and Yudnapinna were similar (0.7). Thiféerences in the MSDI values
within and between land systems may result fronir thiéferent vegetation and land
surface characteristics (Table 6.1). For examgie, high MSDI for both watering
points and the reference site in Coondambo maytrigem the high contrast between
the dominant vegetation types (mulga and myallsiread the sandy and calcareous

soils in this land system.

The NDVI showed different results in the variousdasystems. There were significant
differences (p<0.001) between the watering poinis @eference site in Kolendo land

system but these differences were not as strongraoona and Coondambo land

systems (p<0.05). There was no significant diffeeem the Yudnapinna land system
(p=0.53). One of the main reasons for these difileze was different vegetation types in
different land systems (Table 6.1). The NDVI pemnisrwell in land systems with more

green plant cover (e.g. woodlands) compared wittuldlnds (e.g. saltbushes and
bluebushes) with grey colour and low near-infraretlectance (Graetz and Gentle,
1982). In addition, the reference site in Yudnapih&and system was closer to water
points than those in other land systems and it aepleto be grazed more than other
reference sites. As a result, there was less diffax in plant cover between water points

and the reference site which the NDVI was not ableapture.
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Figure 6.4 Means and standard errors of MSDI, PD54 and NDVI values for ten water
points compared with the associated reference sitein different land systems

The relative performance of the different indicesoas all land systems is presented in
Table 6.2. The t-statistic is estimated on theed#hce between mean values for the ten
degraded sites and the single reference site velati the standard deviation of the
sample differences. As the same number of sitesQnis used, the t-values are directly
comparable. Assuming that the main systematic reiffee between areas around
watering points and the adjacent reference aredegsadation through grazing, the t-
values are indicators of how well the image indicepict degradation. With the
exception of Kolendo, PD54 had the highest t-valudse NDVI did not provide
consistent performance, having very variable amd tewalues. The MSDI was very
consistent, with t-values ranging from 4.4 — 5.8t the PD54 generally outperformed
the MSDI as a land condition indicator.
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Table 6.2 Comparison of spectral indices between watering points and reference sites in
different land systems. The mean and standard deviation of the degraded conditions is
based on the ten near est watering points around the reference ar ea.

Land condition
Degraded Non-degraded T-statistic | P-value
Land system | Imageindices | Mean StDev | Mean
Coondambo | MSDI 3.9 0.5 3.2 4.8 <0.001
PD54 204 9.8 227 -7.19 <0.001
NDVI 0.545 | 0.008 | 0.554 -3.2 0.011
Yudnapinna | MSDI 3.4 0.37 2.7 5.9 <0.001
PD54 210 4.5 222 -8.6 <0.001
NDVI 0.547 | 0.005 | 0.549 -0.65 0.532
Kolendo MSDI 2.9 0.6 2.0 5.3 <0.001
PD54 215 6.0 223 -4.4 <0.001
NDVI 0.545 | 0.004 | 0.556 -7.0 <0.001
Arcoona MSDI 3.8 0.9 2.6 4.4 <0.001
PD54 215 10.0 231 -5.00 <0.001
NDVI 0.541 | 0.006 |0.548 -2.9 <0.018

6.3.2 Trendswith distance to water point

Livestock grazing is more intensive near the watants and decreases with distance.
Hence distance can be used as a surrogate forsityteri grazing pressure and land
degradation. This means that image indices of diegyan should show similar trends
away from watering points. To examine in more ddtaw the spectral indices change
with different levels of disturbance, the neareatex point to the reference site for all
land systems used in the previous section wastedledsing the nearest water point
has the advantage that soil, vegetation and lamd &we most similar to the undisturbed
areas for comparison. The means of MSDI, PD54 aD¥INvith distance from water

points are shown in Figure 6.5 (a-c). All indice®wed an effect of disturbance around
watering points. However, the examples from différand systems showed marked
differences and the performance of the differertides corroborates the previous
results. MSDI and PD54 showed clear and consisteamges but NDVI showed only

little gradual change with grazing gradients. TightMSDI values near the waterpoint

in Coondambo land system may result from spectialrast between green canopies of
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mulga and western myall trees and sandy soilsviea¢ dominant features in this land
system.

To quantify the change of the indices over distanom water, regression slopes were
computed for MSDI, PD54 and NDVI for distance inas of 500 m (Figure 6.5 d-f).
Each point in these figures represents the chahfeeandices over 10 distance bands
(500 m). Grazing gradients are expected to shovsistant positive slopes for PD54
and NDVI and it was hypothesised that MSDI woulthibk the opposite trend, namely
a decrease along grazing gradients. Most obvioufdsclear depiction of grazing
gradients in all land systems for the PD54 indd&p& remained positive for distances
up to the interval of 950-1400 m for all but the dapinna land system, where no
increase in PD54 was detectable above the int@&@700 m. NDVI, in contrast, only
showed increase along the grazing gradient for Gao and Kolendo. In Arcoona
and Yudnapinna land systems, NDVI decreased away fwatering points, hence
showing a very limited detection of grazing gratsemMSDI consistently decreased up
to the interval of 1050-1500 m for Arcoona, 650-Q210 for Kolendo, 550-1000 m for
Yudnapinna and 350-800 m for Coondambo.

6.3.3 Relationships between MSDI diversity index and PD54 vegetation index

The scatterplot of MSDI and PD54 shows clear ttajges away from watering points
(Figure 6.6). This further demonstrates a high lle@feconsistency between the two
indices. For all but the Coondambo land systentridgectory terminates in a cluster of
points, indicating that grazing gradients are leditto the 1500 m radius. For
Yudnapinna, MDSI appears to detect a gradual diffee away from the watering
point, which PD54 does not reveal. The phase dmgepresentation also suggests the
ability of MDSI and PD54 together to clearly separghe different land systems.
Reference sites form distinct clusters, as do #ile of the trajectories. Also evident
from this representation of the data is that ficlakters of the trajectory generally do
not end in the reference site cluster. This inésaa high spatial variability of
reflectance in the region. It also suggests thanehe far points of paddocks, where
grazing intensity is least still show a differenice spatial heterogeneity from the
undisturbed reference sites. However, both indgtesv a marked similarity of their

response along a grazing gradient independentgé laackground variability.
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Figure 6.5 Mean and regression dopes of MSDI, PD54 and NDVI with distance from
water pointsin different land systems. The slopes were computed using alinear regression
of image indices over distance for a 500 m moving interval. Positive slopes for PD54 and
NDVI and negative slopes for MSDI indicate that the image indices are able to correctly
detect grazing gradients (shaded grey).
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Figure 6.6 The scatter plot of MSDI versus PD54 at different distances from water points
and reference sites (50 m interval up to 1500 m) in different land systems. Grey points
indicate valuesfor pixelswithin reference sitesin each land system.

