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Executive summary

Mediterranean climate agriculture is of key economic and social importance to South Australia, and
protection of soil resources from erasion is therefore a high priorithéostate Government. To

ensure that South Australian soils are conserved, the South Australian Department of Environment
and Natural Resources (DENR) conducts erosion protection field surveys (EPFS) to monitor soil

cover and disturbance on agriculturaida.

However, while very valuable, field surveys are expensive and have limited spatial extent and
temporal frequency. Consequently there is growing interest vithie andAustraliangovernmerg

in the potential of remote sensing to assess soil coegpabpriate spatial and temporal resolutions.

This project was initiated in response to this interest, and is an Australian Research Council Linkage
Project collaboration (LP 0990019) between the University of Adelaide and DENR. The goals of this
projectwereto:

1. develop a remotely sensed image index of soil exposure capable of accurately measuring the
magnitude and duration of soil exposure across Southalia& cereal cropping regions;

2. evaluate the accuracy of the image indices so that they might be ws=sg$s0il erosion
risk with confidence, and

3. to provide demonstrations of how the image indices might be used to report agaisitthe S

AustralianStateStrategicPlan soil protecion target.

Outcomes of this project of relevance for imdigesed soil exposure monitoring can be broadly
divided into two categorieseportingon soil exposure across South Australia's cereal cropping
regionsandscienific advances Reportingoutcomesllustrate how thesatelliteimagebased_and
Condition Index (LClor Relative Spectral Mixture Analysis (RSMAjight be used to monitor and
report on soil exposure, and how imdggesed reporting would differ from the current fibldsed
method. Scientiic outcomesare theuseof rigorousempiricalmethod to evaluate theensitivityof

the LCI, the RSMA and the Absolute Relative Spectral Mixture Analysis (ARSMA). This advances
the science of satellite based soil exposure measurement and monitoripgy\éahes confidence in

the ability of the LCI to support imag®ased soil exposure reporting. $ascience outcomes will be

submitted to, and published in, peer reviewed scientific journals.
Reporting outcomes includke following.

1. Visualisations otemporal profiles of LCand RSMAagainst EPFS assessments of soil cover
are provided, and demonstrate the ability of the &1l RSMAto report more frequently
than the EPFS. These profiles also demonstrate thadandCRSMA detecall general



Executive summary i

seasonal atterns, anall major deviations from average seasonal pattengs (nusually wet
or dry years)

2. A proposednethod for using LCI to visualise fortnightly changes in soil exposure, by
reporting region, from 2000 to 2010

3. A proposednethod forusing LCIto calculateand visualisenagnitude of erosion
vulnerability (duration of soil exposure multiplied by severity of soil exposure)

4. A proposednethod for using LCI to calculate and visualise change in land proteota
erosion relative to ZIB. This methd will assist in reporting against the South Australian
State Strategic Plan soil protection target

Sciernific outcomes include:

1. Evaluation of the_Cl, RSMA and ARSMAagainst specificalkgollected igh quality field
fractional soil exposure data oneregion of South Australia. The LCI, RSMA and ARSMA
weredemonstrated to be good measwksoil exposure in this region.

2. Evaluation of he LClagainsthe EPFS assessments of soil cover in all cropping regibies
LCI was demonstrated to be a consismrtdictor of soil exposure in all South Australian

cropping regions.

Thus, we have demonstrated strong agreement between LCI and high quality field fractional cover
data in one area and consistent agreement between LCI and the DENR EPFS Cover Rajhmguthrou

the cropping regions. Furthermore, we have demonstrated that the LCl is capable of measuring trends
in soil exposure over time, and how the LCI can be used to report against388 Sail protection

target.
Recommendatiors

The LCl is ready for incorporation into the DENR soil erosion risk monitoring progfdms. satellite
imagebased monitoring has advantages of beiigctive and consistergpatiallyand temporally
comprehensiveand coskffective. Adoption of the LCls a lowrisk move for DENR. If a better soll
exposure image index is discovered in the future, DENR could easily switch to that index. The
reporting methods we have demonstrated in this report could equally easily be produced from another
image index.Such a change would require minimal disruption to production, and would be invisible

to reportusers

If DENR chooses to adopt the LCI, we recommend that a detailed tramsitidmplementatioplan

should be drawn up, includy the followingcomponents

1 both the LCI and EPFS be conducted in tandem for a period,;
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1 some additional high quality field fractional cover data be collectéukittyre Peninsula and
Murraylands region® increase confidence in performance of the LCI across a wider range
of SouthAustralian soil types

9 the target audiences and means for delivery of ir@ged erosion protection information be
further clarified;

1 the means and capability for-going production and delivery of imadpased erosion

protection reports be identified.

In the near future, the Adelaide AusCover noflehe Terrestrial Ecosystem Research Network
(TERN) will undertake further development of th€l, RSMA and ARSMA These will be
developed from 2011 to the end of 2013, and may leadgmvements in soil exysureremote
sensing that DENR could incorporate into an imhagsed soil exposure monitoring program.
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1. Introduction

1.1 Background and aims

Mediterranean climate agriculture is of key economic and social importance to South Australia, and
protection of soil resources from erosion is therefore a high priority for the State Government. When
this project was conoged South Australia's Strategic PEBASP)2007 reflected this importance in
target T3.3 Soil protection, "By 2014, achieve a 20 % increase in South Australia's agricultural land
that is adequately protected from erosion”. Since project conceptiomgbeance of soil

conservation has been given even greaeognitionin the revised SASR0O11target 70, Sustainable
land managemenby increasing the target for agricultural land and adding a adding a target for
pastoral land "By 2020, achieve a 25r%érease in the protection of agricultural cropping land from

soil erosion [as compared to 2003] and a 25 % improvement in the condition of pastoral land."

To ensure that South Australian soils are conserved, the South Australian Department of Environment
and Natural Resources (DENR) conduatssion protectiofield surveys EPFS to monitor soil

cover and disturbance on agricultural landsis EPFSis extensive, covering more than 3,500 km of
transects throughout the agricultural districts of Southtialia, visually assessing land condition at
approximately 5500 sites, argrun at four critical times each yedhesevisual estimateare

combined withsite-based records of topography and soil tgpd then extrapolated to estimatgl

erosion risk fo the cereal croppingegions.

However, while very valuable, field surveys are expensive and have limited spatial extent and
temporal frequencyConsequently there is growing interest within staterainalgovernmergin

the potential of remote sensitmassess soil cover at appropriate spatial and temporal resolutions.

This project was initiated in regpse to this interest, amgasan Australian Research Council
Linkage Projectollaboration(LP 0990019between the University of Adelaide aB&ENR. The

goak of this projectwereto:

1. develop a remotely sensedageindex of soil exposure capable of accurately measuring the
magnitude and duration of soil exposure across South Australia's cereal cropping regions

2. evaluate the accuracy of the image iediso that they might be usedgsessoil erosion
risk with confidence, and

3. to provide demonstrations of how the image indices might be used to report against the SASP

soil protection target.
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1.2 Report structure

Section2 of this document is a paper sultetl to the scientific peer reviedjournal, Remote
Sensing of Environmerithis sectionpresents theatelliteimagebased._and Condition Index (LCI),
evaluates the LCI and tiNormalisedDifferenceVegetationndex (NDVI) against high quality field

fractional coverdata, and demonstrates that the LCl is a good predictor of soil exposure.

Section3 is also a paper submittemlRemote Sensing of Environmdhevaluated the LCl and NDVI
against the DENREEPFS Cover Rating (CRJlemonstrating that LGlerforms consistently across the
cereal cropping regions of South Australia.

Section4 presents two additional image indices, the Relative Spectral Mixture Analysis (RSMA) and
the Absolute Relative Spectral Mixture Analysis (ARSMAhese image indices ma#ae the relative

and absolute fractional cover of photosynthetic vegetation (PV)photosynthetic vegetation (NPV)
and soil respectivelyl his sectionalso includes an evaluation of the performance of these two indices
against the high quigy field fractional cover data his evaluation demonstrates that RSMA and
ARSMA are very promising indices of soil exposure, as well as PV and NPV fractional cover.

In Section5 wedemonstrate some of the potential uses of the image indices for monitoring and
reporting on soil erosion riskhese includéemporal profiles (graphs of variation over tinaé)_Cl,
NDVI and RSMA, anctcomparisons athesewith temporal profiles of other variables including the
DENR EPFSand precipitationAdditionally, measurespedfically designed for reporting against the

SASP soil protection target are demonstrated.

Section Gorovides a short case stuithyone reporting region, ardémonstrates the advantages of the

imagebased.Cl over thefield-basedEPFS for monitoring soil gosure.

Finally, Section7 provides a summary of theport findingsyecommends that the LClisady for
operational uswith little additional workandoutlinesthework thatwould be required before the
ARSMA could be used operationallyinally, we ®nclude with a description of how the TERN
AusCover project will advance the remote sensing of soil exposure, and the potential impacts this

could have for South Australia.
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2. Paper I Direct evaluation of a new MODIS Land
Condition Index (LCI) and NDVI against largeale
field-assessed fractional cover

Authors

Clarke, K, Lewis, M.,*, Dutkiewicz, A%, Forward, G' andOstendorf, B'
!School of Earth and Environmental SotesThe University of Adelaide
“Department of Environment and Natural Resources, South Australia

Corresponding author email: kenneth.clarke@adelaide.edu.au

2.1 Abstract

The protection of soil resources from erosion is an issue of global importanceabitigof

agriculture and the ability to feed the expanding human population is contingent on continued soll
fertility. To protect soils from erosion it is essential that adequate cover levels be maintained for as
long as possible, to limit both the setyeand duration of erosion. However, there are no current
methods for measuring soil exposure severity and duration at extents and temporal frequencies
appropriate for monitoring of broad cropping regions. This paper is Part | ofganvetudy aiming

to address the need for a spatially extensive remotely sensed index of soil exposure with moderate
resolution and high temporal frequency. We introduce a new MODIS index of soil exposure, the Land
Condition Index, and test it in an area of uniform soilstapdgraphy in the South Australian
Mediterranean cropping region. The LCI was tested against field fractional photosynthetic vegetation
(PV) , nonphotosynthetic vegetation (NPV) and soil cover measurements collected at a large field
scale, appropriate falirect comparison with of MODIS. The performance of the LCl was also
compared to the widely used NDVI. Bdthage indices were produced from the MODIS NBAR
product. Since this image product is cloud free and has high temporal frequency it is ideal for
measuring the duration of soil exposure. We demonstrated that LCI has a stronger correlation with
fractional soil cover than NDVI (R= 0.48 and R= 0.21 respectively). This paper establishes that the
LCl is a strong predictor of soil exposure through panson with quantitative field data collected at

a MODISappropriate scale. This relationship was based on measurements of cover from a single
region. In Part Il we evaluate whether LCl is a consistent predictor of soil exposure across much

broader extets.

'Submitted tdRemote Sensing of Environment
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2.2 Introduction

The protection of soil resources frarosion is an issue of global importantedeed, the continued
economic viability of almost all agriculture and the ability to feed the expanding human population
are contingent on the protectiohawil resourcesAs Lal (2003 notes, this importance is illustrated

by the strong focus on sustainable management of soil in Agenda 21 from the 1992 Rio summit
(UNCED 1992, the UN Framework Convention on Climate Charig’lFCCC 1992, the 1994 UN
Framework Convention to Combat DesertificatioiNECD 1996, and Articles 3.3 and 3.4 of the
Kyoto Protocol UNFCCC 1997.

If soil resources are to be protected from erosion, then both the severity and duration of soil exposure
must be minimised. To thend, it is essential that an adequate level of soil cover is maintained for as
much of the year as possible. In seasonally cultivated Mediterranean cropping areas, the focus of this
study, adequate soil cover is achieved through effective managemempspastures and crop

residues In recent decades, adoption of conservafi@oming practices has helped to minimise soil
disturbance and exposure throughout the cropping cyblengas et al. 2007 However, areas of low

cover still persist. Some mareag have not adopted conservatiarming practices, and even when
adopted, some soil problems such as salinity or sodicity make the retention of protective levels of soil

cover difficult.

However, soil conservation does not rely solely on land mana@étkin most cropping regions at

least one government agency is responsible for the protection of soil resources. To be effective, these
agencies must be able to locate regions of inadequate cover and then through incentives, disincentives
or education eraurage better sedover retention. At present, it is difficult for these agencies to

monitor soil cover within their jurisdictions. Cropping areas are often extensive,-fialtlin

assessment is expensive and time consuming. Consequently, even fietdeestessments only

directly assess some of the area several times a year, and this limits the ability to measure both the
severity and duration of soil exposure. There is a clear need for a means of accurately measuring soil
exposure with a high teropal frequency, at broad spatial scales and with a spatial resolution

appropriate to field sizes in extensive cropping areas.

Remote sensing technology has the potential to provide this information. For example, the NOAA
AVHRR sensor collects data at appriate temporal frequency and extent , and at a spectral
resolution suitable for regional monitoring, although the spatial resolution is too coarse for regional
monitoring of cropping fields. A large body @&search over the past two decades has shwatn t
AVHRR-derived vegetation indices, particularly NQ\¢an be used to predict fractional
photosynthetievegetation covenittich and Hansing 1995; Gutman and Ignatov 1998; De Ridder
2000; Omuto et al. 20)0 Furthermore, this knowledge has been appfliexther fields of remote

sensingsuch as surface temperature measurement
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The remote sensing of surface temperature has for a longpéemeused to accouiur the influence

of 'fractional vegetation cover' on land surface temperature (LST) (see i®vRetropoulos et al.

2009. However, the measure of 'fractional vegetation cover' used in LST remote sensing is usually
based on NDVI, and should therefore be more accurately called a 'fractional ptiw@tsyregetation
cover' frpy). This is of conern, since both dead and green vegetation fraction have been
demonstrated to strongly influence surface emissivity, and hence surface tempErancie ét al.

