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ABSTRACT

Deeplevel gold miningin the Witwatersrand Basin Goldfield8VBG) of central South
Africa is characterised by the production of extensinvdined tailings storage facilities
(TSFs)comprisinglarge quantities of pulverised rock and water contaminated with salts and
a wide range of other inorganic pollutait8eiersbyeet al, 2006) There aranore than200
such TSFs covering a total area of more @@ knf (Rosneret al, 2001) and significant
cont ami nat ed dctuoafter pmaval and remacessang of the original TSFs
(Chevrelet al, 2003) It is estimated that the WitwatersraBdsin contains six billion tons
of gold and uranium tailingéChevrelet al, 2003) 430 000 tons of uraniurfCouncil of
Geoscience, 1998; Winde, 2004a; b; ar)d approximately 30 million tons of sulphur
(Witkowski and Weiersbye, 1998ajn estimatedlL05 million tons of wasteper annum is
generated by the gold mining industathin the WBG(Department of Tourism, Economic
and Environmental Affairs, 2002; Chamber of Mines of South Africa, 2004)

A major environmental problenresulting from deep levemining in the WBG is the
contaminated water that seeps from TSFs into adjacent lands and groundiaateks

(1992) reported on the significant environmental hazards resulting from the storage of highly
pulverised pyrite rock waste in TSEStrakeret al., 2007). Adjacent landsecome polluted
through neasurface seepage, and this is enhanced by the movement of polluted
groundwater in shallow aquifers that are commonty01lm below ground (Funke, 1990;
Hodgsoret al, 2001; Rosneet al, 2001; Naickeetal., 2003). The impact of the mines and

the TSFs extends far beyond their localities (Coghal., 1990). The Vaal River catchment
receives a large proportion of the pollutants frafBG mining activities, with consequent
acidification and salinisation alurface and ground watealt discharget the Vaal River

were estimated to be 170 000 t/annum (Best, 1985), whereas discharges from the Free State
gold minessouth ofthe Vaal catchment were estimated at 350 000 t/annum of salts (Cogho
et al, 1990). Concern also exists over the spread of dangerous contaminants such as

uranium,chromiumandmercury Coetzeeet al, 2006; Winde, 2009)
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Engineering solutions to these problems are hindered blathe sizes and great extenft

TSFs the high and indefinite costs involved, and the typically low hydraulic conductivity in
affected aquifers, which makdbe i p u mp  a nagptiontimpeaetitabAn alternative
phytoremediation strategys to establish belts or blocks of trees in strategieas
surrounding the TSFs in order to redube seepage afontaminated water into adjacent
landsand groundwater bodieShe major reasons why trees are likely to have a greater
impact on seepage water than the existing grasslands that charactesissaineund most

TSFs inthe WBG are that some tree species have the potential to develop very deep root
systems ando continue transpiring water throughout the year. This is in contrast to
seasonally dormant grasslands. In addition, some tree speei&savn to be tolerant to

salts and other pollutants. Trees are thus potentially able to reach deep water tables, take up
large quantities of water, and remove some of the pollutants in this Wasecrucial for a
successful implementation of this &gy to know on what sites trees are able to access
mine seepage water, and consequently maintain a higkhroead rate of water usé. this
access is limited, then growth and water use will be curtailed during the long winter dry

season, and control eéepage will be considerably below potential.

A primary aim of this study was to develop methodologies to discriminate between water
stressed and nematerstressed trees currently growing in &é@rgold mining districts
(Welkom Vaal River, West Wits) within the WBQ:his information wasequiredto assess
what site types are likely to support adequate tree growth and permit high rates of water use
and seepage contrdlhe tree species selected were those most widely occurrititese
areas, and includéhe nonnative specieg&ucalyptussideroxylonA. Cunningham ex Woolls