6.4 Discussion and conclusions

The effect of degradation is usually more appanerthe piospheres than in areas far
from the water points. The results of this studgveéd that these grazing gradients are
detectable using satellite image indices. MSDI gubvgignificantly higher values
around the water points compared with the referesites. Piospheres were thus found
to be more heterogeneous in surface reflectanca tlanparable non-degraded

reference areas.

High spatial heterogeneity near stock watering {sogan result from various factors.
Because of the high concentration of animals irse¢heegions, soil condition changes
dramatically and this directly influences surfaeactance characteristics. Usually soil

compaction, sheep tracks and dung deposition aaeyrclose to water than in areas far
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away from water, or in reference areas (Andrew lasolge, 1986a). As a result these
regions have higher variation in the soil surfagtectance. In addition to changes in
the soil surface, alteration in vegetation covet aamposition near watering points is
another factor that may add to the reflectanceatian. Vegetation in piospheres is
often a combination of overgrazed, less-grazeddmadl trees and shrubs or litter, and
consequently has different reflectance from les®i®ty grazed or healthy vegetation

far from water.

According to previous studies (e.g. Holeb al., 2003b) vegetation patchiness in
piospheres decreases due to high grazing pressdrpaentially this makes degraded
regions more homogeneous in appearance than noaeiehareas. Because of the high
concentration of animals in piospheres and alorgdepred paths, however, soil and
vegetation diversity are spectrally and spatiallgrenvariable than non-degraded or
reference areas. This variability decreases grbdwath distance from high impact

areas.

Detection of variability around watering points dagds strongly on the spatial
resolution of the imagery and the size of the aialwindow. One of the limitations of
MSDI, as mentioned by Tanser and Palmer (199%has this index can not estimate
degradation in an area less than 8100dme to the filter size ¢&8) applied to the
Landsat TM imagery with 30 m ground resolution. igrvariability is evident if the
piosphere is denuded and if the radius of the MBDHow is large enough to include
relatively undisturbed, vegetated pixels with difet reflectance characteristics. This
index is sensitive also to the edges of naturdufea as well as any disturbance in the
landscape. High MSDI is expected at the edge @frsivsalt lakes and any man-made

features such as roads.

The PD54 and NDVI vegetation indices that were usedreference indices for
comparison with MSDI showed different results. Ppe4formed better for all the land
systems in the study area and this confirms thatitidex is more appropriate than
NDVI for assessing and monitoring land conditiorthis arid environment. PD54 had
the most consistent differences between degradddnan-degraded areas across the
land systems and this confirmed that it can be us®da good indicator of land
degradation. This study supports the findings ofjitér 3 that the usefulness of NDVI

may be reduced in perennial-dominated arid envienmtsn Whereas the index showed
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significant differences between degraded and ngmadied areas in most land systems,
its performance was less consistent than PD54ubn#pinna, the land system which is
dominated by chenopod shrublands in gilgai plaims,low near-infrared reflectance of

the vegetation limited the usefulness of NDVI fatetting degradation (Graetz and
Gentle, 1982).

As expected, the degradation around the stock imgtpoints was apparent with all the
indices studied, though each showed this impaétreéifitly along gradients away from

water. The MSDI successfully distinguished grazgngdients around the water points.
It showed decreasing values with increasing digtarfoom the water points, though
these trends were different in various paddocks kamd systems due to varying
vegetation and soil characteristics and grazingnsities. This index had high values in
areas of low vegetation cover and it decreased imiiteasing vegetation cover or PD54
and NDVI values. The PD54 appeared to perform bettel consistently showed an
increase with distance from watering points in kEhd systems. However, in

Yudnapinna, the expected increase was weak antetno a narrow band. The NDVI

showed no clear grazing gradient for YudnapinnathedArcoona land system.

Despite the good performance of PD54 in land condiassessment and monitoring in
Australian perennial-dominated landscapes, it hagdisadvantage of subjectivity in its
calculation. Hence the relatively good performaiméeMSDI indicates its potential
usefulness as a simple indicator of land conditibrequires less image calibration than
vegetation indices and this is a very importantdam remote sensing of land condition
over broad areas on a repetitive basis. This imtbes not depend on the multispectral
response of vegetation cover but utilizes spatdiepn in land cover. This component
of the study showed that spatial heterogeneityand Isurface reflectance may be used
as an indicator of land degradation in arid lantdSauth Australia which are naturally

heterogeneous.
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7 DISCUSSION AND CONCLUSION

The size, remoteness, and harsh condition of aridd make it difficult and expensive
to assess and monitor condition using field-basmthriiques. Space-based remote
sensing with its broad coverage, repeatability, @&t- and time-effectiveness has been
suggested and used as an appropriate tool forptinigose for more than 30 years.
Sequences of remote sensing imagery can providdit@snformation on vegetation
cover, productivity, biomass and also soil statbhat thave essential roles in the
determination of land condition. By developing tielaships between the imagery and
ground measurements and converting the imagery réiogo to the predictive
relationships, the imagery allows interpolationpoint-based measurements to broader

areas, which means land condition could be assesgkthonitored efficiently.