2000. Therefore, a measure of frawtal total vegetation coveir{,) would be more approjaite

thanfrpy and may improve the accuracy of LST remote sensing in areas with significant amounts of

senescent vegetation such as rangelands and cropping regions.

While AVHRR datahas been used widely and successfully for regional and continental asssssm

of frpy, it lacks the spectral resolution for discrimination of soils fromplartosynthetic vegetation
(NPV). Consequently ost research on discrimination of PV, NPV and soil using satellite imagery
hasused high spatial and spectral resolution mesaeents, with less attention given to brcadle,
high-temporal frequency imagenyf his research has demonstrated considerable potential for
distinguishing these important cover types. A variety of indices have been used successfully with a
range of imageand spectral data includitiigld spectrometers, airborimaging spectrometer and
moderate to high resolution multispectral and hyperspectral satellite imégasr @nd Heidebrecht
2002; Daughtry et al. 2004; Sullivan et al. 2004; Arsenault and Bonn 2005; Daughtry et al. 2005;
Daughtry et al. 2006; Marsett et al. 2006; de Asis and€ar807; de Asis et al. 2008; Gowda et al.
2008. In summary, these studies identify the utility of the shortwave infrared region of the spectrum
for discrimination of PV, NPV and soil, and one index in particular stands out: the cellulose
absorption indexCAIl) (Nagler et al. 2000; Nagler et al. 2003

The monitoring of soil exposure in broad scale cropping or pastoral regions requires high spectral
resolution, broad extent and high temporal frequency. However, thawgltral resolution sensors

in thestudies cited above have inadequate extent and temporal frequency, while AVHRR has
inadequate spectral resolution. However, the MODIS sensor collects data over an extent and with a
temporal frequency similar to AVHRR but with greater spectral resolutiateed, the high temporal
frequency of MODIS has recently been utilised to map land cover types across Ausgrabarher

et al. 2010.

However, here has bediiitle research examining the potentialMODIS for soilexposure

monitoring. A recent nable exception is the work Guerschman et 82009 which developed an
unmixing approach based MODIS NDVI versus band 6/band 7. Me this method showed

promise in producing fractional cover estimates of PV, NPV and soil, the method was not
comprehasively validated with field measurements. Validation was mostly qualitative in one climatic

region, and quantitative validatioastricted to comparison of two datasets of greatly different spatial
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scales: an image index at 500 m resolution, and a fielkore of fractional PV and NPV cover

collected from two perpendicular 20 transects.

We hasten to add that we do not intend this as a criticism of the w@kdrngchman et a(2009.
Quantitative validation of moderate resolution satellite image products is a difficult task. Accurate
field data is usually derived from point measures @ayver et al. 1999and there is therefore a scale
mismatch between the field data and thegenproduct we wish to evaluate. A common solution to
this problem is the one taken by the MODIS Land Discipline (MODLAND) T.e¢haybridge the

gap between fine scale field data and moderate resolution satellite imagery by first establishing
relationshipetween the field data and high resolution remotely sensed\Miatizétte et al. 2002

These relationships can then be used to extrapolate the point measures to an appropriate scale for
comparison with moderate resolution satellite imagery, such asISI@Dine and Cohen 1999;

Reich et al. 1999

2.2.1 A new land cover index

This paper is Part | of a twgart study detailing the development and validation of a remotely sensed
index of soil exposure. In Part | we introduce a new MODIS index of soil exptiserieand

Condition Index (LCI), and demonstrate its efficacy by evaluating it against quantitative field data
collected at a MODI&ppropriate scale. In Part Il we evaluate the LCI against an existingdp&ist

soil exposure monitoring method and denatsthat the imagdased monitoring can augment field
assessmentE(arke et al. 2011

The broader goal of this study is to develop an irtzaged method for assessing and monitoring soil

exposure across extensive agricultural regions at risk ofresilom. Specifically, our research aimed

to 1) develop a new MODIS index as a predictor of soil exposure that is capable of discriminating

total vegetation fractional coveir g, andfrygy) from fractional soil coverffs) moreaccurately than

NDVI, and 2 to validate this index against field fractional cover measurements at a scale appropriate

to MODIS ground resolution. To this end we propose a new index inspired by, but not identical to, the
Cellulose Absorption Index (CAl) developed Nagler et al(2003). The CAl measures the average

depth of the cellul ose absorption feature at 2.1

average of the reflectance at 2.0 em or 2.2 em (E

Yoo+ Y22

060G > Y51 (1)

where Ry, Ry 1, andR,, are the reflectance at 2.0@.05, 2.08 2.13,and 2.192 . 24 & m,
respectively INagler et al. 2003

The index we propose must differ from the CAl because MODIS does not incorporate any wavebands
at 2.0 em or 2.2 &m. et éndex @ Cl), amnermaglisecdnpeassreofthdhe L and
difference in reflectance between MODIS bands at1i6P8 6 52 e midnd583. 85 t he | a
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of which is positioned within the cellulose absorption feature (Equation 2) while the former is
positioned in a eutral region not influenced by cellulose. Additionally, we hypothesise that LCI will

be a more accurate measure of soil exposure than NDVI.

" o e Yig Y21
VO —=———== 2
Y16t Y21 (2)

where Rgand R , are reflectance factors from MODIS bands 6 and 7 aBli.d2. 6 52 & m, and

i2.155 em respectively.

To illustrate the ability of the NDVI and LCI to differentiate PV and NPV cover from soil, we provide

the following representative example, using spectra for PV (green Eucalyptus leaves), NPV (Pea
Straw)anh r ange of soil s. Refl ect anceem,v alakesn &tr o0
these spectra for the different cover and soil types, were used to calculate NDVI af@lhl€L).

NDVI produces values of 0.8 for PV, 0.2 for NPV and Q.08.23 for different soils, and hence the

index allows for PV to be distinguished from NPV and soil, but does not distinguish NPV from soil.

On the other hand, the LCI valugstentially allow separation of PV (0.35) and NPV (0.13) from

soils (0.077 0.03).

0.7 -

0.6

0.5 A
[+]
2 044 f 0 i AN e e Eucalyptus
=]
% Pea Straw
%5 03 A — — SodicClay
P Loam

0.2 4 Silty Loam

Clay Loam

400 900 1400 1900 2400
Wavelength (nm)

Figure 1. Indicative reflectance spectra for different soils, one photosynthetic vegetation (PV), and one non
photosynthetic vegetation (NPV).Adapted from Summers et al. (2011).

The aim of this paper is to address the clear need for a means of accurately measuring soil exposure
with a high temporal frequency, at extensive spatial scales and with moderate spatial resolution. To
this end, we @sent an evaluation of the LCI as a measure of soil exposure for broad agricultural

regions.

Firstly we collect fieldrpy, frypy andfrs measurements at a large paddock scale appropriate for direct
validation of MODIS image products and then calibrate the LCI against these field data. By

collecting the field data at a MODIS appropriate scale we eliminate the potentially confounding step
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of up-scaling from field data to higresolution imagery and then treating the higkolution image
product as validation datginally we compare the performance of the LCI with the widelgd
NDVI. This approach aims to provide confidence that theioglstips reflect the actual

correspondence between field and remotely sensed variables.

Table 1. Example MODIS reflectance and image index values for a photosynthetic vegetation (green eucalyptus),
non-photosynthetic vegetation (peatraw) and several soils.

Reflectance Index
Cover type Red-, NIRy R R1 NDVI LCI

Green Eucalyptus 0.07 0.64 0.33 0.16 0.80 0.35

Pea Straw 0.36 054 057 0.44 0.20 0.13
Sodic Clay 0.27 0.34 0.53 0.50 0.11 0.03
Loam 0.20 0.28 0.48 0.52 0.17 -0.04
Silty Loam 0.34 0.40 059 0.64 0.08 -0.04
Clay Loam 0.10 0.16 0.34 0.39 0.23 -0.07
2.3 Methods

2.3.1 Study area

Our study was based in a rdad cropping region of South Australia with a Mediterranean climate
(Figure2). The region experiences hot dry summers (Decenfbelruary) and mild wet winters

(July - August), and receives an average annual rainfall of approximately 500 mm. Agriculture in the
region is dominated by annual rotations of cereal crops, legumes and rafgrsasitcé napusalso

known ascanola).

In the study area, annual crop and pasture phenology follows a predictable annual pattern. Through
summer, the landscape is largely dry althio limited rainfall can lead to significant summer weed

and pasture growth. In an average year, this is followed by rain in late March through to May and
subsequent weed and pasture growth, until chemical spraying of weeds and seeding;dilidirect
seading, which reduce cover to a minimum in Mayne. Following seeding, annual crops germinate
and growth peaks in September. Finally crops ripen, senesce and are harvested in November and

December. Stubble remaining after harvest is commonly grazeddktetoughout summer.
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Figure 2. Location of study fields within South Australia.

This study focussed on 15 fields ranging in size from 61 to 257 hectares which are generally
cultivated with a range of cover types includingeadr rapeseed and lentil crogable2). These
fields were chosen for their extremely large size, relative uniformity of soil and uniformly flat
topography. This design allowed us to obtain fractional cover from fields cordésgda several
MODIS ground resolution elements, with reasonable expectation of homogenerm/soitiue to

minimal soil variability and minimal topographic redistribution of rainfall.

2.3.2 Field data

Field fractional cover data was collected on four dategyusvo field survey methodologies, one
steppoint and the other photographitaple3). Four dates were sampled to ensure the full range of
frey, frnpv @andfrs werecharacterised. The April and June survey dates were chosen to capture
maximumfrs. The October survey was timed to coincide with the expected time of peak green
canopy cover, but before any crop senescence, to capture maskigquiRinally, the Novembedate
was timed as late as possible, but before harvest, to coincide with makigaum

The steppoint method was used on the first two field survey dates (April and June) when crops were
either not present, or were so new that little damage was caliseghhotographic method was used

on the last two field survey dates when crop canopies were full and green (October) or full and ripe

(November). The photographic method was used to minimise crop disturbance, but unlike the step

point method did not covehe whole field. For this reason the photographic method was only
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applied after a field had been visually assessed to have homogenoud abies summarises the

two survey methods

Table 2. Study field sizes (ha), post cultivation crop type, and the number of MODIS image elements with centres
within the field extent.

Post cultivation MODIS image

Field number Area (ha) crop type elements(n)
1 231.53 Lentils 14
2 105.32 Rapeseed 5
3 120.03 Cereal 5
4 210.65 Lentils 10
5 129.45 Cereal 4
6 84.73 Cereal 2
7 171.52 Cereal 8
8 257.42 Lentils 15
9 129.45 Lentils 4

10 60.90 Cereal 3
11 96.20 NA 8
12 167.69 Cereal 7
13 36.19 Weeds* 1
14 62.66 Cereal 6
15 75.31 Cereal 4

*Field was not cultivated. Cover was a
mixture of broadleaf weeds and cereal.

Table 3. Field survey dates and survey method employed, and MODIS satellite image middle dates

Field surey date Satellite image miedate survey method
27th April 2010 1st May 2010 step-point
22nd June 2010 20th June 2010 step-point

8th October 2010 8th October 2010 photographic
26th November 2010  25th November 2010 photographic

'MODIS images usedftinis study are composites of images

collected over 16 consecutive days. The date reported here

is the middle of that 16 day period

Steppoint method

To record field fractional cover with our stppint method surveyors walked stppint transects
(Evansand Love 1957; Mentis 1981 bi secti ng each field from

every second step (approx. 1.5 m intervals) surveyors recorded the cover type (PV, NPV or soil)

fence

1
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directly under a thin line drawn on the end of their shoe. For egldhffiactional cover was
determined by combining the stppint tallies of both surveyors, and then calculating the proportion
of each cover type out of the combined tallies. The total number epsieprecordings taken within

each field ranged fronparox. 560 to 2500T@able4; n for April and June).

Photographic method

Vertical, nadiroriented higkresolution colour digital photographs were taken from approxignate

one metre above the crop canopy. Fractional cover was determined by using software to overlay a
regular grid of 100 points (10 x 10) over each photograph, and visually scoring the cover type at each
point as either PV, NPV, soil or shadow/unidentifi€er each field fractional cover was determined

by combining the point tallies from all photographs for that field, excluding shadow/unidentified, and
calculating the proportion of each cover type out of the total tally for that field.

On the first photogphic sample date (October) between six and thirty photographs were taken in

each field to ensure withifield variability was adequately captured. However, there was little

variation in cover levels between photographs within each field. Consequamdy fhotographs

were taken on the second photographic sample date (November), ranging from eight to nine
photographs per field. The total number of points assessed from all photographs for each field ranged
from 600 to 2500Table4; n for October and November).

2.3.3 Satellite imagery

The United States Geological Survey (USGS) Land Processes Distributed Active Archive Center (LP
DAAC) MCD43A4v5 MODIS product was used fttis project. This is a 500 m resolution nadir
bidirectional reflectance distribution function adjusted reflectance (NBAR) 16 day composite data
product. The NBAR correction normalises reflectance values across the image to what would be

recorded if vieved from directly above.

Four MODIS composite images were used in this study, withdaiids chosen closest to each of the

four field sample events to ensure optimal correspondence between image and fidldldag).

2.3.4 Image index calculation and evaluation

Both LCI (Equation 2) and NDVI were calculated for the four image dates. Average image indices
were calculated for the 15 fields on each survey date and were remhwpith the corresponding field
assessefipy, frypy andfrs. For a given field, only image elements with centres within the field extent
were included in the average. The number of image elements within each field extent is listed in
Table2. Field 13 encompassed only one MODIS image element centre, therefore the image index
values recorded for that field are not an average, but are the indes f@auhat individual image

element.
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2.4 Results

2.4.1 Field fractional cover

Field assessdtpy, frypy andfrs values Table4) followed the expected temporal pattern desatim

for the study area. In April (midutumn), fields were dominated by crop residues resulting in high
frney, While summer weeds provided sofmg,. In some fields, inadequate crogsidue retention or
overutilisation of crop residues lead to higk In June (winter), all but one field3) had been

cultivated and crop germination resulted in a mixture of low to modfeggtdryey andfrs. Field 13

was not cultivated or grazed, and weeds wetecontrolled, which resulted in very hiffy,

relatively early in the season. The October survey was timed to coincide with the expected period of
maximum green crop canopy density and succeeded in recording universafiyhigfinally, the
November survey was conducted as late as possible in thémgagason, but before harvest, to

record universally higlrypy.