and Eucalyptus camaldulensBehnhardt, a well asthe indigenous speci€searsialancea

L.f. Various remote sensing technologies including-lea¢l spectrosopy, satellite and
airborne remote sensingiages were evaluated for their usefulness in detecting levels of
winter-time water stress.Four commonly used grousiduthing techniquegpredawn leaf
water potential, leaf chlorophyll fluorescence, ledflorophyll and carotenoid pigment
contenf and leaf water contentvere usedor localised measurements piant water stress
andfor groundtruthing of remotely sensed daia 75 sample sites and 15 samplessiThis

study providedh unique opportunityo test and compare the use of stnegkectancemodels
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derived from different remote sensing dataquired at different spatial and spectral
resolutions (i.e. multispectral and hyperspectral) for the same geographical location.

The use of remote sensingdraminethe spectral responses of vegetation to plant stress has
been widely described in the scientific literature. callation of published spectral
reflectance indices provided the basis for investigatigguse of hantteld remote sensing
technology to detegtlant water stressand was useds a stepping stone to further develop
spectral plant water stress relationships for specific tree species in thisStudnty seven
spectral reflectance indices and specific indidtispectral wavelengths useful for detecting
plant water stress, plant pigment contetite presence of stress related pigments in
vegetation, and changes in leaf cellular structure, were investigated haigheld
spectroscopyGroundbased measuremenof plant water stressere taken on75 sample
trees.In this study, themeasurement of predawn leaf water potential has been identified as a
key methodology for linking remotely sensed assessments of plant water stress to actual
plant water stress reading of-0.8 MPa was used to separate stressed trees from unstressed
treesin the landscapéCleary and Zaerr, 1984)he results of the predawn leaf water
potential measurements ranged frebrb6 t0-0.68 MPa at unstressed sites, and frOmM3
to-1.78 MPa at stressed sites.novel approach of using spectral reflectance indices derived
from previous studies was used to identify specific indices which are applicable to South
Africa and to the three species investigated in the Wi@&imal multiple linearegression
models were derived for all possible combinations of plant water stress measurements and
the 77 spectral reflectance indices extracted fromléaadl spectral reflectance datand
included the interactions of district and speci®e resultof the multiple linear regression
models indicated that the (695/690) index, DATT index ¢8%0)/(850680), near infraed

index (710/760) and the water band (900/970) index performed well and accounted for more
than 50% of the variance in the dafEhe stepwise regression model derived between
chl orophyl | b content and the DATT index w
highest adjusted Rof 69.3% This was shown to be the most robust model in this
application which could be used at differentclations for different species to predict

chlorophyll content at the ledével.
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Satellite earth observation data wexeuired from two data sources for this investigation;

the Hyperion hyperspectral sensor (United States Geological Survey Earth Resource
Observation Systems) and the Proba Chris pséyderspectral sensor (European Space
Agency). The Hyperion sensor was selected to obtain high spatial and spectral resolution
data, whereas the Proba Chris sensor provided high spatial and medium spsclnébn

earth observation datdwelve vegetation indices designed to capture changes in canopy
water status, plant pigment content and changes in plant cellular structure, were selected and
derived from the satellite remote sensing image@roundbasedmeasurements of plant
water stress undertaken during late July 2@@4e usedfor groundtruthing the Hyperion

image, while measurements undertakieming July 2005 and August 2005 were used for
groundtruthing the Proba Chris images. Predawn leaf water potential measurements
undertaken for the three speciemnged from0.42 to-0.78 MPa at unstressed sites, and

0.95 to -4.66 MPa at stressedites. Predawn leaf water potentials measured fé.
camaldulensistrees sampledn species trials in Vaal River were significantly different
between stressed and non stressed trees (t = 3.39, 8df, P = 0.009). In céntrast,
camaldulensisrees sampled nea pan within the Welkom mining district, which had
greater access to water but were exposed to higher concentrations of salts and inorganic
contaminants, displayed differences in total chlorophyll content-229, 8df, P = 0.059),
carotenoid contert =-5.68, 8df, P < 0.001) and predawn leaf water potential (t = 4.25, 8df,