This study aimed to evaluate the potential of rensainsing techniques to overcome the
limitations of field methods in arid land conditi@assessment and monitoring. The
remote sensing techniques evaluated were vegetatioces, spectral mixture analysis
and a landscape diversity index. These techniquezg applied to multispectral and
hyperspectral imagery of Kingoonya and Gawler Soihservation Districts in southern

arid lands of South Australia.

Vegetation indices derived from Landsat multispgdtnagery were used to investigate
their suitability for predicting arid vegetation \&. Strong relationships between
vegetation indices and field cover measurementeogsly at land system scale
revealed these spectral indices are good prediofovegetation cover within stratified

land systems in the region (Chapter 3). The masdlde vegetation index, STVI-4, was
used in Chapter 4 to monitor vegetation cover assess land condition. Results
showed the STVI-4 detected changes in vegetatigaratue to seasonal conditions and
management effects. STVI-4 was able also to diffieiee the LCI land condition

classes in low woodlands, chenopod shrublands anébé country, but was limited in

non-stratified pasture types. In Chapter 5, thecspl mixture analysis approach was
applied to Hyperion hyperspectral imagery to sefpavagetation cover from other soil
surfaces. My specific aim was to separate vegetdyipes that have important role in
land management. Despite the high resolution of Itygerion image only two

vegetation components were separable and the Hypenage was unable to provide a
meaningful vegetation component for chenopod shtbhsare dominant in the study
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area. In contrast with vegetation indices and geesal mixture analysis, the landscape
spatial heterogeneity index depends on the spditialsity in land cover reflectance for
extracting vegetation information. The aim of usthgs index, derived from Landsat
imagery, was to assess land degradation arounkl statering points where the highest
vegetation disturbance occurs (Chapter 6). Thigxnsliccessfully separated degraded
from less degraded or reference areas and alsotelgtgrazing gradients near water

points.

Following sections review the results and findirajsthe research for each chapter,
highlight the implications of research findings foid land assessment and monitoring

and provide recommendations for future research.
7.1 Review of resultsand findings

7.1.1 Vegetation indices

Different groups of vegetation indices includingom-based, distance-based,
orthogonal transformation, and plant-water sensitiggetation indices were evaluated
across land systems (landscape scale) and withthdgstems (land systems scale). It
was observed generally that all vegetation indiwese better predictors of vegetation
cover within land systems compared with broadeddaape scales.

Slope-based vegetation indices were the best isdice predicting plant cover at
regional or landscape scale where 10 different Isygtems were aggregated. These
indices accounted for up to 39% of variation inatatover, followed by plant-water
sensitive and orthogonal indices. Distance-basddates did not perform well at this
scale. It appeared that different soil types arldurs and also different vegetation types

between land systems influenced the definitiorhefdoil line in these indices.

At land system scale, most of the vegetation irglizere strongly correlated with total
plant cover within the two land systems studied explained 60-90% of the variation
in the field measurements. Best indices at thikeseare from the orthogonal and plant-
water sensitive groups, followed by the distanceedaand slope-based indices.
Distance-based indices were much better prediafocever components within the two
land systems compared with regional scale becautte @greater similarity in soil and

vegetation types within land systems. Several degtdbased indices (e.g. PD54) have
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been used widely for assessing and monitoring pékdominated vegetation cover in
arid lands of Australia (Pickugt al., 1993). Results here confirmed the use of these
indices within land systems rather than acrossdmoareas. One of the limitations of
the distance-based indices is, however, the needefme subjectively soil and
vegetation-dominated pixels in bi-spectral spadackvmay lead to inconsistent results

in monitoring applications.

Among the vegetation indices evaluated in thisststress-related indices (e.g. STVI-
4) performed best in terms of consistency at batid$écape and land system scales.
These indices had high to very high correlationthwiegetation cover components.
Stress-related indices best predicted combinechpereand ephemeral plants, followed
by perennial plants at land system and total graxower at landscape scale. In addition
to the lower sensitivity of these indices to the&pal variation in soil and vegetation,
they are calculated using arithmetic combinatioharidsat image bands, thus are more
objective than distance-based indices and can bd s assessment and monitoring

vegetation cover, consequently land condition, ssfwoad areas.

Stress-related vegetation indices, designed ofllgifa agricultural applications, have
been shown to be better predictors of stressedsdih@m slope-based vegetation indices
(Thenkabailet al., 1994). O'Neill (1996) applied these indices teeani-arid rangeland
in New South Wales, Australia and found that theyfgem better than slope-based
indices in this natural environment. Results ofstburrent study confirmed stress-
related indices to be superior to slope-based @sdin arid areas. The reason for this
good performance of stressed-related indices isthiegy are not based on solely the red
and near-infrared regions of electromagnetic spattin these spectral regions, arid
and semi-arid plants due to their xeromorphic aatapts and low chlorophyll levels,
like stressed crops, usually have poor spectratrasin Conversely, because of their low
moisture levels and high proportions of woody amyg plant materials, arid plants
typically show considerable variation in mid andoiwave infrared reflectance.
Consequently indices that include these spectmgibmns, such as the stress-related

vegetation indices, are better recorders of arrdip@al plant cover.

7.1.2 Vegetation monitoring and land condition assessment

The application of the STVI-4 to dry season 199d 2002 Landsat imagery showed

this vegetation index was an appropriate methodébecting vegetation changes. In the
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study area, changes in vegetation were highligltedsubtracting 1991 from 2002
STVI-4 images. The vegetation difference image plesd useful information about
changes in vegetation cover resulting from varreion climate and alterations in land
management. It displayed an increase in the STVédides in the east and north east of
the study area due to the presence of ephemerdbkptathese regions thought to be in
response to localised rainfall. Examination of thference image in relation to
paddocks revealed changes in cover within and adoosindaries in this region that
resulted from management rather than seasonaltieasa The impact of management
also was observed clearly in this area as thereawagh increase in the STVI-4 values

around artificial water points where grazing preesiad been removed.