2.4.2 Remotely sensed indices

Mean LCI and NDVI for each field and survey dafalfle4) followed the expected patterns outlined
in Tablel. NDVI produced high values for hidhy fields and equally low values for fields
dominated by higlfrypy andfrs. Likewise LCI produced high values for hifrhay fields and low

values for higHrs fields, but differed by producing moderate values for High, fields.

2.4.3 Relationship between field fractional cover and MODIS indices

Relationships between the threeepncomponentdypy, frypy, andfrs, and LCI and NDVI are

presented ifrigure3 and examined in detail below. Figure3, the month of field data collection is
clearly indicated and it is important to remember that different cover types dominated in each month.
In April, fields were dominated by hidghyey and moderaté s, in June fields contained a mix of low

to moderate levels dfry, frypy, andfrs, in October fields were dominated by universally Higky,

and in November fields were dominated by universally figh,.

Firstly, frey correlated strongly with LCIHigure3A, R = 0.76) and very strongly with NDVF{gure

3B, R = 0.93). Tte slightly reduced ability of LCI to predifi-, was expected, and is due to the
differential response of NDVI and LCI to NPV dominated spectra. NDVI is designed to respond
strongly only to PV, and hence is determined by and correlates strongliypyitlon the other hand,

LCI was designed to differentiate PV and NPV cover from soil, and hence is not solely determined by
PV, resulting in a slightly weaker correlation. This effect can be seen in the difference in NDVI and
LCI values forApril and Novemler for samples with @p,. The NDVI values for April and

November are almost identical, while the LCI values for November are higher than those for April.
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Table 4. Fractional cover and mean image indices for the sample fields. bAank line indicates a field was not
surveyed on that date.

Field Fractional cover (%) Image indices (mean) Fractional cover (%) Image indices (mean)
number n PV NPV S NDVI LCI n PV NPV S NDVI LCI
24th April 2010 22ndJune2010

1 805 7.58% 60.37% 32.05% 0.231 0.127 1590 16.35% 55.72% 27.92%  0.373 0.157
2 2209 5.48% 63.24% 31.28% 0.248 0.109 1326 40.27% 41.25% 18.48%  0.614 0.256
3 693 6.64% 64.50% 28.86% 0.245 0.133 2471 27.48% 42.57% 29.95%  0.467 0.201
4 970 14.64% 52.06% 33.30% 0.260 0.166 2334 15.51% 60.54% 23.95% 0.339 0.184
5 2406 20.37% 50.50% 29.14% 0.254 0.134 1549 34.22% 26.34% 39.44%  0.544 0.239
6 561 9.63% 64.88% 25.49% 0.249 0.154 1148 38.50% 29.62% 31.8% 0.505 0.240
7 2462 11.62% 58.12% 30.26% 0.225 0.122 2106 23.22% 43.02% 33.76%  0.407 0.145
8 1666 0.00% 65.85% 34.15% 0.218 0.148 2130 38.54% 42.91% 18.54%  0.467 0.190
9 552  3.99% 70.29% 25.72% 0.219 0.145 1949 23.14% 49.46% 27.40%  0.426 0.1%
10 956 41.84% 24.37% 33.79%  0.591 0.259
11 2008 1.69% 14.39% 83.91% 0.262 0.085

12 1186 2.53% 30.94% 66.53% 0.210 0.068 2306 50.26% 11.45% 38.29%  0.541 0.225
13 738 19.38% 32.25% 48.37% 0.237 0.058 740 91.89% 1.62% 6.49%  0.715 0.2%
14 1628 3.93% 29.05% 67.01% 0.240 0.121 1970 32.03% 17.51% 50.46%  0.434 0.191
15 689 14.95% 36.28% 48.77%  0.511 0.209

8th October 2010 26th November 2010

1 1300 98.13% 1.25% 0.62% 0.815 0.404 900 0.00% 98.26% 1.74%  0.298 0.209
2 1300 88.95% 11.05% 0.00% 0.757 0.404

3 1700 76.38% 11.93% 11.69% 0.816 0.404 900 0.00% 92.25% 7.75%  0.282 0.211
4 1000 98.37% 0.71% 0.92% 0.824  0.412 900 0.00% 98.86% 1.14%  0.294 0.223
5 3000 90.48% 5.44% 4.08% 0.845 0.445 800 0.00% 99.08% 0.92%  0.262 0.241
6 600 83.11% 7.94% 8.95% 0.845 0.421 900 0.00% 94.93% 5.07%  0.267 0.250
7 2300 93.01% 587% 1.12% 0.862 0.455 900 0.00% 99.29% 0.71%  0.286 0.215
8 900 98.75% 0.79% 0.45% 0.862 0.454 800 0.00% 98.60% 1.40%  0.299 0.214
9 900 99.77% 0.00% 0.23% 0.836 0.403 900 0.00% 97.40% 2.60%  0.287 0.197
10 2500 89.81% 8.39% 1.80% 0.759 0.374

Secondlyfrypy did not correlate as strongly with LGFigure3C, R = 0.28) as with NDVI Figure
3D, R =0.59). This is due to the fact that LCI produces lower values foffjighmples (April,
LClI a 0. 05)fryptshaanmp Ifeosr (hei.ggh. November , LCrilard 0. 2)
values for highrsand highfryeys a mpl es ( NDVI & 0.23 in both case

linear correlation witHrypy than LCI.

Finally, frs was much more strongly correlated with LEIgure3E, R = 0.48) than with NDVI

(Figure3F, R = 0.21). The strong correlation of LCI with; was due to the relatively mamw range

of LCI values for very higlfrey, ( Oct ober |, lfrds admpd .e4s) (aNhodv e mber |, L C
the low LCI values for higfrss ampl es ( Apri |, LCI & 0.05). Conv
NDVI with soil fractional cover was due to theda difference in NDVI values for samples with very
highfroy( Oct ober , NBWI Nove.mb)erandANDVI & 0.23), in ci
that NDVI produces a very similar response for Higiy and highfrssamplef NDVI & 0. 23 i
cases). Finally, it is worth noting that soil fractional cover is the inverse of total vegetation cover, and

that LCl is therefore a better predictor of total vegetation cover than NDVI.
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Figure 3. Relationsip of per-field samples of LCI and NDVI image indices to PV, NPV and soil fractional cover.
Regression relationships (solid line) and 95 % confidence limits (dashed line) are overlain.

2.4.4 The LCI as a tool for mapping soil exposure

In the previous sectiomye established that LCl is a reasonable predictor of soil expoBigere 4
presents the spatial distribution of predicted soil exposure on each survey date, et logdppl.

NDVI is presented for comparison.

The LCI shows noteworthy heterogeneity of soil exposure throughout the study region on all survey
dates. Conversely, NDVI is quite uniform in May and November and less spatially variable than LCI
in June and €ober. This is significant, and illustrates that at all time periods the LCI is mapping

variation in soil exposure that the NDVI is incapable of discriminating.

The fact that LCl is spatially heterogeneous during May, and NDVI is not, is importantwaéae
period during which we recorded the greatest soil expo3atadd€4), and is therefore the time in

which mapping soil exposure is of greatest importance.
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Figure 4. LCI and NDVI image indices in the study area on all four survey dates. LCI is presented as an index of soil
exposure, with low index values (red) corresponding to high soil exposure and high index values (green)
correspording to low soil exposure. NDVI is presented for comparison.
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2.5 Discussion

These results strongly support our hypothesis that the new MODIS Land Cover Index (LCI) is a more
accurate measure of soil exposure than NDVI. We have demonstrated that LClrbagex st

correlation withfrs than NDVI (R = 0.48 and R= 0.21 respectively). Furthermore, since soil

fractional cover is the inverse of total vegetation cover, we have demonstrated that LCl is a better

predictor (through an inverse relationship) of total vegetation cover than NDVI.

We have also demonstrdtthat LCl is strong predictor éfy, (R* = 0.76), but as expected not as
strong a predictor dfp, as NDVI (R = 0.93). This finding is in agreement with the vast body of
literature on NDVI andrpy. We have also demonstrated that LCI is a mediaediqior, and NDVI
is a reasonable predictor fofey (R* = 0.28 and R= 0.59 respectively).

In addition, we have explained why LCI is a strong predictdrsofTo reiterate, the ability of the
LCI to predictfrs comes from its formulation, which prodeglow values for soil, and moderate to
high values for NPV and PV respectively.

Our specific finding, that an image index based on MODIS bands 6 and 7 allows separffation of
andfrypy fromfrs, is in general agreement with the findinggaferschman el. (2009. However,

as a normalised difference index, the LCI has advantages over the unmixing approach of Guerschman
. Firstly, as a normalised difference index the LCl is more easily computed, and should minimise the
influence of any illumination oviewing geometry effects not already accounted for by the NBAR
correction. Secondly, the LCl is designed to differentiate soil from vegetation signatures, regardless
of whether that vegetation is photosynthetic or-pbotosynthetic. Thus, the LCI is aif method of

mapping soil exposure that may be produced quickly and with few resources.

Our findings add to the body of literature that has identified the utility of the shorimfeae=d

region of the spectrufior discrimination offryey (Nagler et al2000; Asner and Heidebrecht 2002;
Nagler et al. 2003; Daughtry et al. 2004; Sullivan et al. 2004; Arsenault and Bonn 2005; Daughtry et
al. 2005; Daughtry et al. 2006; Marsett et al. 2006; de Asis and Omasa 2007; de Asis et al. 2008;
Gowda et al. 2008

In validating the MODIS LCI, we have taken an uncommon approach. Most MODIS image products
take one of two validation approaches. The first validates the MODIS product against a higher
resolution image index which is used to extrapolate field data to a Bi@ppropriate scale, and is

the approach used by the MODLAND Teakhofisette et al. 2002 The second approach, due to

limited resources or other constraints, validates the MODIS product against field data collected at an
inappropriately fine scale. I§ithis second approach whiGuerschman et 82009 used for their
guantitative validation when they compare their MODIS product against a field meafuteaot]

frnpy Collected from two perpendicular 20 m transects.
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Our validation approach differedoim both of the above: we collected rigorous field validation data
from homogenous areas larger than the IFOV of several MODIS image elements. While time
consuming and necessarily limited to an area with very large fields, this approach should maximise

confidence in our results.

The limitations of the study presented here stem from its main strength: the field data was collected
over a relatively small area of relatively uniform soils and uniformly flat topography. This method
minimised the potentially edounding effects of soil colour and topographic factors. However, this
necessarily means that the results may not hold for different soil colours or for steep or complex
terrain. Additionally, our fieldrpy andfrypy Samples were obtained from a pdrsiet of four cover

types: cereal, lentil, rapeseed and mixed broadleaf weeds and cereal. However, we address this
limitation in Part 1l of this paper by testing LCI against field data across the entire South Australian
agricultural districts.

A final limitation possibly lies in the current formulation of LCI. The LCI seeks to sefesatever

from frpy andfryey, but the current formulation does not produce equal index values for PV and NPV
cover. Comparatively, the strength of the NDVI lies inghaality of values it produces for soil and

NPV, and the great difference between these values and values for PV. Future work should therefore
focus on a madification to the LCI formulation to produce equal values for PV and NPV, and

maintain or enhancé¢ production of significantly different values for soil. A possible source of
inspiration is the Soil Adjusted Total Vegetation Index (SATVI) for Landdairgett et al. 2006

which may more equally separditg, andfrypy fromfrs. An added benefitf a MODIS index based

on the SATVI is that it should be insensitive to soil colour.

In conclusion, we have identified the need for a new remotely sensed infdggagable of

measuring the severity and duration of soil exposure over extensive croppsg\Aeientified

that such a tool must be spatially extensive, of moderate resolution and high temporal frequency.
Acknowledging the limitations discussed above, the LCl is a strong candidate for satisfying this need.
The LCI could greatly improve globsoil conservation by allowing the measurement of severity and
duration of soil exposure. The spatial and temporal scale of the MODIS data used by the LCI would
enable identification of areas vulnerable to erosion at fields and property scales, wélatitile

extent of MODIS data enables cheap and easy production at national and even continental extents.

This papeestablished that the LCl is a strong predictor of soil exposure by comparison with
guantitative field data collected at a MODIS appropriatde in one region. In Part Il we evaluate
whether LCl is a consistent predictor of soil exposure across much broader eXkmniis €t al.
2011).
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3.1 Abstract

Global protection of soil resources from erosion requires a remotely sensed measure of soil exposure
with a high temporal frequency, extensive scale and moderate spatial resolution. This paper presents
Part Il of a two part study. In Part | we demonstidteat the new MODIS Land Condition Index

(LCI) was a strong predictor of soil exposure in one area of the South Australian Mediterranean
cropping regions. Here we evaluate the LCI and NDVI against a spatially and temporally extensive
field-based measui soil cover, an erosion field protection survey (EFPS), with the aim of
determining whether the LCI performs consistently throughout the extensive cropping districts of
South Australia. Image index values from four MODIS image dates were matched ttoE&iRBS

from four EFPS field surveys for May 2006, June 2006, October 2006 and March 2007. Matched
image element / EFPS location pairs were divided into calibration and validation sets, linear
relationships were derived from the calibration sets, aediglive ability was tested against the

validation sets. In most cases LCl was more strongly correlated with EFPS soil cover than NDVI.
Furthermore, both LCI and NDVI were consistently able to predict EFPS soil cover with a moderate
degree of accuracy,dligh overall LCI was a better predictor of EFPS soil cover than NDVI. These
results demonstrate that the LCI is, overall, better than NDVI at measuring soil exposure, as
represented by FPFS soil exposure. Furthermore, this study establishes thatddbkistant

predictor of soil exposure throughout the South Australian Mediterranean cropping districts.
Differences between the MODIS image indices and EPFS assessment areas, viewing geometries and
recording/sensing methods limited the strength of theelations obtained in this study. However,

Paper | compared the image indices to field data collected over appropriate assessment areas with

comparable viewing geometry, and demonstrated that LCI was a good predictor of soil exposure.