P = 0.011) when compared to trees sampled on farmiargideroxylortrees sampled close

to a farm dam in the West Wits mining district displayed differences in predawn leaf water
potential (t = 69.32, 8df, P < 0.001) and carotenoid content-@.£3, 8df, P = 0.066) when
compared to stressed trees further upslope away from the water Suluitiple linear
regressionsevealed thathe predawn leaf water potentigdeenness normalisatifference
vegetation indexnode| andthe predawn leaf water potential water band index meodske

t he fAbest 0 swof plamtgnaterestresadem sisingbeoad band multispectral
satellite and narrowband hyperspectral satellidatarespectively.lt was concluded from

these investigations that vegetation indices designed to capture changes in plant water
content/plant water status and spectral changes in the red edge region of the spectrum
performed well when applied to high spectedolution remote sensing data. The greenness

normalised difference vegetation index was considered to be a fairly robust index, which was
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highly correlated to chlorophyll fluorescence and predawn leaf water potential. It is
recommended that this indexshthe potential to be used to map spatial patterns of winter
time plant stress for different genera/species and in different geographical locations.

Airborne emote sensing surveys were conductednvestigate the application of high

spatial resolutionemote sensing data to detect plant water stress. Multispectral airborne
imagery vas acquired byLand Resource International (PTY) Lt&outh Africa Ground

based measurements of plant water stress were carried out during July and Augé&stu2005.
individual spectral bands and two vegetation spectral reflectance indices, which are sensitive

to changes in plant pigment content, were derived from the processed multispectral images
viz. red, green, blue and neafrared spectral bands and the matised difference
vegetation index (NDVI) and greenness normalised difference vegetation index
(GNDVI).The results of the multispectral airborne study revealed that carotenoid content
together with thegreens pect r al waveband r ate mdasuedfplanh t he

water stress when using brebdnd multispectral airborne data.

Airborne remote sensing surveys were conductedBayKal Systems Engineering Ltd,
Israel to investigate the application bfperspectral airborne imagery to detect plaater
stress.Six vegetation spectral reflectance indices designed to capture changes in plant
pigment and plant water status/content, were derived from the processed hyperspectral
images.When using airborne hyperspectral data, predawn leaf water paitevith the
normalized difference water index was selected as the most appropriate mhodas
concluded, upon evaluation of the multiple linear regression models, that the airborne
hyperspectral data produced several more regression models with duijireted R values

(R range 6.2- 76.2%) when compared to the airborne multispectral dafaréRge 6-

50.1).

Exploration of relationships between vegetation indices derived frontelealf satellite and
airborne spectral reflectance data agmbundb a s e d measur ement s use
measures of plant water stressvealed that several prominent and recurring spectral

reflectance indices could be applied to idensipeciesspecificplant water stress within the
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Welkom, Vaal River and WesWits mining districts. The models recommended for
mapping and detecting spatial patterns of plant water stress when using different sources of
remote sensing datae as follows:
e the chlorophyll b DATT spectral reflectance model when derived from-Ikad!
spectral reflectance dategnbe applied across all three mining districts
e thepredawn leaf water potential GNDVI spectral reflectance model and predawn leaf
water potential water band index spectral reflectance model when utilising satellite
multispectral and hyperspectral remote sensing data
e carotenoid contengreenband spectral reflectance model can be used for airborne
multispectral resolution data
e predawn leaf water potential NDVI spectral reflectance model is best suited for

airborne high satial and hyperspectral resolution data.

These results indicate thaeasuremestof predawn leaf water potential and plant pigment
content have been identified as key methodologies for grtutiting of remotely sensed

dataand can be used as surrogate measures of plant water stress.