Statistical analysis, however, showed that chamgdeke STVI-4 did follow trends in
cover components (i.e. perennial vegetation cotegl vegetation cover and total
ground cover) and also LCI land condition classemf1991 to 2002. Changes in this
vegetation index were in a slight agreement witAngfes in the cover components and
LCI classes. Changes in STVI-4 and total cover tie highest Kappa coefficient
(approximately 10%). Kappa coefficients for changethe STVI-4 versus LCI classes
were slightly better than STVI-4 versus cover congds. The STVI-4 change

accounted for up to 15% of variations in the LGisgdes over an eleven-year period.

Despite low agreements between changes in the 8Tand LCI classes from 1991 to
2002, the 2005 STVI-4 vegetation index was ablditferentiate the LCI classes which
were recorded at 885 sites in this year. The STdIsériminated successfully all LCI
classes in low open woodlands, good and poor ddssehenopod shrublands and Mt.
Eba country. The performance of STVI-4 in non-§ieat vegetation cover appeared
limited as this index did not show significant difénces between different LCI classes.
Because STVI-4 is an indicator of vegetation abandaand this component is one of
the main criteria for determining land conditionli€l approach, this suggests that the
STVI-4 could be used to aid LCI in the assessméhdral condition. Before starting a
new LCI land condition assessment, for example,cthraparison of STVI-4 from last
assessment and STVI-4 derived from recent imagesy provide an overview of

vegetation condition and changes at last LCI sitewell as entire region.
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7.1.3 Aridland characterisation with hyperspectral imagery

Vegetation indices have been used widely to diffea¢e the reflectance of vegetation
cover from other physical materials. Such indicppear to be less applicable in arid
environments, however, where vegetation is spardesail and other physical features
are dominant and contaminate the reflectance oétaéign cover. In this study, for

example, the discrimination of vegetation coves@me land types was influenced by
the background black and brown surface gravels stodes. Most of the vegetation
indices, including one of the most promising vetietaindices (STVI-4), appeared to

overestimate vegetation cover. Spectral mixturdyaiga(SMA) appears to be superior
to vegetation indices in arid environments, becausan decompose all components

within imagery and thus minimise the effect of difnt components on one another.

By applying SMA to the Hyperion image, two vegesatiand three soil surface end-
members were extracted: the soil surface end-mesmbapped sand plains, sand dunes,
eroded areas, and surface gravel and stone. Theatiegn end-members discriminated
two types of vegetation cover in the region. Thetfend-member (PVg) mapped all
vegetation cover with green and grey green colerg. (nulga and western myall) and
correlated highly with field estimates of these poments. In contrast with PVg, the
second end-member (PVc) showed spectral featureie mbaracteristic of non-
photosynthetic vegetation with lower photosynthetativity. PVc correlated strongly
with field estimates of cottonbush and explaine&88f variation in the sample sites.
The spectral signature of this component suggeRtérialso mapped other vegetation
components such as chenopod shrubs and non-phtitesgrvegetation cover. PVc

accounted for up to 23% of variation in these congms in the study area.

Despite the favourable hyperspectral resolutionthef Hyperion imagery, only two
meaningful vegetation end-members were extractdds Thay relate to the low
vegetation cover of the study area (average 288tk bf spectral contrast between
different vegetation types, background effects o, sand possibly the high noise
content of the Hyperion image. Although the two etagjon end-members extracted
from the Hyperion imagery accounted for approxinya#®-90% of variations in cover
of green and grey green vegetation and cottonbmshmneaningful end-member was
produced for chenopod shrubs that are the domireggtation in the region and play a

key role in management decisions. It seems thigdiran of the Hyperion image in the
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discrimination of this vegetation type relates rosb the noisiness of the Hyperion
image because of atmospheric or sensor effectalandts moderate spatial resolution
(30 m). Research in a similar arid environment (isg\®000) showed it was possible to
discriminate chenopod shrubs with hyperspectral ICA&ompact Airborne

Spectrographic Imager) imagery with high spatiabtetion. The lack of discrimination

of these shrubs in the present study thus appearddte to their low cover relative to
the Hyperion spatial resolution, as well as thedovadiometric quality of the satellite

imagery.

While spectral mixture analysis is a useful apphoat the discrimination of arid
landscape components, SMA has limitations for nooimg applications: one of the
main limitations is the influence of spectral endmbers on one another. Because of
the sparseness of vegetation cover in arid enviensn the instrument field of view is a
mixture of different components and as result «f the availability of a single pixel as
a representative of a particular end-member is varng. Reliance on the image
reference spectra thus means that it is difficultdentify "pure” end-member spectra
suitable for unmixing. Because of this sensitivitAging this method for monitoring

purposes is questionable.

7.1.4 Land degradation assessment with a remotely-sensed heterogeneity index

Due to the dependency of the spatial heterogenaigx (MSDI) on the spatial
diversity in ground surface reflectance, this indes high potential in land condition
assessments in varied landscapes. To evaluateséfiginess of the MSDI in the study
area, spatial heterogeneity in selected piospldezgaded areas) and nearby reference
areas (non-degraded areas) was compared in foferedif land systems. Results
showed piospheres were more heterogeneous in surdflectance, with high MSDI
values compared to non-degraded areas. The higlaialsvariations in piospheres
seem to result from factors such as soil compacsbeep tracks and dung deposition,
which are usually much greater near water pointsparyed to more distant or reference
areas. Another factor that might increase spag#trogeneity in piospheres may relate
to vegetation condition, as overgrazed vegetationdar water has different spectral
responses from less-grazed or non-grazed vegeiatreference areas.

The PD54 and NDVI used as comparisons with theiapditzersity index performed

differently: the PD54 performed better in all lasystems and had consistent
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differences between degraded and non-degraded avigaigh values near reference
sites. By comparison, the NDVI appeared to be #ggdicable in the study area. While
NDVI showed significant differences between degdaded non-degraded areas in
most of the land systems, it could not differemtifhese areas in Yudnapinna land

system where chenopod shrubs dominated.