*Submitted toRemote Sensing of Environment
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Combined, Parts | ahll demonstrate that LCl is a strong and consistent predictor of soil exposure

suitable for Mediterranean cropping regions.

3.2 Introduction

The global need to protect soil resources from erosion has been highbgl@atke et al(2011): to
accomplish ttg there is a need for a remotely sensed measure of soil exposure with a high temporal

frequency, extensive scale and moderate spatial resolution.

Within Australiathere isan increasing recognition at both state and federal levels of government that
thereis a need for an objectivepatially extensivand nationally consistentethod for monitoring

soil cover acrosarableand rangeland areas of Australia. This recognition is reflected in the
AustralianGovernment investment in the Growogter Monitoringfor Australia poject, which

focuses on arid rangelands, and the soil erosion risk monitoring programs (in particular wind erosion)
operating in four Australian States (New South Wales, South Australia, Victoria and Western
Australia) While thenationalGroundcover Monitoring for Australianmject is developing remotely
sensed products, it is not yet operational

Within this contextthis study focuses on soil cover manageraensss the extensive agricultural belt
of thestateof South Australian cental-southern Australia, an area of approximately 8 million
hectaresAll current operational programs faronitoringsoil cover throughout Australarefield-
based, taking the form eftherassessmerat specificsites ormore extensiveoadside surveys,

d u b breadsidéfield surveygseeleys et al. 200%or a summary of current monitoring methods).
In South Australiathe context for this study, the State Governnigtiateda program of land
condition monitoring of South Australian cropping region4998, which included the aim of

measuring changes in soil erosion risk, including soil cover, over time.

The South Australian Department of Environment and Natural Resources (DENR), now has
responsibility for this monitoring, and conducts a roadsidsion protection field survey (EPFS) four

times a year to monitor trends in soil erosion protection, using observational assessments of soil cover
and disturbanceé~prward 201} The EPFS involves teams of surveyors driving more than 3,500 km

of transets throughout the 113,000 kmf the South Australian cropping districts and visually

assessing approximately 5,500 sites for land condition. Mss& estimatedn conjunction with

site-based records of topography and soil tygre,used to calculasmil erosion risk for reporting

regions.

The information collected by this survey allows DENR to report against the current State Strategic
Plan 201 (SASP) target to increase South Australia's agricultural cropping land that is atiequat
protected fronerosion by 25 % by 2020, as compare@@03. Additionally, the survey results



Section 3: Paper Il 24

inform the targeting of funding to assist in the improvement of-tandagement practices to reduce

soil erosion risk.

However, fieldsurveyassessmenftsr broad scale monitarg are expensive and have limited spatial
extent and temporal frequenc@nly areas along transects are assessed, and the results are
extrapolated to reporting regions; likewise BRFSis run four times a year and takes a number of
employees several gigto conduct. Furthermore, oblique visual estimates of soil cover, the basis of
theEPFS have been demonstrated to be prone to operator@uask( et al. 1993; Morrison et al.

1993. Despite the known limitations, records from this field survey aligalde because they span

more than 10 years, assess a large number of sites and are applicable to significant areas of cropping
land across the southern part of the continent.

With the increasing availability of higher resolution imagery with broad scaterage, the
opportunity exists foremote sensing technology4gatisfy the need for objective, spatially extensive
method for monitoring soil exposure (and hence soil erosion risk) at continental scales and to inform

state monitoring requirements.

This paper is Part Il of a twpart study developing and validating a new MODIS index of sail

exposure. In Part(Clarke et al. 201)lwe calibrated the new Land Condition Index (LCI) against

field measurements of fractional cover and demonstrated that thevimdea good measure of sail
exposure in a study area with relatively uniform soils. In Part || we evaluate the LCI against a
spatially and temporally extensive fidbdsed measure of soil cover made as part of the DENR

erosion protection field surveys (EB), with the aim of determining whether the index performs
consistently throughout the extensive cropping districts of South Australia. The LCl is also compared
with the widelyused NDVI, with the ultimate aim of developing an imégesed method of

monitoring soil erosion risk.

The EPFS is currently used to inform policy and management in relation to soil protection. Before
the MODIS LCI can be adopted apalicy mechanism to measuseil exposure, it is important to
understand its correspondence with valuable EPFS data. Furthermore, similar field data are
currently used in other Australian states for the same purpose. Therefore this study also aimed to
establish the relationship between LCI and the operational field survey data, in order te provid

confidence that the LCI and field assessment both measure soil cover.
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3.3 Methods

3.3.1 Study Region

Whereas Part | of this study (reference) was based in a small cropping area, Part Il focuses on the
entire South Australian Mediterranean cropping region. Eg®n is an extensive belt of
approximately 11.3 million ha across the southern portion of the Figte€5), of which 8 million
hectares are cropped or grazethually. The climate is Mediterranean, with hot dry summers
(Decembeii February) and mild wet winters (JulyAugust); winter rainfall predominates, ranging
from 600 mm in the south to 250 mm pa in the ndfigyre6). Agriculture in the region is

dominated by annual rotations of cereal crops, legumes, pasture and fallow.

The temporal pattern of crop and pasture growth and senescence in the study has beenkyescribed
Clarke et al (ref). Throughout summer the landscape is largely dry, although summer weeds and
perennial planbased pastures can thrive and produce significant green vegetation growth in some
areas. Rainfall in late March through to May produces igextion of winter weeds and annual

pasture plants, until chemical spraying or tillage of weeds, management of stubbles and seeding,
which typically reduce cover to a minimum in Mayne. Following seeding, annual crops germinate
and growth peaks in Septeer. Finally crops ripen, senesce and are harvested in November and
December. Stubble remaining after harvest is commonly grazed by stock through summer and
autumn. Retention of stubble and pasture cover is encouraged to minimise soil exposure, but it is
observed that the risk of erosion is usually greatest in late autumn when plant residues and pastures

have been grazed down and early cultivation takes place.

Because of the broad geographic extent of this agricultural belt, there is considerablatyaniabil

rainfall (Figure6), soil types and land management practices. The Eyre Peninsula region has
extensive sandy soils that are cropped, and which are water nepelisceptible to wind erosion,
particularly in lower rainfall areas. Significant areas of shallow soils on sheet limestone are used
mainly for grazing. The southern Eyre Peninsula has more reliable and higher annual rainfall, and is
more intensively @pped. The Northern and Yorke region is extensively cropped, with some

perennial horticulture in the ranges with higher rainfall. Much of the cropping occurs on sloping,

hilly land along the northern Mt Lofty Ranges and southern Flinders Ranges trstdaptsle to

water erosion. Conversely, on the coastal plains and Yorke Peninsula sandy soils dominate and are
prone to wind erosion. The Murraylands region is dominated by sandy soils, including dune/swale
systems that are susceptible to wind erosiame dnnual rainfall in cropping areas ranges fromi275

460 mm. In the South East region, cropping is less common, and permanent pasture is the main land
use in areas receiving more than 600 mm pa. Most soils are sandy and many are also water repellent,

although not particularly prone to wind erosion due to relatively reliable rainfall. Permanent pastures
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predominate in the higher rainfall zone of the Mt Lofty Ranges and Kangaroo Island, which are

excluded from th®ENR EPFS due to minimal soil erosion cenacs.

Legend

- Non-reporting region
- Reporting region
—— Windscreen survey transect

[0 studyarea

South East

0 50 100 200
Kilometres

Figure 5. Department of Environment and Natural Resources Erosion Protection Field Survey reporting regions and
transect locations, and study area within southern Australia.

2006 Rainfall (mm)

101 - 200
[ 201-300
I 301 - 400
I 401 - 500
I 501 - 600

)N\

0 50 100

00
Kilometres

Figure 6. Total rainfall, 2006 (mm), data obtained from the Australian Bureau of Meteorology.
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3.3.2 Field Data

South Australia's EPFS methodology has been described in defaitwsrd(2011). In summary,

the cropping regions were divided into 45 zones of similar climatic, sdilamduse characteristics.
These zones were grouped into regions for reporting purposes. rRasettsvere designed to cover

as much variability within zones as possible, except whieseluded by a lack of roads or by roadside
native vegetation obacing views of agricultural land. Both the reporting regions and EPFS transects

are presented iRigureb.

The EPFS is conducted four times a year (March, May, dadéctober), with each survey date

timed to coincide with critical phases in the annual cropping cycle. The survey team assesses sites
within fields that are intended to be representative of the region, hence anomalies are avoided. Prior
to surveying, ¢ams are trained, and a quality assurance program has been instituted to minimise

observer bias.

Erosion protection field survey sites are visually assessed obliquely from the vehicle and cover an
estimated 200 x 200 m square, beginning at least 10 nietneshe roadside fence and 50 metres

from any fences perpendicular to the road to exclude unrepresentative areas. At each site five
variables are recorded: cropping phase, erosion severity (if any), severity of soil surface disturbance,
whether the sitbas been burnt recently, and vegetation Cover Rating. It is this Cover Rating that is
used for comparison with MODIS image indices in this study.

Cover Rating is an estimate of the relative amount of wind or water erosion protection provided by
vegetatiorcover. For wind erosion protection, the cover height architecture is the primary
determinant, whereas for water erosion protection (raindrop impact), percentage of soil coverage is
the primary determinant. Secondary factors include the degree of tiaafmaent or detachment

from the soil, and the relative volume of vegetation mate@alver Rating assesses the level of

erosion protection provided by cover, and is not influenced by whether that cover fis-liver(dead
(frnev). Assessments of CovRating are made with the aid of visual and descriptive standards, which
range from a score of 1 (complete cover above knee height or greater, maximum erosion protection)
to 8 (no cover, minimum erosion protectio)he visual standasjand more inform#on on the

EPFSfield methods can be found Forward(2017).

In March 2006 survey site coordinates were recorded with global position system receivers (GPSR),
and after this time exactly the same locations were assessed each survey date. This Hakeenable
direct comparison of field and satellite measures of soil cover at a given location, and hence this
study. Prior to Marc2006 noGPSRsite location information was recordes, precise sites

observed in each field were not fixed, nor were they sgréy revisited in successive surveys.

To coveran annual cycle of crop growth aadull year of field data this study compared 2006/07

EPFSrecords with coincident MODIS image indices.
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3.3.3 Satellite imagery

The United States Geological Survey (USGS) Larat®&sses Distributed Active Archive Center (LP
DAAC) MCD43A4v5 MODIS product was used for this project. This is a 500 m resolution nadir
bidirectional reflectance distribution function adjusted reflectance (NBAR) 16 day composite data
product. The NBAR arrection normalises reflectance values across the image to what would be seen

if viewed from directly above.

Image composite dates were chosen to coincide with the periods during which EPFS observations
were made in 2006 and 2007aple5). LCI (Clarke et al. 201)land NDVlindiceswere calculated

for each image composite date.

Table 5. MODIS NBAR image compositestart and end dates.

Start date End date

23-Apr-06 8-May-06
10-Jun06 25-Jun06
30-Sep06 150ct-06

06-Mar-07 21-Mar-07

3.3.4 Relationships between field data and MODIS indices

The principal aim of this paper is to examine relationships between MODIS indices and the extensive
field survey of land cover undertaken with the DENR EPFS. The relationship is examined with an
understanding that the field data and satellite imageryrdiffieelation to viewing geometry, type of
measure, spatial resolution and period of observation. The field data is an oblique visual assessment
of the amount of erosion protection provided by vegetation cover, while the satellite imagery is a
nadir, or ¢ose to nadir, measure of passive reflectance. The field assessment is of a 200 m x 200 m
area, while the satellite image elements are 500 m x 500 m, which after compastimglly

represent an area of approximately #68 463 m. Finally the field suveys are observations made

on single days within a one to two week period, while the MODIS indices are derived frday 16

composites of cloudree imagery.

Despite the differences in these data, there is a strong desire to understand correspondemce betwe
the MODIS indices and the valuable EPFS data. Furthermore, similar field data are currently used in
otherAustralianstates for the same purpose. We have already demonstrated that one of the satellite
image indices, the LCI, is strongly correlatedhafitactional soil exposurdrg) (Clarke et al. 2011

To consider the LCI as a measure of soil exposure to inform policy and management, we must
establish its relationship to the field surveys, and provide confidence that LCI and field assessment

measuréhe same thing.
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3.3.5 Preprocessing and analysis

To enable comparison of the EPFS and MODIS image indices, the-peite of all EPFS
observation sites were calculated. The EPFS Cover Rating assessment for eagoicgntees then
linked with the MODIS image element covering that point.

Due to thespatialfrequency of field sampling and resolution of the MODIS imagery some image
pixels covered multiplEPFSCover Rating assessments. In these cases the variaB®rBCover
Rating allowed assessmenttbé homogeneity of the pixel: large differeaae Cover Rating

between sites within one pixel suggest heterogeneous surfaceroogetikely because several fields
were included Consequently, igels covering multipldield assessments with an averaifference

in Cover Rating of greater than 1 were excluded from further analysis.

The field data was divided randomly into two sets:-thiods for development of regression

relationships and orhird for validation of those relationships {rable6).

Table 6. Number of calibration samples (n) for each sample region and period.