Some preliminary research was undertaken to evaluate if wood anatomy characteristics
could be used as a nalestructiveand rapid lowcost surveyapproach for identifying trees
which are expeencing long-term plant stress.Seventy two wood core samples were
extracted and analyseBredawn leaf water potential measurements were usethgsify
stressed and unstresgegkes.Relativedifferences in radial vessel diameter, vessel frequency
and wad density were examinedComparison of the radial vessel diameter and vessel
frequency measurements revealed significant differences in three of the five comparative
sampling sites (p <0.05). The results of the density analyses were significantly diféeren

all five comparative sampling sites (p < 0.0lf).general, trees experiencing higher plant
water stress displayed smaller vessel diameters, compared to less stressed or healthy trees.
Sites which were influenced by high levels of contaminated wadser displayed smaller
vessel diameters, indicating that the uptake of contaminants could affect the wood anatomy
of plants. Tees considered to be experiencing higher plant water stress displayed higher

vessel frequency. This preliminary study showed piant stress does influence the wood
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anatomical characteristics (radial vessel diameter, vessel frequency and wood deBsity) in
camaldulensisk. sideroxylorandS. lancean the three mining districts

Spatial patterns of tregsnapped in He threegold mining districts Welkom (27°57°S,
26°34°E)in the Free State Provinc®aal River (26°55°S, 26°40°E) located in the North
West Province, and West Wits (26°25°S, 27°21°E) locate@Gadnteng which were not
experiencing wintetime water stress were cefated to site characteristics such as average
soil depth, percent clay in the topsajkoundwater chloride and sulphate concentrations,
total dissolved solids, electrical conductivity and groundwater wetesl. The spectral
reflectance model derived between predawn leaf water potential and the green normalised
difference vegetation index using brelaand multispectral Proba Chris satellite dat@sw
used to map spatial patterns of unstressed trees across the thregdistricts. Very high
resolution (75 cm) multispectral airborne images acquired by LRI in 2005 were used to
demarcate and classify vegetation using the maximum likelihood supervised classification
technique. mterpolated surfaces of groundwater cliderand sulphate concentrations, total
dissolved solids, electrical conductivity, pH agrundwater table levelwere created using

the kriging geostatistical interpolation technig@ each mining districtRandom sample
analyses between stressed andressedreeswere extracted in order to determine whether
site characteristics were significantly different (usiatgdts) Site characteristic surfaces
which were significantly different from stressed areas were spatially linked to trees which
were notexperiencing wintetime plant water stres®r each tree species investigated in
each mining district This spatial correlation was used to malkeeommendations and
prioritise sites for the establishment of future bloplantings. Analysis of the site
chaacteristic data and the geophysical surveys undertaken in the three mining districts
which provided detailed information on groundwater saturation and an indication of the
salinity conditions, confirmed the presence of relatively shallow and saline gvaterd
sources. This would imply that tree roots could access the relatively shallow groundwater
even during the dry winter season and assist in containing contaminated groundwater

seeping into surrounding lands.
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CHAPTER 1.
GENERAL INTRODUCTION

1.1 RESEARCH PROBLEM

In South Africadeeplevel gold miningis characterisedybthe production of extensive
tailing storage facilities (TSFs), which contain large quantities of slimes consisting of
pulverised rock and water contaminated with salts and a wide range of other inorganic
pollutants (Weiersbyet al, 2006). Approximateld00 knf of the Witwatersrand Basin gold
fields are covered with more than 200 gold TSFs (Roshel.,, 2001) and contaminated
areas left behind after removal and reprocessing of the original TSFs (CéteateP003).

It is estimated that the Witwateasid Basin contains six billion tons of gold and uranium
tailings (Chevrelet al, 2003), 430 000 tons of uranium (Council of Geoscience, 1998;
Winde, 2004a; b; c) and approximately 30 million tons of sulphur (Witkowski and
Weiersbye, 1998a). In South Afe approximately 488 million tons of waste is generated by
the mining industry per year (Gaia, 2003). Of this waste, 105 million tons per annum is
generated by the gold mining industry in the Witwatersrand Basin at an average rate of 200
tons of waste peon of gold (Department of Tourism, Economic and Environmental Affairs,
2002; Chamber of Mines of South Africa, 2004).