The MSDI, PD54, and NDVI indices were able to deg@azing gradients near the
artificial stock water points in the study area. MYalues decreased with increasing
distance from water points and showed high valoeméas with low vegetation cover.
It decreased with increasing vegetation cover asvalby PD54 and NDVI values. The
PD54 increased with distance from water in all laydtems except Yudnipinna. The
NDVI showed no clear grazing gradients either irdiapinna or Arcoona land system.
These land systems are dominated by chenopod slandbsthe vegetation indices

appeared to have limitations for detecting gragraglients in these landscapes.

7.2 Implicationsof research findingsfor arid land assessment and monitoring

As a major land use in arid environments, grazepé main cause of land degradation.
Overgrazing reduces the cover of living and deadetagion (plant litter) and this
promotes soil erosion by water and wind. The caatiion of this trend leads land
towards desert-like conditions or desertificatibligh levels of vegetation degradation
have been reported widely in Australian’s arid kuldat cover approximately 75% of
the continent. Usually most of the degradation c€@round watering points where
grazing pressure is higher than surrounding af®esause of the broad extent of arid
lands, land condition monitoring and assessmemgugiound-based methods is limited
in relation to the information they can provide.sBks of this research showed remote
sensing techniques, including vegetation indicpecsal mixture analysis and spectral
landscape spatial heterogeneity could be usedraplementary approaches.

It is clear there are predictive relationships lesw vegetation indices and quantitative
field cover data. While total vegetation cover grerial and ephemeral plants) was
predicted best by image indices, there was a $gmif correlation between vegetation
indices and perennial vegetation cover. Becausenp@l vegetation is less affected by
seasonal variations, it is the most important iatticin land condition assessment and

monitoring. These relationships show that certaggetation indices can be used to



DISCUSS ON AND CONCLUSION -108 -

estimate perennial vegetation cover and monitovarsation with time in broad areas

where field-based methods are less applicable.

The results showed limitations to the use of vdgetaindices in broad areas with
different terrains, soils and vegetation types. &tatjion indices were better predictors
of field cover data at land system scale rathen tiegional or landscape scale. Similar
results were also obtained when vegetation indige® used to discriminate LCI land
condition classes. These indices performed bettestiatified compared with non-
stratified vegetation cover. This means that gication into land systems and
vegetation cover should be undertaken, and thaetagign indices should be used
cautiously across land systems and heterogene@asati®n cover. As vegetation type
in each land system is usually similar, stratifimatinto land systems appears to be

adequate.

Despite the extensive use of NDVI, results showedsinot the most sensitive
vegetation index in the study area. Its applicgbilvas highly reduced in landscapes
dominated by chenopod shrublands. NDVI was, howeter best predictor of total
vegetation cover and total vegetation cover plusplaotosynthetic vegetation cover at
regional scale. This confirms NDVI is more useful §eneral vegetation quantification,

assessment and monitoring regardless of localiagarsd vegetation variation.

Landscape components derived from remote sensiagdng can play an important role
in land management. Land managers may, for examplet to know the distribution of
different vegetation types and their variations roviene resulting from seasonal
conditions and management strategies, or they risayveant to know the location and
distribution of other sensitive land componentshsas sand dunes. Monitoring sand
dunes can help to identify their movement and reizaythe most threatened areas
early. Image-based components such those deriveth fHyperion hyperspectral
imagery in this studhave high potential for land condition assessmedtraonitoring.
For examplethe sandy soil component that clearly mapped altl sdunes could be

used as an indicator for monitoring the risk of @varosion.

As vegetation cover is the most important factorland condition assessment and
monitoring and usually links to both the causes emasequences of land degradation,
appropriate image-based techniques are needed ttacewegetation information.

Although STVI-4 provided considerable informatiohoat vegetation cover and its
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variation through time due to seasonal and manageefécts, the MSDI enhanced
land condition assessment, exploiting the spattepns in land cover. In this study
environment the MSDI detected successfully areatudied by overgrazing around
stock watering points. The MSDI showed much greafmtial heterogeneity in these
areas compared to reference regions. In applyiadA8DI more widely the appropriate
filter size needs to be chosen in relation to fhetial scale of the landscape pattern and
degradation influences: a filter other than the 3w8ving window used here with
Landsat imagery may be more sensitive. In additilbis, index needs to be interpreted
with caution to exclude artifacts of apparentlyrhgpatial heterogeneity at the edges of

natural and man-made features such as rivers aus.ro

The STVI-4 and MSDI offer the potential to aid fiemethods in land condition
assessment and monitoring. The STVI-4 detectedesstdly changes in vegetation
cover due to seasonal conditions and changes thfsanagement practices and was
able to separate LCI land condition classes with ldonfidence levels within pasture
types. The good performance of MSDI in the detectd degradation in perennial-
dominated landscapes showed that it may be useah appropriate indicator of land
condition. Because of the simplicity and repeatybdf the MSDI heterogeneity index
and STVI-4 vegetation index, they could be usedapsd methods for assessing and
monitoring land condition of arid lands of Southstalia.

7.3 Recommendationsfor futureresearch

Recommendations span for several decades for theousemote sensing methods,
usually via vegetation indices, in arid land assesg and monitoring. Despite
compelling arguments, however, uptake of remotesiagnby arid land management
agencies has not been universal. Impediments terwide of the techniques include
lack of remote sensing specialists in monitoringd assessment agencies, and lack of
understanding amongst land holders about the irdbom that can be derived from
remote sensing. There can, additionly, be uncewahout the interpretation of image
indices in relation to more conventional field dataparticular environments. The
current research has addressed this last questiorselected environments in the
southern Australian arid lands and showed thatrinédion derived from remote
sensing imagery using different methods such asetaéign indices, unmixing

approaches and the landscape spatial heterogendéy have high potential in land
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condition assessment and monitoring. Such infoonatian assist land management

agencies in planning and managing broad areas.