Region May Jun Oct Mar May-06 to

2006 2006 2006 2007 Mar-07
EyrePeninsula 477 498 522 529 2026
Murraylands 540 532 575 564 2211
Northern and Yorke 760 799 765 821 3145
South East 424 412 435 428 1699
All regions combined 2201 2241 2297 2342 9081
3.4 Results

Histograms presenting countsEE®PFSCover Rating by sampling period for all cropping regions in
South Australia for May, June and October 2006 and March 2007, are presdfitrdefT: soil
coverranges from completeover at Cover Rating of 1, to cover (i.e. completely exposed soil) at

Cover Rating of 8.

These histograms reveal that maximum soil exposure occurs in June, closely followed by May. May
is also noteworthy for having the widest rarg exposure levels. The wide range of cover levels in
May and June is expected duectopping preparation or sowing activities which may either retain

most vegetative cover (i.e., low disturbance sowing with intact stubbles), or substantially remove
vegetative cover or loosen the soil (i.e. cultivation, burning or heavy grazing, or full disturbance
sowing). The period of minimum exposure occurs in October, as expected, shortly before harvest. It

is worth noting that 2006 was an unusually dry yearc@@over would often be even higher in
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October. A wide range of Cover Ratings is evident in March, likely doerttrast betweefields
with almost complete depletion of cowbroughgrazing and natural decay early cultivation and
fields with compardively high cover du¢o minimally grazegastures, summer weeds and intact

cereal crop stubbles.

May-06 Jun-06 Oct-06 Mar-07

EEEF

1000 2000 3000 1000 2000 3000 1000 2000 3000 1000 2000 3000
Count

Cover Rating
H N W A O N ®©

Figure 7. Erosion protection field surveyCover Rating count by sampling period for South Australia, May 2006 to
March 2007. Soilcover ranges from complete cover (Cover Rating 1) to roover (Cover Rating 8). October is the

month in which PV cover is expected to be highest. Total cover is expected to decline over summer and early autumn
(March) due to grazing and natural decay ofcrop residues. Cultivation causes a sudden reduction in remaining

cover around May, followed by a steady increase in PV due to germination and crop growth through June to a peak
again in October.
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3.4.1 Calibration

Pearson's correlation coefficients for thélration relationships (linear regression of Cover Rating
with NDVI and LCI), are presented rable7. Thesecoefficients are negative due to the inverse
nature ofthe scales of Cover Rating and the MODIS imagecesliCover Rating increases as soil

cover decreases; both image indices decrease in value as soil cover decreases

Examining the data in each region by month, seven out of ten of the strongest corretatimris

May or June, the period of maximum soil exposure. Additionally, is most cases LCI performs better
than NDVI, although only marginallfConsideringhe entire May2006 to Mach 2007 datathe

strongest relationships are obtained in the NorthednYarke anceyre Peninsulaegions, (both

relatively dry regions), while generally poor relationships are obtained for the South East (a relatively

wet region with low soil exposure).

Table 7. Pearson's correlation coefficient (r) Cover Rating versus image index. Significance levels are denoted in
superscript.

Region/ May Jun Oct Mar May-06 to
index 2006 2006 2006 2006 Mar-07
NDVI
Eyre Peninsula -0.32** -0.52** -0.47** -0.09** -0.31**
Murraylands -0.34** -0.25** -0.19** -0.29** -0.09**
Northern and Yorke -0.28** -0.38** -0.42** 0.12** -0.36**
South East -0.04** -0.16** -0.03** -0.22** -0.20**
All regions combined -0.35** -0.42** -0.29** -0.23** -0.27**
LCI
Eyre Peninsula -0.34** -0.51** -0.43** -0.29** -0.40**
Murraylands -0.37** -0.28** -0.12** -0.28** -0.18**
Northern and Yorke -0.40** -0.37** -0.42** 0.00 -0.45**
South East -0.08** -0.24** 0.01 -0.18** -0.20**
All regions combined -0.40** -0.44** -0.30** -0.16** -0.34**
*p=0.01

** p = 0.005
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3.4.2 Validation

Applying the calibration relationships to the validation data demonstrated that it was consistently
possible to predict Cover Rating from the image indices with a moderate degree of actaiéey (
8). Overall LCI was a better predictor of Cover Ratimgn the NDVI

Table 8. Normalised root mean squared error (NRMSE) for the validation relationship, specifically prediction of
remotely sensed index from measured Cover Rating.

Region/ May Jun Oct Mar May-06 to

index 2006 2006 2006 2007 Mar-07
NDVI

Eyre Peninsula 23.94 % 19.93 % 17.88 % 18.59 % 23.64 %

Murraylands 22.97 % 24.82 % 21.80 % 21.53 % 22.29 %

Northern and Yorke 23.49 % 21.52 % 20.95% 16.68 % 25.65 %
South East 13.94 % 17.15% 21.14 % 20.46 % 15.60 %

All regions combined 21.70 % 20.89 % 20.46 % 18.83 % 24.55 %

LCI
Eyre Peninsula 23.87 % 21.27 % 17.98 % 18.02 % 23.19 %
Murraylands 22.97 % 24.35 % 22.04 % 20.91 % 22.08 %

Northern and Yorke 22.89 % 21.26 % 21.05 % 16.76 % 24.36 %
South East 13.89 % 17.19 % 21.26 % 20.78 % 15.72 %

All regions combined 21.56 % 20.81 % 20.43 % 19.10 % 23.47 %

Difference (NDVHLCI)

Eyre Peninsula 0.07 % -1.34 % -0.10% 0.57 % 0.45 %
Murraylands 0.00 % 0.48 % -0.24 % 0.62 % 0.20 %
Northern and Yorke 0.59 % 0.25 % -0.10 % -0.08 % 1.30 %
South East 0.06 % -0.04 % -0.11 % -0.32 % -0.12 %

All regions combined 0.14 % 0.08 % 0.03 % -0.27 % 1.08 %
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3.4.3 Annual average index

Maps of the mean indices for 2006 show the same overall regiatteinacross southern Australia
for both LCI Figure8 a) and NDVI Figure8 b), despite the slightly different range of the two
indices(approximately 0.08 to 0.5 for LCI, and 0.2 to 0.9 for NDWjisual differences between
maps of the indices may be indicativigroie differences or simply differences in the values of the

indices relative to the display scales.

The predominant spatial pattern in batbicesrelates strongly to thaistribution of totakainfall for

2006 which is illustrated by the overlaD06total rainfall isohyets an&igure6. Low index values

in the north of Eyre Peninsula and north east of the Northern and Yorke and Murraylands regions
correspond to the regions of lowest rainfall. High index values in theasidof the Northern and

Yorke, south west of the South East and south of the Eyre Peninsula regions coincide with the areas of
highest average annual rainfdlowever, closer inspection reveals moderate and fine scale variation

in index values, below thecale of broad climatic influences, although possibly resulting from fine
scale rainfall patterning. An example of this scale of variation can be seen in the centre of the
Northern and Yorke region, where index values are very low despite being omdbedfa zone of

higher rainfall. The fine scale variation across all regions is likely a result of a combination of edaphic
and landmanagement influences. For instarfeigure9 shows an enlargement of the LCI

distribution over a section of Yorke Peninsula, in the South Australian Mediterranean cropping
districts. There is little variation in rainfall throughout this region, and yet there is significant

variation n LCI.

3.5 Discussion

Theresultspresented in this papdemonstrate that our ndvand Condition hdex is, overall, better
than NDVI at measuring soil exposues represented l3PFSCover Rating. When survey data
from all seasons is combined LCl is as 8tlg, or more strongly correlatedanNDVI with Cover
Rating in each region. Additionally, when survey data from all regions is combined LCI is more

strongly correlated with Cover Rating than is NDVI on all dates except one.

The differences between theo image indices can be understood as a result of their relative
responses to PV and NPV: NDVI differentiates PV from NPV and soil, whereas LCI differentiates
both PV and NPV from soilindeed, this was demonstrated in Pa@latke et al. 2011 Therefoe

we would expect exposed soil, as recorded byEPIESCover Rating, to be more strongly correlated
with LCI than NDVI.
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Figure 8 a) Mean LCI, and b) mean NDVI, all erosion protection reportingregionsin South Australia, 2006. Total
2006 rainfall isohyetsoverlain for reference.
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Figure 9. Map of mean LCI showing localised variation most likely attributable to edaphic factors and land
management.

The overall poor performance of both indices in the South East region is most likely due to the
differences in land use between this and the other regions. Despite the South East being considered a
cereal cropping region for state government erosiorreis&rting purposes, the region is dominated

by perennial pasture, a much lower proportion of land is cropped, and fields contain many scattered
large eucalyptus trees. Consequently there is consistently higher soil cover, and less variation in soll
coverin the South East at any one time, and throughout the year as a wholacKlbievariation in

cover in the South East may go some way towards explaining the generally poor relationships
between image indices and cover rating in this region. ConvetiselyCl and NDVI performed

better in the Northern and Yorke and Eyre Peninsula regions, which are dominated by cereal
cropping. These regions experience a large temporal variation in the relative fractions of PV, NPV
and soil is expected. Furthermonethese regions LCI performed as well as, or better than NDVI,
which is expected if soil exposure is greater in these regions and if LCl is more sensitive to soll

exposure than NDVI.

The poorer performance of both indices in March, as compared to oth#égrsmmight indicate that

bothare less capable of separating dead vegetation frorthaaqilgreen, as the landscape is dominated

by dead crop residue and exposed soil in this period. However, while the NDVI has weak-and non
significant correlations with @er Rating in all regions in March, the LCI has moderate to strong
significant correlations with Cover Rating in two regions. This suggests that the LCI is more sensitive

to dead vegetation cover than the NDVI.
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Importantly, the overall relationship betareimage indices and Cover Rating for the stdtie data

is strongest in June and May, when soil exposure is greatest. This is the period when the land is at
greatest risk of erosion, and when monitoring of breeale land condition is most critical.
Corsequently, this suggests that LCl assessment of soil exposure could be used with greatest

confidence during the periods when it is most needed.

However, while the link between image indices and cover rating is statistically sound on the majority
of dates ad for the majority of regionshe relationships never strong, ranging from nexistent (r

= 0.00) to moderate* -0.52). Thus, while overall LCI explains more of the variation in Cover

Rating than NDVI, neitheindexexplains the majority of vari@mn. We believe that this inability of

the remotely sensed indices to explain the majority of variation in Cover Rating stems from one of the
key limitations of this study.

This limitation is that the MODIS image indices and the EPFS assess soil cevappyeciably

different areas, with different viewing geometries, and with different recording/sensing methods. The
area of the MODIS image elements are approximately 25 ha, while the EPFS assessments cover
visually estimated 4 ha plots. The viewing gedry of the MODIS imagery is modelled to represent
reflectance recorded from a nadir view, while the EPFS views the sites from an oblique angle which
also varies at sloping or undulating sites. Finally, the image indices are derived from MODIS

imagery that records the combined spectral response of projected cover averaged cuaya 16

period. By contrast the EPFS assessment is conducted by several observers, and is an oblique visual
assessmerf erosion protection provided by cover, which is determimeglant and residue height

or percentage cover, volume and anchorage to the sails.

Despite these differences, the broad geographic extent of the EPFS and its numerous survey locations
across a variety of agricultural landscapes has allowed 4szde teting of the MODIS derived LCI.

This paper has established that the LCI is a consistent indicator of soil exposure across the broad
extents of the South Australifdediterranearcropping districts.

3.6 Conclusion

This paper is Part 1l of a twpart study deveping and validating a new MODIS index of soll

exposure. The research responded to a clear need for a remotely sensed means of accurately
measuring soil exposure with high temporal frequency, at extensive spatial scales and with moderate
spatial resolutin (Clarke et al. 2011 Furthermore, in this paper we have identified a national, state

and regional Australian policy need for such a remegelysed measure of soil exposure.

In Part | Clarke et al. 201)1we directly calibrated the new Land Conditiodex (LCI) against field
measurements of fractional cover in a small study area and demonstrated that the index was a good

measure of soil exposure in a region with relatively uniform soils.
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Here in Part Il we evaluated the LCI against the most comprisleemddespread set of field records

of soil cover, made as part of the South Australian Department of Environment and Natural Resources
erosion protection field surveys (EPFS). We established that the relationship between LCI and the
field survey data isonsistent throughout the extensive cropping districts of South Australia, which
provides confidence that the LCI and field assessment both measure the same thing. The MODIS
imagebased monitoring of soil exposure, however, offers the benefits of beitglisp

comprehensive, temporally frequent, objective and-efisttive.

Together, Parts | and Il present a compelling argument that the MODIS LCl is a reliable and
consistent predictor of soil exposure, capable of addressing the Australian policyrreezhfo

Furthermore, the LCI may fill the global need for a high temporal frequency, moderate resolution
remotely sensed measure of soil exposure. Further quantitative validation is necessary before such
widespread application could be considered. Howeseeh testing should be easy, and we believe is
likely to bear fruit. The simple normalised difference formulation makes the LCI easy to implement
and understand. The sound design of the LCI, in light of the well understood reflectance of soils and
phaosynthetic and nephotosynthetic vegetation in the relevant spectral regions, should ensure that

the LCI consistently indicates the degree of soil exposure.
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4. Relativeand Absolute RelativBpectral Mixture
Analysis

4.1 Introduction

This section presents thelative spectral mixturanalysis RSMA) method anda comparison of
RSMA valuesto field fractional cover dat&urthercomparisos of RSMA results to LCI, NDVI,

EPFSCover Ratingand precipitatiorare presented iBection5.

Simply put, the RSMA measurehanges ithe relativecontributions ofPV, NPV and soil
reflectancecompared to a baseline datdese spectral changes correspond to changes in fractional
cover rdative to the baseline dateull detaik on the RSMA methodre presented i@kin (2007).

One of the keyadvantages of the RSMA, it's insensitivity to changes in soil spectra, is a result of the
fact that it does not require us to know the egfilectance profildor a region. This strength is also the
cause of a major weakness in RSMA. Since the meastefaiive to a baselingate and the absolute

cover levels for every pixel are unknown at the baseline, the RSMA does not convey the absolute
cover levels at any other point in time. However, if the absolute cover levels are known at any point in
time, itis theoretically possible to convert the RSMA to absolute relative spectral mixture analysis
(ARSMA).