Van As (1992) reported on the significant environmental hazards resulting from the storage
of highly pulverised pyrite rock waste in FS within the gold and uranium mining regions

of South Africa (Strakeet al, 2007). Lands adjacent to such TSFs become polluted through
nearsurface seepagend thisis enhanced byhe movement of polluted groundwater in
shallow aquifers that are commig 1-30 m below ground (Funke, 1990; Hodgsetnal,

2001; Rosneret al, 2001; Naickeret al, 2003). Environmental degradation spreads far
beyond the TSFs in the form of dust pollution (VaneAal, 1992)as well aseepage from
TSFs, and impacts severely on nutrient cycling in polluted soils (Witkowski and
Weiersbye,1998b; Weiershyet al, 2006). Furthermore, TSFs are highly susceptible to

erosionas they arelevated above the ground with steep slope angles (Mtede, 1996).
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Erosion lossesare as much as 30 times more from the slopes of gold T&#fs from
agricultural fields, and may exceed 500 tons per hectare per year (Blight, 1991).

The impact of the mines and the TSFs exsdad beyond their localitieas a result oflust
pollution and the extent of groundwater plumes (Coghal, 1990). It has been estimated

that 400 Ml/day of water passes through all the major gold mines, with 260 Ml/day passing
into groundwater and 130 Ml/day into surface waters (Pulles, 1992). The Vaal River
catthment receives large proportiorof the pollutants from gold mining activities, with
consequent acidification and sadigion of surface and ground waters. Total pollution
discharges to the Vaal River catchment were estimated to be at a rate of 2/Eh006 of

salts (Best, 1985), whereas discharges from the Free State gold mines beyond the Vaal
catchment were estimated at 350 000 t/annum of salts (Gagtip1990).

The total dissolved solid (TDS) concentrations of three plumes were reporiéflkmm in

the Free State Provincat Vaal River located in the North West Province, ahilVest Wits
located in Gautengin South Africa(Vivier et al, 2001) The TDS of the Mahemspruit
plume in Welkom averaged 18 000 mg/l and extends over 30 000 ha @/siirg, 2001).

The BokkampWest Complex groundwater plume in Vaal River near Orkney was reported to
have a mean TDS concentration of 3 500 mg/l (Vieieal, 2001) which underlies an area

of 1800 ha, and the West Wits groundwater plume near Carletoowitlerlies a larger area
compared to BokkamjgVest Complex groundwater plumeéth TDS concentrations of 1000

to 3000 mg/I (Vivieret al, 2001).TheseTDS concentrationgdicatethat this water should

not be utilsed for farming or for drinking purposes.

The application of engineering solutions to the problem of the spread of contaminants is
generallyimpractical. Lining of TSFs to prevent rainfall infiltration and reduce seepage is
not always feasible due tbe high cost of materials, probability édilure of the lining and
inability to repair lined TSFs (United States Environmental Protection Agency, 1997). TSFs
could continue to leak water from their cores for decades to,aree if their surfaces are
covered. Furthermore, due to the vast areas covered by ffeFsethod of pumping and

treating contaminated groundwater is an impractical solution, as costs would necessarily
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continue to be incurred long after mine closure {ethiStates Environmental Protection
Agency, 1997).

The Mine Woodlands Project is aimed at assessing the feasibility of establishing trees in
belts and blocks close to the TSFs and across major seepage inoategrto contain
groundwater seepage andued movement of pollutants to streams and rivers. The purpose
of these tree belts to absorb and transpire greater quantities of water than the grasslands
and wetlands presently in close proximity to the TSFs, thereby reducing water table depths
and slaving lateral flow into the surrounding lands. The trees will also be used for pollutant
sequestration around the TSFs.