To address some of the limitations of the methagsed in this research and to improve
their use and maximise their benefits, the follayiareas for further research are

recommended:

« Land system stratification

e Chenopod shrub discrimination

« Land condition monitoring with the landscape divtgrsndex

Land system stratification would be a logical &gt for vegetation assessment and
monitoring in the region. The favourable performaraf vegetation indices at land
system scale versus broader landscape scales suglgeg are land-type dependent
indices. At land system scale, vegetation simiigotomoted strong relationships with
field cover data. It was interesting to see thaihalex that had the strongest relationship
in one land system was weaker in another. This m#aat according to the definition
of vegetation indices, some indices are more deitéddr a particular land system.
Further research is therefore required to map kaxhsystem with the vegetation index
that has the strongest relationship with vegetatiover in that land system. Each land
system will thus have its specific vegetation indds the land systems have already
been mapped by South Australian government agentties mapping in GIS form
provides a good basis for stratifying the landscapeé developing these relationships
for a wider range of the land systems across thgéhSAustralian pastoral lands. In
order to do this more field data might be needexh ttvere available in this current
study. Such data might come from existing programsh as pastoral land monitoring
or it might need to be collected specifically foistpurpose. Another appropriate way to
develop relationships between vegetation index ana@nd field cover data is to use
stratified pasture types rather than individuadl@ystems. As the results of this study
showed vegetation indices performed better inifgdtcompared with non-stratified
pasture types. Using pasture type to establishethelstionships appears to be more

applicable and quicker and also covers much broadas.
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Use of remote sensing for discrimination of chertbpbrubs, which are the dominant
vegetation types in the region, is another imparthrection for future work. Results

from this study showed the Hyperion data were unablprovide a meaningful image
vegetation component for chenopod shrubs. Airbammegery with high spectral and

spatial resolution is a good solution for this bation, though more expensive than
satellite imagery. In the near future satellite éngpectral sensors with high signal to
noise ratio may be a cost-effective alternativauiil lands and provide more detailed

information about vegetation cover than achievetipgerion (Stuffleret al., 2005).

Future work should examine the landscape diversdgx for monitoring purposes. If
this index can detect changes in land conditionr diae, its application is highly
recommended due to its objectivity and requirenfentless image calibration. The
MSDI performed as well as widely used vegetatiodides, for example PD54, in
Australian arid lands. MSDI was able to highligls$tdrbed areas due to overgrazing
with high levels of confidence. Further work is deé to investigate the capability of

this index for monitoring land condition.
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APPENDIX 1

Examples of vegetation speciesin the study area

Maireana sedifolia (Pearl bluebush) Maireana astrotricha (Low bluebush)

Acacia aneura (Mulga) Acacia papyrocorpa (Western myall)
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Senna. ft. petiolaris (Desert cassia) Callitris glaucophylla (Native pine)

Halosarcia pergranulata (Samphire) Acacia tetragonophylla (Dead finish)

Eragrostis eriopoda (Woollybutt) Sand dune with dry sandhill canegrass
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APPENDIX 2
Atmospheric correction parameters

ACORN input parametersfor Hyperion

I mage for mat 1

Integer format 0

I mage dimensions (bands, samples, lines, offset) 191 256 3412 O
L ongitude (degree, minute, second) 30 55 33

Date ( day, month, year) 29 12 2005
Time (UTC) (hour, minute, second) 02 36 20
Elevation 150 m

Altitude 705000 m

Model Mid-latitude-summer (1)
Derive water vapour 1140 nm (2)

Include path in water fit 1

Visibility 100000 m

Estimate visibility 1

Artifact suppression (typel, type2, type3) 1 1 1
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Hyperion wavelength, FWHM and gain values for ACORN. Offset values of all bands

were null.
Band number | Wavelength | FWHM | Gain Band number | Wavelength | FWHM Gain
10 447.17 11.3871 0.02% 79 932.64 11.0457 0.012b6
11 457.34 11.3871 0.025 80 942.73 11.0457 0.0125
12 467.52 11.3871 0.025 81 952.82 11.0457 0.0125
13 477.69 11.3871 0.025 82 962.91 11.0457 0.0125
14 487.87 11.3784 0.02% 83 972.99 11.0457 0.0125
15 498.04 11.3538 0.02% 84 983.08 11.0457 0.0125
16 508.22 11.3133 0.025 85 993.17 11.0457 0.0125
17 518.39 11.258 0.02% 86 1003.3 11.0457 0.0125
18 528.57 11.1907 0.025 87 1013.3 11.0457 0.012p
19 538.74 11.1119 0.025 88 1023.4 11.0451 0.012p
20 548.92 11.0245 0.025 89 1033.5 11.0423 0.012p
21 559.09 10.9321 0.025 90 1043.59 11.0371 0.0125
22 569.27 10.8368 0.025 91 1053.69 11.0302 0.0125
23 579.45 10.7407 0.02% 92 1063.79 11.0218 0.0125
24 589.62 10.6482 0.02% 93 1073.89 11.0122 0.0125
25 599.8 10.5607 0.02% 94 1083.99 11.0013 0.0125
26 609.97 10.4823 0.025 95 1094.09 10.9871 0.0125
27 620.15 10.4147 0.025 96 1104.18 10.9732 0.0125
28 630.32 10.3595 0.02% 97 1114.18 10.9572 0.0125
29 640.5 10.3188 0.02% 98 1124.28 10.9418 0.0125
30 650.67 10.2942 0.025 99 1134.38 10.9248 0.0125
31 660.85 10.2857 0.025 100 1144.48 10.9064 0.0125
32 671.02 10.298 0.02% 101 1154.58 10.8884 0.0125
33 681.2 10.3349 0.02% 102 1164.68 10.8696 0.0125
34 691.37 10.3909 0.02% 103 1174.77 10.8513 0.0125
35 701.55 10.4591 0.02% 104 1184.87 10.8335 0.0125
36 711.72 10.5322 0.025 105 1194.97 10.8154 0.0125
37 721.9 10.6004 0.02% 106 1205.07 10.7979 0.0125
38 732.07 10.6562 0.02% 107 1215.17 10.7822 0.0125
39 742.25 10.6933 0.02% 108 1225.17 10.7662 0.0125
40 752.43 10.7058 0.02% 109 1235.27 10.752 0.0125
41 762.6 10.7276 0.02% 110 1245.36 10.7385 0.0125
42 772.78 10.7907 0.02% 111 1255.46 10.727 0.0125
43 782.95 10.8833 0.02% 112 1265.56 10.7174) 0.0125
44 793.13 10.9938 0.02% 113 1275.66 10.7091 0.0125
45 803.3 11.1045 0.02% 114 1285.76 10.7022 0.0125
46 813.48 11.198 0.02% 115 1295.86 10.697 0.0125
47 823.65 11.26 0.02% 116 1305.96 10.6946 0.0125
48 833.83 11.2823 0.02% 117 1316.05 10.6937 0.0125
49 844 11.2821 0.025 118 1326.05 10.6949 0.0125
50 854.18 11.2815 0.02% 119 1336.15 10.6996 0.0125
51 864.35 11.2809 0.025 120 1346.25 10.7058 0.0125
52 874.53 11.2796 0.02% 121 1356.35 10.7163 0.0125
53 884.7 11.2782 0.02% 122 1366.45 10.7283 0.0125
54 894.88 11.2771 0.02% 123 1376.55 10.7437 0.0125
55 905.05 11.2764 0.025 124 1386.64 10.7612 0.0125
56 915.23 11.2756 0.025 125 1396.74 10.7807| 0.0125
57 925.41 11.2754 0.02% 126 1406.84 10.8034] 0.0125
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Band number Wavelength FWHM Gain Band number Wavelength FWHM Gain