This sectionconcludes with some preliminary reseairtio the conversion dRSMA to ARSMA, an
absolute measure of variation in fractional cover compaendiiitis conversion is based tme field

fractional cover data presented in Section 2 and corresponding MODIS images.

4.2 Methods

4.2.1 Satelliteimagery

MODIS Nadir Bidirectional Reflectance Distribution Function (NBAR) imagery was acquired for the
four image date corresponding to the field fractional cover survey dates reported in Section 2. The
MODIS NBAR image product corrects for viewing geometry and surface roughness effects, and each
NBAR image is a composite of MODIS images from a 16 day period. All isnaige survey dates

were within 2010, and the first dagf each 16 day MODIS image composite were 23 April, 12 July,

30 September and 17 November.

Prior to generation of the RSMA index, the MODIS Reprojection Tool (MRT) was used to transform
the base MODISIBAR images from the supplied sinusoidal global projection to South Australian

Lamberts Conformal Conic projection.
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4.2.2 Reference spectra

Reflectancesignaturedor thepure samples of PV and NPV wemvided byG. Okin (Table9 and
Figure10).

Table 9. Reflectance values of the PV and NPY&ference spectraor input to the RSMA algorithm.

End-member (reflectance)

Bandwidth (nm) MODIS band Band description PV NPV
459- 479 3 Blue 4.23 22.37
545- 565 4 Green 10.94 31.00
620- 670 1 Red 5.57 39.83
841-876 2 NIR 49.92 57.06

1230- 1250 5 SWIR 48.46 66.79
1628- 1652 6 MIR 31.58 59.93
2105- 2155 7 MIR 15.17 45.40

* Near infrared (NIR)**Short-wave infrared (SWIR); ***Mid infrared (MIR).
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Figure 10. Reflectancesignaturesfor pure PV and NPV for input to the RSMA algorithm.
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4.2.3 RSMA production

The RSMA index presented in this report was producedawtiodified version of the RSMA

software developednd demonstratdaly Okin 2007 in North AmericaThe original RSMA
algorithmattempted to map the landscape in terms of four dgpes, photosynthetic vegetation

(PV), nonphotosynthetic vegetation (NPV), soil and sntnitial trials in South Australia revealed

that the inclusion of a snow component in the algorithm caused mapping errors in all cover classes at
certain times of thgear: for instance, at cultivation (approximately May) the original RSMA mapped

an increase in snow cover, an increase NPV, a decrease in PV and a decrease in <Dillgoxary

rarely is there any snow cover in South Australia and vittames occuit is restricted to very small

areas, and it is unlikely to occur in May.

The madified version of the RSMA software used in thisearch (3EM RSMAattempts to map the
landscape in terms of only three cover types, PV, NPV and soil (i.e., excluding Emb&gs
otherwise noted, all subsequent usethefterm "RSMA" refer to the modified, threemponent
RSMA.

The 3EM RSMA software supplied by Okin was used to produce the RSMA ifldex@SMA index
was produced fathe four image dates awitected to usene PV and NPVeference spectiia Table
9. The baseline image date was se23&\pril 201Q which was a period of high soil exposure
according to thdield fractioral cover survey

The RSMA algorithm produceitiree relative fraction imaggtacks, for PV, NPV and solEach

image stack containedldyers with eachlayercorresponding to one MODIS composite image date.
The RSMA indices werevaluated against fiefdactional coer (presented in this sectio®nother
evaluation of RSMA, againggmporal profiles oEPFSCover Ratingand precipitationvas also

conducted and igresented irsectionb.

4.2.4 ARSMA production
The ARSMA was produced from the RSMA with the aidhe field data reported Bection2. Full

details of the method will be published in a peer reviewed scientific journal article.

4.2.5 Evaluation of RSMA and ARSMA with field data
The field fractional cover data reporteddaction2 was used to evaluateet RSMA and ARSMA.

The first field surveydate, 24April 2010, was used as the baseline date for RSMA since this was the
date with the greatest soil exposu@emparison of the field cover and RShias performed by

Pearson's correlation, and RMSE.

Evaluatbn of RSMArelative fractionswith field fractional cover is perfectly valid if all fields share

the same baseline spectra (i.e., same soil colour and fractional exposures of PV, NPV and soil).
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However, this evaluation becomes less valid the more thermsekectra differf-or the baseline
survey date used herein this comparison is quite valid, as there is little vardtiational cover
levelsacross all field®n the baseline survey dafieaple10). Because the ARSMA presents actual
fractiors for each dateevaluation of the ARSMA index with the field fractional cover is valid

regardless of angotentialdifferences in the baseline spectra between fields.

Table 10. Mean and standard deviation of fractional cover
for the survey fields on the baseline field survey date, 24

April 2010.
frey frnev fr soi
Mean 0.08 0.61 0.30
St Dev 0.06 0.06 0.03
4.3 Results
4.3.1 RSMA

The field fractional cover and RSMelative spectral contributiorsse presented ifiable11 The
results of interest, Pearson's correlation and RMSE, are presefitgule12.

Examining the Pearson's correlation coefficient for the data excluding the Noveéhewey, the
majority of variation irfrpy, frypy andfrsis explainedoy the RSMA Additionally, the RMSE is low
for PV, but high for NPV and soil.

In comparison, the Pearson's correlation coefficient for the data including the November the 26th
survey explain approximately as much of the variatioindy) much les of the variation ifrypy and
somewhat less of the variationfma. While the RMSE is acceptable for PV it is very high for NPV

and soil.

The contrast between analy$esluding and excluding th26 November datanay result from either

of, or a combinton of twofactors The fird is simply that the assumptidinat the baseline spectra

from each field were similar enough to allow correlation with the field fractional cover data, is only
partially valid. The second is that the contrast could be atrestie difference in the collection

period of the field data, which was collected on 1 day, and the RSMA image, which was composited
over 16 daysThis would not normally cause a problem if the field fractional covers measured on the
field survey date we representative of the field fractional cover for the period over which the

MODIS image was compositedowever, the MODIS image used for comparison ta2the

November field data was collected frdmi November to ®ecemberin the week immediately

following the26 November field survey crops in the study area were harvested, causing an increase in
soil exposure, and a decrease in NPV col/kis change in field cover components would have

influenced the reflectance recorded in the MODIS image, but wascarded in the field data.
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The26 Novembeffield datacould be comparetd the preceding MODIS image, although this would
introducedifferent problemsThe preceding MODISwmage was composited from 9 to [86vember,
and would therefore not be influenced by gustvest reflectancélowever, there was still significant
green cover in most field# this timeIn both the cereal and lentil crops, chlorophyll was present in
the plants themselves as they figidlsenescing, andithin the lentilfield in the form of broadleaf

weeds.

Table 11. Field assessed fractional cover for photosynthetic vegetatiofn ), non-photosynthetic
vegetation €rypy), and soil frs); and RSMA spectral contributions relative to the baseline date,
24/04/2010, for PV, NPV and the baseline (B) spectra.

Field RSMA

Field Date frpy fr npy frg Xpv XNpv Xg
1 22/07/2010 0.16 0.56 0.28 0.10 -0.02 0.91
2 22/07/2010 0.40 0.41 0.18 0.23 0.01 0.76
3 22/07/2010 0.28 0.43 0.30 0.31 0.04 0.65
4 22/07/2010 0.16 0.61 0.24 0.14 0.03 0.83
5 22/07/2010 0.34 0.26 0.39 0.37 0.01 0.62
6 22/07/2010 0.39 0.30 0.32 0.37 0.02 0.61
7 22/07/2010 0.23 0.43 0.34 0.16 -0.01 0.84
8 22/07/2010 0.39 0.43 0.19 0.25 0.00 0.75
9 22/07/2010 0.23 0.50 0.27 0.14 0.02 0.85
10 22/07/2010 0.42 0.24 0.34 0.24 0.04 0.73
1 8/10/20D 0.98 0.01 0.01 0.81 0.20 0.04
2 8/10/2010 0.89 0.11 0.00 0.77 0.18 0.06
3 8/10/2010 0.76 0.12 0.12 0.71 0.16 0.13
4 8/10/2010 0.98 0.01 0.01 0.83 0.15 0.02
5 8/10/2010 0.91 0.05 0.04 0.74 0.16 0.10
6 8/10/2010 0.83 0.08 0.09 0.72 0.18 0.10
7 8/10/2010 0.93 0.06 0.01 0.82 0.17 0.03
8 8/10/2010 0.99 0.01 0.01 0.83 0.20 0.02
9 8/10/2010 1.00 0.00 0.00 0.81 0.19 0.00
10 8/10/2010 0.90 0.08 0.02 0.80 0.12 0.08
1 26/11/20.0 0.00 0.98 0.02 0.16 0.10 0.74
2 26/11/2010 0.09 0.16 0.75
3 26/11/2010 0.00 0.92 0.08 0.08 0.09 0.84
4 26/11/2010 0.00 0.99 0.01 0.16 0.12 0.72
5 26/11/2010 0.00 0.99 0.01 0.21 0.10 0.69
6 26/11/2010 0.00 0.95 0.05 0.16 0.12 0.72
7 26/11/2010 0.00 0.99 0.01 0.15 0.11 0.74
8 26/11/2010 0.00 0.99 0.01 0.19 0.10 0.71
9 26/11/2010 0.00 0.97 0.03 0.13 0.14 0.74
10 26/11/2010
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In summay, the relatively poor correlations which result from inclusion of2@bdlovemberdata are
probably a result ofither a poor assumption, @pidly changing cover components which influenced
the MODIS imagery, but which were not adeq

uately captured in the field datar, both of these effect@f these, the latter is the most likely to be the
case, since we demonstrated that there was little variation in field fractional cover aclesmfitie
baseline datelmportantly, the relatively poor correlatioase probably not a result of failure of the
RSMA method.

Table 12. Pearson's correlation coefficient and RMSE for field fractional
cover versus RSMA for all fidd survey dates, and for field survey dates
excluding November 26th.

PV NPV Soil

Excluding Pearson 0.98 -0.90 0.89
November 26th RMSE 0.12 0.31 0.34
Including Pearson 0.96 -0.29 0.51

November 26th RMSE 0.13 0.53 0.48

4.3.2 ARSMA

The Pearson's correlation coefficients and RN8&veerARSMA and the field datare presented in
Tablel3. In absolute terms correlatisare very strong for PV, NPV and swaihen excluding the
November 2@lata, andvhen including the November 2fta are very strong for PV and NPV, and
moderate for soilFurthermore, the RMSE are low for PV, NPV and sdien excluding the
November 2@latg andwhen including the November 2fata are low for PV and soil, and moderate
for NPV.

As with RSMA, correlations are lowered aadtorsare increass by including the November Zfata.
However, the ARSMA performed substantially better than the R8Ménincluding the November

26 data.We feel this indicates that the relatively poorer performance of the R&hA including the
November 2&lata indicates that the assumption on which the RSMA validation is based is somewhat
invalid. The baseline spectra froeach field may not have been similar enough to allow correlation

with the field fractional cover data from all survey dates.

However, we still feel that the rapidly changing cover components aioveimber 2alid influence
the MODISindicesandthat ths influence was not captured in the field d&¥&. believe this effect is
responsible fothe majority ofthe poorer performance of the RSMA and ARSMAen including the

November 2&lata
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Table 13. Pearson's correlation coefficiehand RMSE for field fractional cover versus ARSMA for all field survey
dates, and for field survey dates excluding November 26th.

PV NPV Soil

Excluding Pearson 0.97 0.95 0.84
November 26th RMSE 0.12 0.13 0.08
Including Pearson 0.95 0.8 0.46
November 26th RMSE 0.16 0.26 0.13

4.4 Discussion

This component of the study had two goatdstest the RSMA by comparing RSMA relative PV, NPV
and soil fractions against field fractional cover data gathered from an area of relatively uniform soils,
and; to test the ARSMA by comparing ARSMA absolute PV, NPV and soil fractions against the same
field fractional cover data.

4.4.1 RSMA

When considering all survey dates, agreement between the RSMA relative PV, NPV and soil fractions
ranged from very strong (PV, r = 0.96) through moderate (soil, r = 0.51) to low (NP@,29.

However, the November 2fbnposite MODIS imagevas acquired over a period of rapidly changing
cover components, which were not adequately represented by the single date of fifldsdata.

therefore reasonable to expect poor agreement between the RSMA and field data on Bys date.
excluding the Mvember 2@lata from our analysis, and retaining only the data we have the highest
confidence in, resultseredrastically improvedAgreement between RSMA relative PV, NPV and

soil fractions is very strong (r = 0.98, 890, and r = 0 8respectively).

Caution must be taken in interpreting these restiisse results are for an area of relatively uniform
soils, and we cannot yet say that the RSMA will perform equally well in an area with more variation
in soil reflectanceHowever, theRSMA is designed to be insensitive to, and work witleoptiori
knowledge of the soil spectrurd.next step in the development of the RSMA would be to perform a

test similar to the one presented here, but for a range of regions with diverse soil spectra.

In summary, caution must be taken in comparisons of MODIS composite imagery and fielthdata.
values recorded by the field data must be representative of the field fractional covier dver

majority of the MODIS image composite period

We have demonsated thathe RSMA is a very good measurechiange irPV, NPV and soil fraction
relative to a baseline dateurthermore, the RSMA accomplishes this withaytiori knowledge of
the soil spectrunHowever, without knowledge of the fractional coverdiuat baseline date, RSMA

is only a measure of change relative to an unknown initial v@ihis.does not limit the use of RSMA
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for phenology measures, but it does prevent the use of RSMA for monitoring purposes, where change

in absolute cover levels is ngiged. It is this limitation that the ARSMA seeks to overcome.