Many tree species continue transpiring water throughoutyéae. Thisis in contrast to
seasonally dormant grasslands and wetlandse (€yal, 2005; Bell, 2006). Manyree

species also have the ability to develop deep root systems that are able to penetrate fissured
subsoil strata to reach groundwater (Bell, 2006). Therefore, such species would annually
absorb and transpire greater quizas of water than seasonally dormant shallow rooted

grasslands and wetland plants.

Some tree species also have physiological characteristics that allow them to grow in polluted
soils and water (Dickinsoet al, 2000; Meagheet al, 2000). Such spedef trees can take

up and sequester a significant proportion of contaminants in the tree biomass (Pepper and
Craig, 1986). In addition, certain species are tolerant of saline conditions which may develop
in the rooting zone as large quantities of grount@dware absorbed by the tree roots over

time (Georgeet al, 1999). Therefore the use of tree belts to contain groundwater seepage
and reduce the movement of pollutants to streams and rivers has been promoted (Pepper and
Craig, 1986; Georget al, 1999; Dckinsonet al, 2000; Meagheet al., 2000).

Various species trials and block plantings have been established at different locations in the
Welkom, Vaal River and West Wits mining districts.2002, aproximately 20 species of
indigenous an@0 specie®f nonnative treesvere planted(Weiersbyeet al, 2002).There

areseveral existindaws which ensure that landowners and users have a legal obligation to
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control invader plants and weeds on their lands; this includes regulation in terms of the
Conservation of Agricultural Resources Act, 1983 (ACT No. 43 of 1983). The Conservation
of Agricultural Resources Act (CARAegulates various activities that may have an impact

on agricultural resourcescluding water sourcesnd deals directly with thcombating of
invader plants and weedRegulations 15 and 16 under this Act, which concern problem
plants, were amended during March 200ZARA is currently in the process of being
revised by the Department éfgriculture Forestry and Fisherie$.he amaded regulations

make provision for four groups: declared weeds (Category 1 plants), plant invaders
(Category 2 and Category 3 plants) and indicators of bush encroachment. The first three
groups consist of undesirable alien plants and are covered by &Rmguld. Bush
encroachers, which are indigenous plants that require sound management practices to

prevent them from becoming problematic, are covered separately by Regulation 16.

Categoryl may not occur on any land or on any inland water surface in 3dnith except

with written permission or in an approvee controlreserve Category?2 are plants with the
proven potential of becoming invasive, but which nevertheless have certain beneficial
properties that warrant their continued presence in ceriegaonestancesvhich includes
several species @ines wattles eucalyptusthatare more commonly grawfor commercial
purposes or viable woodlots, fire belts, building material, animal fodder or soil stabilisation
Category 3 are generally ornamental plants which may be retained but no new planting, trade
or propagating of these plants are permitted. Therefamenative tree species selected for
planting comprised mainly CARAsted (Category 2) acacias, poplapines and eucalypts
(Weiersbyeet al, 2002). These species were selected because of their potential for fast
growth and survival in the harsh highveld environmdiie success of these plantings, and
future block plantings, depends on the trees quickly bksking contact with the
groundwater. Should they fail, rates of growth and water use will be severely limited by low
rainfall and low soil water availability, and the trees will be ineffective in reducing the rate

of spread of the polluted water.

Thereis limited information to indicate where tree roots will be able to penetrate down to

groundwater, and which sites will prove unsuitable due to impenetrable subsoils, deep or no
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water tables, or poor groundwater quality. Due to the low mean annuallrelnafedcteristic

of these regions, ranging from 497 to 651 mm, attempts to establish trees on unsuitable sites
which may be characterdeby deep or no water tables, impenetrable soils or poor
groundwater quality could lead to considerable planting lo3desefore, knowledge of the
relation between site types, and the ability of stands of trees to access groundwater and
survive is crucial. Important site characteristics are likely to include depth to water table,
subsoil permeability, the extent of fiss\g in the rock strata, groundwater electrical
conductivity levels, the presence of impervious soil and subsoil layers, and the degree to
which the site is influenced by surface water drainage patterns (Weietsalye2002).