127 1416.94 10.8267  0.0125 177 1921.37 11.0424 0.0125
128 1426.94 10.8534] 0.0125 178 1931.47 11.0155 0.0125
129 1437.04 10.8818  0.0125 179 1941.57 10.9913 0.0125
130 1447.14 10.911 0.0125 180 1951.56 10.9698 0.0125
131 1457.23 10.9422  0.0125 181 1961.66 10.9508 0.0125
132 1467.33 10.9743  0.0125 182 1971.76 10.9355 0.0125
133 1477.43 11.0073  0.0125 183 1981.86 10.923 0.0125
134 1487.53 11.0414)  0.0125 184 1991.96 10.9139 0.0125
135 1497.63 11.0759  0.0125 185 2002.06 10.9083 0.0125
136 1507.73 11.1108 0.0125 186 2012.16 10.9069 0.0125
137 1517.83 11.1461 0.0125 187 2022.25 10.9057 0.0125
138 1527.92 11.1811 0.0125 188 2032.35 10.9013 0.0125
139 1537.92 11.2155  0.0125 189 2042.45 10.895 0.0125
140 1548.02 11.2496  0.0125 190 2052.45 10.8854 0.0125
141 1558.12 11.2826  0.0125 191 2062.55 10.8739 0.0125
142 1568.22 11.3146 0.0125 192 2072.65 10.8591 0.0125
143 1578.32 11.3461 0.0125 193 2082.75 10.8429 0.0125
144 1588.42 11.3753  0.0125 194 2092.84 10.8243 0.0125
145 1598.51 11.4037]  0.0125 195 2102.94 10.8039 0.0125
146 1608.61 11.4302]  0.0125 196 2113.04 10.782 0.0125
147 1618.71 11.4538 0.0125 197 2123.14 10.7591 0.0125
148 1628.81 11.476 0.0125 198 2133.24 10.7341 0.0125
149 1638.81 11.4958 0.0125 199 2143.34 10.7092 0.0125
150 1648.91 11.5133 0.0125 200 2153.34 10.6834 0.0125
151 1659.01 11.5286 0.0125 201 2163.43 10.6572 0.0125
152 1669.1 11.5404] 0.0125 202 2173.53 10.6313 0.0125
153 1679.2 11.5505] 0.0125 203 2183.63 10.6052 0.0125
154 1689.3 11.558 0.0125 204 2193.73 10.5804 0.0125
155 1699.4 11.5621] 0.0125 205 2203.83 10.556 0.0125
156 1709.5 11.5634| 0.0125 206 2213.93 10.5328 0.0125
157 1719.6 11.5617| 0.0125 207 2224.02 10.5101 0.0125
158 1729.7 11.5562| 0.0125 208 2234.12 10.4904 0.0125
159 1739.69 11.5477]  0.0125 209 2244.22 10.4722 0.0125
160 1749.79 11.5346 0.0125 210 2254.22 10.4552 0.0125
161 1759.89 11.5193 0.0125 211 2264.32 10.4408 0.0125
162 1769.99 11.5002  0.0125 212 2274.42 10.4285 0.0125
163 1780.09 11.4789 0.0125 213 2284.52 10.4197 0.0125
164 1790.19 11.4548 0.0125 214 2294.62 10.4129 0.0125
165 1800.29 11.4279] 0.0125 215 2304.71 10.4088 0.0125
166 1810.38 11.3994] 0.0125 216 2314.81 10.4077 0.0125
167 1820.48 11.3688  0.0125 217 2324.91 10.4077 0.0125
168 1830.58 11.3366 0.0125 218 2335.01 10.4077 0.0125
169 1840.58 11.3036  0.0125 219 2345.11 10.4077 0.0125
170 1850.68 11.2696 0.0125 220 2355.21 10.4077 0.0125
171 1860.78 11.2363  0.0125 221 2365.21 10.4077 0.0125
172 1870.87 11.2007]  0.0125

173 1880.97 11.1666) 0.0125

174 1891.07 11.1334] 0.0125

175 1901.17 11.1018 0.0125

176 1911.27 11.0714 0.0125
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APPENDIX 3

Representative examples of field spectra collected with ASD Field Spectrometer in
April 2006
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APPENDIX 4

Per centage cover collected from approximately 1000 points at each sitein January 2006 (Sample size= 52)