4.4.2 ARSMA

When considering all survey dates, agreement between the ARSMA absolute PV, NPV and soll
fractions ranged from moderate (soil, r = 0.46) through strong (NPV, r = 0.88) to very stromg=(PV,
0.95).Compared to the RSMA results, theressentially no difference in predictive ability of
ARSMA for soil (RSMA, r = 0.51; ARSMA, r = 0.46) and PV (RSMA, r = 0.96; ARSMA, r = 0.95),
but a significant improvement for NPV (RSMA, 8.29; ARSMA,r = 0.88).

As was the case with the RSMA, the ARSMA performs bettern excluding the November 2ata
from analysis (PV, r = 0.9NPV, r = 0.95; soil, r = 0.84Comparing these resultsttie RSMA,

there is virtually no difference in predictive ability ARSMA for any of thecover components

4.5 Conclusion

Both the RSMA and ARSMA are strong predictors of fractional cover components which can be
produced from MODISime-seriesmageryusing representative spectral signatures for PV and NPV,
butwith noa priori knowledge of the soil spectruifihe RSMA may be produced without any field
data, and provides information on change in the relative fractional PV, NPV and soil cover across
time. The RSMA is therefore suitable for landscape phenology studies, tiat tandscape

monitoringand assessment, which requineasures of absolute fractional cover.

The ARSMA is an accurate measure the absolute PV, NPV and soil fractional cover, which can
therefore inform both landscape phenology studies, and landscapenngnHowever, production

of the ARSMA requires knowledge of the field fractiori¥, NPV and soitoverfor eachpixel at

least onceTheoretically, this requirement might be easily metoist pixels in aMediterranean
croppingdistrict, where crops an be expected twave reached full canopy cover in at least one image
in the full MODIS time series.

Finally, this work focused on an area of relatively uniform soils, and therefore does ot test

RSMA or ARSMA in areasf different soil backgroundsy an areas of heterogeneous soails.
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5. Regional trends in cover over time

5.1 Introduction

The goal of thisectionis to illustrate how image indices of soil exposure could be used to provide the
information the DENR Policy Directorate needs to monitor and report on soil exposure dynamics, and
to provide this information in a form thisteasy to communicate and inegt. This takesthe form of
regionaltemporal profiles of image indices of soil exposure, and graphs of annual variation in area

vulnerable to erosion.

The temporal profiles are graphs of variation in image indices over time, and are presented alongside
temporal profiles of the DENEPFSCover Rating angrecipitation, from the Australian Bureau of
Meteorologyto aid in interpretatioriThe graphs of area vulnerable to erosion present the information

in several waysdesigned to aid interpretation and tableclearreporting against the SASP soil
protection target.

Finally, the work presented in thegctionshould provide further confidence in the ability of the LCI

to measure soil exposure.

5.2 Methods

5.2.1 Phenology of the study area

Although already described Sectiors 2 and 3, understanding the phenology of crop and pasture
growth and senescence in the study area will be essential to interpretation of the graphs presented in
the results of this sectiomhroughout the summer the landscape is largely diypadh summer

weeds and perenniphstures can thrive and produce significant green vegetation growth in some
areasRainfall from late March to May results in germination of winter weeds and annual pasture
plants, until chemical spraying or tillage of weethanagement of stubbles and seeding, or eirdtt
seeding, which typically reduce cover to a minimum in May or Juokowing seeding, annual crops
germinate and growth peaks in Septembarally crops ripen, senesce and are harvested in

November ad December. Stubble remaining after harvest is commonly grazed by stock through
summer and autumn. Retention of stubble and pasture cover is encouraged to minimise soil exposure,
but it is observed that the risk of erosion is usually greatest in late muthen plant residues and

pastures have been grazed down and early cultivation takes place.
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5.2.2 Data

Satellite imagery
The same MODIS NBAR satellite imagery and imagery date usedor production of the RSMA
LCl and NDVI.

Complete temporal coverage of MODIS Nadir Bidirectional Reflectance Distribution Function
(NBAR) imagery was acquired from tiséart of the MODIS archive (18 February 2000) to 3

December 2010. The MODIS NBAR image product corrects for viewing geometsugade

roughness effects, and each NBAR image is a composite of MODIS images from a 16 day period. In
total 248 NBAR images were acquired and analysed in this project. The first date of each image

composite, the 'image start day' is presentddciliie 14.

Table 14. Image start day for all MODIS NBAR image composites acquired and analysed in this project.

Image Approx day 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

start day (Gregorian)

1 1 Jan X X X X X X X X X X
17 17 Jan X X X X X X X X X X
33 2 Feb X X X X X X X X X X
49 18 Feb x X X X X X X X X X X
65 6 Mar x X X X X X X X X X X
81 22 Mar X X X X X X X X X X X
97 7 Apr X X X X X X X X X X X
113 23 Apr X X X X X X X X X X X
129 9 May X X X X X X X X X X X
145 25 May X X X X X X X X X X X
161 10 Jun X X X X X X X X X X X
177 26 Jun X X X X X X X X X X X
193 12 Jul X X X X X X X X X X X
209 28 Jul  x X X X X X X X X X X
225 13 Aug X X X X X X X X X X X
241 29 Aug x X X X X X X X X X X
257 14 Sep x X X X X X X X X X X
273 30Sep x X X X X X X X X X X
289 16 Oct X X X X X X X X X X X
305 1 Nov X X X X X X X X X X X
321 17 Nov X X X X X X X X X X X
337 3Dec x X X X X X X X X X
353 19 Dec x X X X X X X X X X




Section 5: Regional trends in cover over time 49

Note that there is always some overlap between the final image in a year and the first image in the
following year. In a non leap year the final image col®&Becembeto 3January in théollowing

year, resulting in three days overlap with the first image of the following year.

LCl and NDVI

The MODIS Reprojection Tool (MRT) was used to transform the base MODIS NBAR images from
the supplied sinusoidal global projection to South Australemlherts Conformal Conic projection.
Next, any pixel containing a null or erroneous value in any band was removed (set to null) in all
bandsFinally, the LCI image index was calculated according teetheation presented Bectionl,

and the NDVI image idex was calculated according to the standard formulation.

RSMA

The RSMA index presented in this report was produced with a modified version of the RSMA
software developed by Oki®kin 20079. The modified version of the RSMA software used in this
reportattempts to map the landscape in terms of only three cover types, PV, NPV and soil (i.e.,
excluding snow). Unless otherwise noted, all subsequent uses of the term "RSMA" refer to the
modified, theeendmember RSMA.

The 3EM RSMA software supplied by Okin was used to produce the RSMA index. The RSMA index
was produced for a series of MODIS images coveringdhiod 18 February 2000 tolBcember

2010. The algorithm was directed to use the PV aPd Endmembers immable9. The baseline

image date was set TApril 2003, which was a period of high soil exposure according to the DENR
EPFS Cover Rating data.

TheRSMA algorithm produces three relative fraction imatgcks, for PV, NPV and soil. Each

image stack contains 248 bands, with each band corresponding to one MODIS composite image date.
The RSMA indices were evaluated against field fractional cover (gezbenthis section), and

temporal profiles of EPFS Cover Rating, and precipitation (presented in S&ction
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DENREPFSCover Rating
TheDENR erosion protectioniéld survey EPFS method, and the Cover Rating measure, were

described previolg in Section3 of this report.

Precipitation

Weekly gidded (image format) precipitation data was obtained from the Australian Bureau of
Meteorology (BoM) for the Astralian continentFrom this a pseudmonthly precipitation product
was produced by summing c@cutive groups of four weeékmecipitation to produce 13 pseudo
month precipitation images for each study y&ae weekly precipitation data was used to produce
the 'cumulative annual precipitation' product described below, while the pewanthly datavas

used to produce the 'monthly precipitation' and 'trend in precipitation' products, also described below.

5.2.3 Temporal profils
Two methods were used in the production of the temporal praditesfor thdield-samplebased

Cover Rating, and another fdretimagebased LCI, NDVI, RSMA and precipitation

To produce th€over Rating profildrom thefield pointbasedEPFS average Cover Rating for each
region and survey period was extracted fldENR EPFSdatabaséor the period2000 to 2010.

2 N
“‘wﬁﬂ
- Study area 7N

0 50 100

200
Kilometers

Figure 11. Map displaying the areas that were retained and excluded (set to null) prior to extraction of image index
statistics for all temporal profiles.
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Creation of the LCI, NDVI, RSMA and precipitation temporal profiles required mexeeto ensure
thatnon-cropping areas did not influence the resitgor to extraction of image index statistics all

areas of native vegetation were removed (set to null) from all infegrse11). After removal of
nativevegetatiorareas, the mean LCI, NDVI, RSMA and precipitation values were extracted for each
DENR EPFSeporting regior(Figure5) and image datéTable14).

All temporal profile data were then plotted, along with period minimum, maximum and average

(mean) producing profileof change in each variable by regifwr the 2000 to 2010 period.

Cumulative annual precipitation

A special case of temporal profile was the cumulative annual precipitation prbiggorofile is a
cumulative measure of the precipitation within each ygaduced by adding each weeks
precipitation to that of all preceding weeks within that y&he results were then graphed for each
region.This index of precipitation allows for better innnual comparison of total precipitation than

the simple montly precipitation temporal profile.

5.2.4 Temporal trend

Trend in LCI, NDVI and precipitation was calculated for each reporting regimstly, an average

season was produced for each dataset by calmithe mean of all Januarysamples,iten the mean

of all January 18amples, etcThen the difference of each sample from this average season was
calculated, and finally these differences were accumulated to produce a measure of the trend in the

variable for the study period.

5.2.5 Areavulnerable taerosion

Givena known relationship between LCI afrgdit is possible to convert the LCI at each image date
into an estimate dfs. To this endve defined a mathematicalodel relatingrs to LCI (Equation 3
basedn thedata collected and reported$ection2: Pape I. When defining this model care was
taken to balance over and undstimation of soil exposure, and thus the modelled relationship
appears in the middle of ti@int-cloud inFigure12.

W= 252x HE'O- 0.83 ©)

This modelled relationship was applied to the LCI images to produce aviiatestimate of soil
exposure for the 2000 2010 study perigdand from this three products were prodydddh temporal
profile of area vulnerable to erosion,Magnitudeof erosion vulnerabilityby reporting year, and 3)

land protected from erosion relative to 2002/03
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Figure 12. Modelled relationship between soil fractional coer (frg)
and LCI. Relationship was designed to balance over and under
estimation of soil exposure.

For each of these products soils were considered at risk of erosion lifzthgseater than or equal to

50 % soil exposurélhis is not intended as a define statement that soils become vulnerable to

erosion at this or any other value, but is chosen for the sake of illustrating the kinds of products which
can be created with this procekaterwork could chose a single, different value for the erSiede,

or different values for different soil types (e.g., lower threshold values for sandy soils more prone to

erosion).

Temporal profile ofirea vulnerable to erosion

As with all other temporal profile@resented hergreas of native vegetation wesmoved (set to

null) prior to statistic calculatiorOn each image datnd for each reporting regi@ncount oimage
pixelswith greater than or equal to 50 % soil exposuas performedrFrom this, area vulnerable to
erosion(in n?) wascalculated by mltiplying the pixel count by the MODIS pixel areghich is
nominally250,000 rA (500 m x 500 m), but in thiportis actually 214,656.16 1{463.31n x
463.31m).This was then converted hectareand the temporal profile plotted by region for the 2000

to 2010 periodThis calculation is summarised in Equation 4:
Oy = Ny x A, (4)

WhereA, is the area vulnerable to erosi@m ha), £, is the number of pixels vulnerable to erosion

andA;, is the area of a single MODIS pixel.
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Magnitude of erosiomulnerability

Themagnitude of erosion vulnerability a measure of both area (extent of soil exposure) and time
(duration of soil exposureTherefore this measure is expressed aatbatime (hectaredays)of
vulnerability to erosion for each regiondareporting year-or the sake of this measure a reporting
year was considered to be the period from peak soil cover in one year to peak soil cover in the
following year, and it was assumed that peak saitcavas achieved in September.

The first step otalculatinghectaredays of vulnerability to erosion was to convert the assessment of
area vulnerable to erosion for each date to an assessnmettafedays This was a simple process

of multiplying the area in hectares by the number of days covergeeODIS image used to
produce each area assessment, which in all cases was 1Bebysll assessments loéctaredays
vulnerability to erosion (based on 23 image dates covering 16 days each) within each region and
reporting year were summed to produa measure of tothkctaredaysof vulnerability to erosion for

that region and year.

For each region and reporting year the dit@ of vulnerability to erosion was plotted as a bar graph.

Land protectd from erosion relative to 23

The South Austrén Strategic PlaB011soil protection target isBy 2020, achieve a 25 % increase
in the protection of agricultural cropping land froml ®wbsion [as compared to 2003Hence a

'‘Land protectd from erosion relative to 23' image product is highly digable.

Determination of land protected from erosion is essentially the inverse of the previous measure, the
magnitude of erasion vulnerabilityherefore, taletermine the area protected from erosion it was

first necessary to calculate the total anneaithiredaysof cropping landwvithin each reporting region.
This was accomplished by calculating the imative vegetation area within each reporting region in
hectaresThis was then converted to total annual heetiangs for each reporting region by

multiplying by the number of days in an imalgased reporting year (23 x 16 = 36Bhis is longer

than a calendar year, and therefitrere issome overlap between imagddowever, his overlap is

always between the final image in a year and the firagamn the following yeamland therefore there

is no overlap between the reporting years used in this measure.

Hectaredays protection from erosion for each region and year was calculated by subtracting the
hectaredays of vulnerability to erosion from thetal annual hectaréays within that regiorfinally,

all areas were converted to percealues relative t2003 and plotted.
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5.3 Results

5.3.1 LCI and NDVI emporal profilesand trends

This section presents the LCI and NDVI fgomal profiles and trends alongsiotherdata to provide
context ando aid user interpretatiofEyre Peninsulagigure13; MurraylandsFigure14; Northern

and YorkeFigurel5; and South EasEigure16). TheEPFSCover Rating is presented to allow
comparison of the image index of soil cover against the currently accepted measure of soil cover.
Several indices of precipitation are presented to provide context, since precipitationfishene

primary determinants of vegetation growth, and hence soil cover.