The purpose of this studg to develop an understanding of remote sensing technologies
which will contribute to detecting trees which are not experienainger-time water stress,
and which could lead to identifying potential sites which could assist in the sustainable

containmenor reduction of contaminated seepage water from TSFs.

1.2 RESEARCH STRATEGY

The Mine Woodlands Project was initiated in 2001 to investigate hydrological control and
pollutant sequestration on and beyond the TSFs using trees in belts and blocks plaated clo
to the TSFs to contain contaminated mine water (Weiesby#, 2002). It is hoped that

such information will be used to develop plans for matesure, whichare based on
appropriate geochemical and geohydrological backgrounds. As new mining operations are
commissioned and developed, in some older mines thextracting activities of the mines
cease and are closed. However, from an environmental perspéate/€josure may often

only be achieved long after the mine operations have ceased and involves extensive planning
which includes rehabilitation plans and close collaboration with regulatory authorities
inorder to obviate any negative environmental counsages and satisfy regulatory
requirements (AngloGold Ashanti, 2004a). A component of the Mine Woodlands Project,
covered by this research, involved the measurement and detection of plant water stress using

remote sensing technologies, and the recommmamdaif suitablesites for future block
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plantings where treesvould most likely noexperiene stress during the dry season, thereby

resulting in higher annual evapotranspiration and a greater impact on seepage containment.

The research strategy was s the principle that differences in tree water status during

the dry season are likely to be the best indicators of groundwater access by trees (Bordiert,
1994; Odi @I, 499y, Timmermans and Meijerink, 1999). Several different
techniques are ailable for measuring the degree of water stress experienced by trees. This
strategy was based on the assumption that one of the most practical and convenient
techniques for this purpose was to utilise remote sensing to detect differences in the spectral
reflectance properties of leaves and canopies. The literature shows that such changes are
readily detected in a wide range of plant species, and that they are generally linked to the
degradation of leaf chlorophyll (Curraat al, 1990; Gitelson and Merzylakl1996;
Lichtenthaleret al, 1996; Blackburn, 1998a; Blackburn, 1998b; Blackburn, 1999; Datt,

1999; Stoneet al,, 2001) and often the results being specific to the tree species investigated.

Although the main focus of the research was to measure aact gdant water stress using
remote sensing technologies with grotnathing techniques, the influence of specific
elements, namely chloride and sulphate concentrations in the groundwater, was recognised
as important, as several studies on the surrouridimds and water systems of the Welkom,

Vaal River and West Wits mining district have illustrated increasing salinity levels over the
years (Roos and Pieterse, 1995; Vietral, 2001; Naickeret al, 2003; Windeet al,
2004a,b,c).

1.3 AIMS AND OBJECTIVES

The principal aim of this thesis was to devedpunderstanding and evaluate various remote
sensing technologies which could contribute to detecting trees which are not experiencing
winter-time plant water strespptentiallyresulting in higher annualvapotranspiration and a
greater impact on contaminated seepage water.cohid lead to identifyingnd prioritising

sites for the establishment of future plantings to assist in containing and reducing

contaminatd seepage water from the TSF
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This wasbroken down inta series of more specific aims:

1.

Identify trees which werstressed and unstressed during the dry winter season using

four commonly used grouddased measurements of plant water stress and various

remote sensing technologies.

Evaluate diferent remote sensing technologies operating at different spatial and

spectral sales for predicting spatial patternstofes not experiencing wintéme

plant water stres@instressed trees)

Link the spatial distribution of unstressed trees to particeie charactestics that

may be recognised and used to prioritise sites for the establishment of future block

plantings.

In order to achieve these aims, the following research objectives were identified:

1.