Sites 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Coordinates | €3 | B | =8 | 8 | 9B | 38 | 3% | 97 | 28 | 58 | 3B |58 |82 | 9% (B |53 | B (58|85 (35|82 (88|85 |38 83
) ) Mo D Qin DN = Jo Neo o~ O~ A~ N5 So p=dsa} QL Q@ [Sase) INI2) 4N S =] Qo IF o Lo Do Yo
(Easting&Northing) | 8 | 84 | S [ B | S [ S92 [ S | 52 [ B2 [ B2 |1 2 [ B2 | B2 | 82 [V | e | 6 [ 8o | S| S| 8| 8o |33 ([Ra | 3 | 32
wg | w8 | w8 | B | B | BE | VB | VB | WE | WS | B | BE | VY | VB | WE | WE | VS | VS | B [ VY | BB | WB | WS | WS | WS | V&
Components
Bare soil 453| 549 534 498 408 4119 50.1 2B.1855 54.5| 33.9| 354 44( 474  49[1 52 350 2B.3 .05022.7| 24.4| 40.7] 619 52y 40l6 55
Gravel and stone 17.§ 25.p 33 0l6 40.7 38.2 10.6 27.4 2.4
Litter 9.2 2.6 5.5 45.7] 434  43. 4. 57 23.4 038.43.1 | 443 7.9 21.10 11, 10. 4414 236 304 4.2 P 269)| 359 6.8 354 24,
Cryptogams 0.4 0.
Ephemeral (Grass+Herbs) 2. 4.p 0 04 4.5 1.4 8 1.3 1.9 18.3 9.2 0.5 7.4 4.1 0. 135 372 1p3.6 b 03 154 0.7 9.0 10.
Acacia aneura 0.8 1.4 1.8 9.0 15.1 3.1 1.4 3. 4.4 4 11.1 3.28.3 6.7 7.2 7.6 4.9 15.§ 271 6. 1. 74 22 3
Acacia burkittii
Acacia kempeana
Acacia papyrocarpa 02 | 23 11.7] 92[ o7 1.3 24] 123 139 7 1 0.5
Acacia tetragonophylla 1.7 1.3 1.1 0.5
Atriplex vesicaria 8.8 0.8 14 21.3 1.2 0.4 3.9 1.
Casuarina pauper 2.9 1.7
Chenopodium nitrariaceum 9.8
Dissocarpus biflorus
Eremophila duttonii 0.6
Eremophila latrobei
Eremophila longifolia
Eremophila rotundifolia
Eremophila scoparia
Grevillea juncifolia 2.9
Lawrencia squamata 1.4
Maireana aphylla
Maireana appressa 0.1
Maireana astrotricha 9.2 3.3 0.6
Maireana pentatropis
Maireana pyramidata
Maireana sedifolia 2.2 2.6 22.6 1.1 6.9 10.
Maireana triptera 3.4 5.0 0.5
Melaleuca glomerata
Sclerolaena obliquicuspis 0.8
Senna artemisioides
Senna ft.gawlerensis
Senna ft.oligophylla 1.2
Senna ft.petiolaris 0.4 0.9 1.2 2.9 2.0 3.4 3.8 5p 2{712.8 0.7
Senna sp. 0.7




APPENDICES -141 -
Sites 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 12 43 44 45 46 47 48 49 50 51 52
H [{e} o o [Te) [o] [32] - © © N - © ~ o N~ N [ee] < — - [32] N - o (=] N
Coodinates | 58 | 88| 98 | 98 | 38 | 82 | 228 | =8 | 58| 98 | o¥ |85 | o8 |28 | 3B | o |32 | 0| B|oF 8|8 885 |8T |8
Easting & Northing) | @5 | 83 [ 8 [ 82 [ IS [ RS [ 25 [ 85 | 82 | 83 | 8% | RS | g | 82 | &85 | 85 | K2 |89 | 85 | S3 | SIS | RS | 88 | RS | RS | 82
( 9 D3 |83 | 82 |83 | 52 |82 | 62 | 83 | 62 | 83 | 6B | 83 | 63 | €3 | 63 | cB8 | ¢33 | $2 | €3 | e [ G2 | ¢33 | B2 | 85 | 83 | B3
Components o o o o o o o o o o o o 0o o o o o o o 0o 0o o 0o 0o o o
Bare soil 33.6 47. 4214 349 293732 31.3| 32.1| 41.0 25.4 29.p 198 277 634 r2 9 29.0 26. 4000
Gravel and stone 41. 3.B 1Q.3 3p.3 .4 16 30.6 17.1 3.6 41. 15/5 10.2 171
Litter 21.1 24 30.p 405 234 121.3 ] 29.6] 39.9 12.1]  26.4 20.p  29/5 132 1 1 7 9.4 13.
Cryptogams 11.3 3.6 4.4 7.1 36 0.8
Ephemeral (Grass+Herbs) 147 .3 13.8.9 12.2 9.0 8.6 5.3 5.6 5. 11{5 93 12 .76.4 8.8 6.4
Acacia aneura 3.0 2.8 1.3 2 11 116 41 5 7.7 2.9 1.9
Acacia burkittii 115 1.1 3.2
Acacia kempeana
Acacia papyrocarpa 4.3 1.7 9.1 2.7 0.9 1716
Acacia tetragonophylla 0.8 0.3 0.4
Atriplex vesicaria 15.3
Casuarina pauper 1.5 2.3
Chenopodium nitrariaceum
Dissocarpus biflorus 3.7 1.3
Eremophila duttonii 1.5 1.0 2.(
Eremophila latrobei 1.7 2.7
Eremophila longifolia 8.7
Eremophila rotundifolia 27.1
Eremophila scoparia
Grevillea juncifolia 2.3 15.4 12.4
Lawrencia squamata
Maireana aphylla 14.5 6.3 210 12.2
Maireana appressa
Maireana astrotricha
Maireana pentatropis 0.9 1.1
Maireana pyramidata 0.4
Maireana sedifolia 2.3 14 15 1.2 17.4 0.9 2{7
Maireana triptera
Melaleuca glomerata 21.8
Sclerolaena obliquicuspis
Senna artemisioides
Senna ft.gawlerensis 14.6 1.4 1.1
Senna ft.oligophylla
Senna ft.petiolaris 1.6 1.0 1.4 5.5 1.
Senna sp. 1.8 2.8 2.1

W
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