Typical seasonal pattern

In all regionghe LCI and NDVI folbw the pattern we would expdiebm our understanding of the
typical crop phenologys(2.]) and the index formulatio@blel). Both LCI and NDVI are strongly
influenced by green vegetation, dmath start to increase around Mayringseeding, and then peak
between August and October when crop growth pes&ksrops begin to ripen (senesce) in October,
both LCI and NDVI decrease, though NDVI decreases very quickly and then reaches a minimum
arownd late November as crops are harvesteeh remains flat througimtil May, despite the gradual
reduction of crop residueBuring the same period LCI decreases swiftly at first as crops senesce,
then slowly from November until May as crops are harvesteldcrop residue is slowly depleted by
grazing,natural decay, ansbmemanagemenrdctions aimed at reducirsgubble.

Deviations from typical seasonal patterns

There are two notable deviations from the typical seasonal pattern that are common tonall regio
Unusually low precipitation in 2002 and 2006 resulted in very low maximum LCIl and NDVI in the
winters of those years, and very low minimum LCI through the following summer and adtisin.

can be interpreted as poor crop growth due to lack of raindalljting in low maximum vegetation

cover in winter, followed by crop residue decay and reduction over the following summer and autumn
starting from a low maximum cover and resulting in a very low minimum soil chieée. that NDVI
reaches the same minimun most years, because it is insensitive to NPV cover, and therefore does
not decrease as crop residues decay and are removed over summer andlaiguntarpretation of

the LCIl and NDVI is supported by the Cover Rating profiles, which show verydgtgber

minimum Cover Rating (low cover at the period of expected maximum canopy cover), and very high

maximum Cover Rating in the following year prior to germination (high soil exposure).

Congruence betweamage indices an@over Rating
Comparing.Cl and NDVI toCover Rating, and remembering that in this compar@over Rating

should be inverted when compared.@l and NDVI (high Cover Rating score corresponds to low
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cover, while high LCI and NDVI correspond to high cover), theeesameagreemats anda number

of differencesn the two measures.

In all regions the annual minimum of Cover Rating (i.e., maximaiicover) is recorded
approximately a month after the LCI and NDVI peakis is not ggreatconcern, and iprobablya
reflection of the slightly differerdpproachesf thefield and image based measurBse goal of the
OctoberEPFSmeasure iso record the maximum cover attained within that year, regardless of
whether the season will be an early or late finish, arattomplish this the OctobEPFSis timed
after crop ripening has usually begiihus, when the maximum Cover Rating is recorded by the
EPFS crop greenness and hence LCI and NDVI have already begun to decrease.

Of some concern is the timing of the anlnmaximum of Cover Rating (i.e., minimum soil cover, or
maximum soil exposurelirst, remember that the LCI and NDVI begin to increase when summer or
autumn rain cause germination of weeds or annual pastures, or increased growth of perennial pastures.
Therefore, the point just before LCI and NDIV begin to increase represents the period where crop
residue reduction processes (natural and anthropogenic) have had their maximum impact on soil

cover, but before new growth can begin to increase soil cover.

In same seasons tHePFShas successfully recorded the magnitude of soil exposure at the period of
maximum soil exposure within that yedhe maximum Cover Rating coincides with the lowest LCI

and NDVI and just before the LCI and NDVI measures begin to inergasvever, in most seasons,

the EPFSmisses assessing the magnitude of soil exposure at the period of maximum soil exposure in
that yearln these years the maximum Cover Rating is recorded after the LCl and NDVI have already

begun to increase.

Trend in LCI, NDVI and precipitation

The LCI, NDVI and precipitation trend graphs must be interpreted with catitienabsolute values
of these indices are nsignificant.Rather, whether the graph is increasing or decreasing indicates
whether the values of thatdex (LCI, NDVI or precipitation) at that point in time were higher or
lower than expected from the corresponding point in the 210 seasonal averager example
the steadily increasing LCI and NDVI, and the generally increasing precipitatios trealdl regions
from the beginning of 2000 to early 2002 indicate that INDVI and precipitation were consistently

higher than expectaghen compared to an average season.

Examining these trend graplehen theravas higheprecipitation than usual both LCI and NDVI are
higher than usual, and when there is less precipitation than usual, both LCI and NDVI are lower than
usual.To interpret this, increased precipitation results in increased vegetation growth and cover, and

therefore increased LCI and NDVThis is expected.
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It is also worth noting that whileCl and NDVI follow the same general pattern, the LCI trend varies
less than the NDVI trendVe attribute this to the fact that LCl is measuring total vegetation cover
(PV plus NPV), while NDVI is measuring only PV, and we expect total vegetation tovary more

slowly than just PV.

To illustrate with the first of two examples, imagine unseasonal rainfall in early summer (December).
Prior to this time there would be IgtlPV cover, but significant NPV crop residié&erefore we

would expect moderate and slowly decreasing LCI values, and very low and static NDVI Vhkies.
summer rainfall would result in some summer weed growth, which would slightly increase LCI but
significantly increase NDVIThis would result in a small increase in LCI trend, and a large increase

in NDVI trend.

To take the second example, andounter scenario, imagine an early dry finish to a winter (July).
Crops would already have germinated and peced significant canopies, resulting in high LCI and
NDVI values.The early drying would result in early crop senescence causing a significant drop in
NDVI down to approximately annual minimum values, while the transformation of PV to NPV would
still leavethe soil significantly covered, and hence only cause a moderate drop ifHi€CWould

result in a small decrease in LCl trend, and a large decrease in NDVI trend.
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Figure 13. For the Eyre Peninsula reporting regon, temporal profiles for LCI, NDVI, Cover Rating and
precipitation, and temporal trends for LCI, NDVI and precipitation.
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Murraylands

1/01/2000

1/01/2001

1/01/2002 1/01/2003 1/01/2004

1/01/2005

Date

1/01/2006 1/01/2007 1/01/2008 1/01/2009 1/01/2010

NDVI

/\

A

A\

=—NDVI

——Mean

L/

g

VA

AN
W,

L/

M Ana

>

\]

L

/]

——MLCR

(mean)

Cover Rating

N
pS

A\ A\, N\ A
A AV AV A=

e BN ow B oW oo

— Max

E

Monthly
precipitation (mm)
E 88 &8 g

= Precipitation

°

g

Cumulative
annual
precipitation {(mm)
]

—— precipitation

NDVI trend

(=

_/ =——NDVitrend

LCl trend

/

(
/

——LCl trend

\\.N—'-/

-50

Precipitation trend

-100

Pz
o

N

i

N\

NN

—Pprecipitation trend

-150
01-Jan-00

01-Jan-01

01-Jan-02

01-Jan-03 01-Jan-04

01-Jan-05

01-Jan-06 01-Jan-07 01-Jan-08 01-Jan-03 01-Jan-10

Date

Figure 14. For the Murraylands reporting region, temporal profiles for LCI, NDVI, Cover R ating and precipitation,
and temporal trends for LCI, NDVI and precipitation.
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Figure 15. For the Northern and Yorke reporting region, temporal profiles for LCI, NDVI, Cover Rating and
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5.3.2 RSMA temporal profiles

This section presents the 3EM RSM#ative PV fraction, relative NPV fraction and relative Soil
fraction(rpy, rnpy, andrs respectivelyfemporal profiles and trends alongside other data to provide
context and to aid user interpmgbn (Eyre Peninsulagigure17; MurraylandsFigurel18; Northern

and Yorke Figurel9; and South EasEigure20). TheEPFSCover Rating is presented to allow
comparison of th@EM RSMA soil fractionagainst the currently accepted measure of soil cover.
Several indices of precipitation are presented to provide context, since precipitation is one of the

primary determinants afegetation growth, and hence soil cover.

Analyses of typicaRSMA seasonal patterns, deviations from typR&8MA seasonal patterns,

congruence andeviationbetweerRSMA and Cover Rating follow.

Typical seasonal pattern

In all regions thepy , rypey andrs vary largely asexpected based on our understanding of the crop
phenology in the study area.2.1). From January tday rpy often slowly increaseas summer weeds
and perennigpastures produce some green vegetatigr,slowly decreases as crop residue from the
previous growing season is depleted through natural decay, grazing, or active stubble reduction
management, ang slowly increases asap residues are depleted at a greater rate than they are
replaced by summer weedgomJune tdSeptemberpy increases steeply as crops are planted,
germinate and grow to a full green canoguyd bothryey andrs decreasslowly as crop residues
continue to decay naturally aad bothare occluded by increasing green co¥om October to
Decemberpy decreases steeply to a minimascrops ripersenesce and are harvestiadypposition
rnpyv iNCreases steeply as cropsem and senesce, but there appears to be little decrease at harvest.
Unexpectedlyrsincreases steadily over thisrjmel, possibly reflecting a misieasurement of the

increasingrypy @asan increase ins.

Deviations from typical seasonal patterns

Low precipitation in 2002 and 2006 resulted in two notable deviations from the typical RSMA
seasonal pattern that are common to all regions, as was the case with LCI andnNB&4e years
rev reached a very low maximufallowed by an unusualllow minimum.Unexpectedlyrypy did not
reach a lowethanusual maximum in the summers following this low, and in many cases was
higher than usualAs expected;s reached a very low minimum in these yedst perhaps

unexpectedly did not reach a highbanusud maximumin the following autumn

Interpretation of thepy is straightforward, and is the result of poor winter crop growth due to a lack
of rainfall, followed by the senescence of perennial pastures and the absence of summer weeds which

usually resultm some photosynthetic vegetation persisting through summer.
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There are at least two possible interpretations offie The first is simply that NPV production and
retention processes outweighed the combined effect of NPV reduction processes and ke reduc
production of crop NPWVe suggesthatNPV productiorprocessemay make major contributions to

NPV in low precipitationyearsbut only minor contributions to NPV in normal yearhis is the
senescence of perennial pastures, and will result in ageise in NPV in unusually low precipitation
years.A retention procesi#kely to occur in low precipitation years crop failureand the following

change in manageme@rop failure will resulin low production of NPV, but then high#ranusual
retention because failed crops are not harvested but are instead simply left, or slowly grazed over the

summer.

An alternative intergetation of the observed higheranusual maximunmyey is that the RSMA may
be to some extent confusing soil and NPV, and in this case may be erroneously mapping increasing
soil exposure as increasing NPV coviere is however no direct evidencedstthis interpretation.

The high minimunrs over winter nay be interpreted as a result of low winter vegetation growth
producing less soil cover than usukthe average maximung in the following autumn is interpreted
as the result of land managers effectively adapting to the poor season and managiesjctrepto

minimise soil exposure.

CongruencédetweerRSMAand Cover Rating
Here we compares to EPFSCover Ratingsince bottlrs and Cover Rating are measures of soil
exposureThere are some general and specific agreements betwaed Cover Rating, and @

important differencein the specific timing of recorded minimum and maximum values.

The general patterof bothrs and Cover Ratings in agreementSoil exposure is at a minimum in
approximately September, then over a period of eight to nine mioctesases to a maximum in
approximately May, before quickly decreasing to a minimum in September again.

Specific agreement between the two measures can bénsthentiming of seriesninima, and in the
magnitude of drought year minimBothrs and CoveRatingare at or very close to their series
minimum values (their lowest value for the entire 2D@D10 period) irall regions inOctober 2000,
2001 and 201Q.ikewise, bothrs and CoveRating record very high minima all regions in the
very-low-precpitation years, 2002 and 2006.

Of some conceris difference in the specifitming of annual minimum and annual maximum soil
coveras recorded bygs and Cover Ratingexamining annual minimérst, in the Eyre Peninsula
(Figure17, 2001i 2003, and 2006 2010), MurraylandsHigure18, 2003, 2004 and 20062010)

and Northern antforke (Figure19, 20061 2010) the annual minimum Cover Rating (i.e., minimum
soil exposure) was recorded between several weeks and two months after the annuah nainimu

other words, in these years and in these regions the assessment of minimum soil exposure was made
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after soil exposure had already begun to incrdagbe South East the assessment of minimum Cover
Rating was performed at the time of minimum sogbosure, as measuredayin every year

examined heréFigure20).

Examining annual maximum soil exposuirethe Eyre Peninsuld={gure17, 2001 and2007- 2010,
Murraylands Figure 18, 2000, 2006, 2009 and 20) and South EasFigure20, 2003, 2006 an@008
T 2010)the annuamaximumCover Rating (i.e.maximumsoil exposurgwasrecorded after thes
annual maximum, when soil exposyas neasured by RSMAhas already begun to declirie those
years theePFSassessment of maximum soil exposaresumablyvould belower thanit was in
reality. It is worth noting thatn the Northern an¥orke region theEPFSassessment maximum soil
exposureappears to coincide almost exactly with the actual time of maximum soil exposure, as

measured bys, in every year on recol@igurel9).
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Eyre Peninsula
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Figure 17. For the Eyre Peninsula reporting region, temporal profiles for Cover Rating, precipitation, and RSMA

relative PV, NPV and Soilfractions, and temporal trend in precipitation.
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Murraylands
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Figure 18. For the Murraylands reporting region, temporal profiles for Cover Rating, precipitation, and RSMA

relative PV, NPV and Soil fractions, and temporal trend in precipitation.
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Northern and Yorke
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Figure 19. For the Northern and Yorke reporting region, temporal profiles for Cover Rating, precipitation, and
RSMA relative PV, NPV and Soil fractions, and temporal trend in precipitation.
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Southeast

Figure 20. For the Southeast reporting region, temporal profiles for Cover Rating, precipitation, and RSMA relative
PV, NPV and Sail fractions, and temporal trend in precipitation.