To characterise the most common fi@tive (alien) and indigenous tree species
growing in close proximity to TSFs as stressed or unstressed, using four commonly
used grourkbased measurements of plants water stnégs predawn leaf water
potential, relative leaf water content, chlorophyll and carotenoid pignaem,
chlorophyll fluorescence.

To acquire spectral reflectanagata using haneheld spectroscopy, satellite and
airborneremote sensing data sources frbath sressed and unstressed sample trees
occurring on a range a¥BC gold mining sites.

To extract and deriveeom each remote sensing data source,irtlezidual spectral
reflectance wavelengttendvegetaton spectral reflectance indiceghich have been
shown in the literature to beseful for detectingplant water stress, plant pigment
content,the presence of stress related pigments in vegetation, and changes in leaf
cellularstructure

To use multiple linear regressions ittvestigatespectral models fopredicting plant

water stress when using indices derived fromhbhedheld, satellite and airboen

Pagel5



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

remote sensinglata and the four commonly used grodnaded measurements of
plant water stress.

5. To evaluate andelect appropriatspectral models when usiegrth observation data
(airborne and satellite) tmap the spatiadlistribution of trees that were not stressed
during thedry season

6. To link and analyse the spatial distribution of unstressed trees (groundwater linked
trees)in relationto particular sitecharacteristicsuchas average soil depth, percent
clay in the topsoilgroundwater chloride and sulphate concentrations, total dissolved
solids,groundwateelectrical conductivity and groundwater water level

7. Use remote sensing and geographical information system analyseskéspatial
recommendatiosion a selection of sites/locations within the three mining districts
wheretree plantations are likely to avoid dry season strestentially have higher
annualevapotranspiration and could then assist in the sustainable containment or

reduction of contaminated seepage water from TSFs.

In this study, it is assumed that trees currently growing in close proximity to TSFs that have
free access to groundwater wilbthexperience plant water stress during the dry winter
season (Bor di eetal, 199% Brdmerman® & Medjattink, 1999)

Trees growing in stands or blocks (suchtassesaplingsplantedin recent yearand more
envisaged in future tree belts) are expected to experience a relatively higher degree of
competition from neighbouring trees, and without access to groundwater, would experience
dry seasonwater stress more readily than trees growing singly or in isolebeds
(Shackleton, 2002; Lawest al, 2008; Meyeret al, 2008; Giovanni, 2009). Although
patterns of stress development in clesadopy plantations are expected to be very
informative about the accessibilibf groundwater to tree roofslattonet al, 1998; Dyeet

al., 2001, unfortunately stands or blocks pfaturetrees are scarce at present in WWBG

mining areas. Thus, this research was heavily dependent on trees growing singly, in rows or
in small groups, which experienced lower levels of competiffom neighbouring plants.

Furthermore, these trees would have had a greater opportunity for extending root systems
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laterally, and the link between dry season tree water stress and groundwater accessibility

might have been influenced, and was consideseeh interpreting the results.

1.4 HYPOTHESES

The two hypotheses proposed for this research study were:
1 Trees with access to contaminated groundwater plumes will exhibit certain
physiologicaland structural differences to trees with no access to such groundwater.
It was hypothesed that trees with no access to groundwatkose which are
considered to be experiencidgy seasomwater stresswill exhibit different spectral
reflectance characteristics wilbwer predawn leaf water potentials (more negative),
lower relative leaf water content, lower leaf chlorophyll content, lower leaf
chlorophyll fluorescence and reduced xylem vessel diameters

I It wasalsohypothesied that the characteristics of sites on which trees have access to
groundwater can be used as the criteria for site suitability for the establishment of

future tree belts.

1.5 REPORTING STRUCTURE

The information contained in this ébis has been partitioned into reviews and research

chapterswhich will be submitted to accredited journals for padtion

In Chapter 1the research background and problem, research strategy, aims and objectives

and hypotheses apesented

Chapter2 describes the tree species and study areas selected &iuthis

Chapters 3 tdb present the content of individual research papers. These chaptether

with chapter7, comprise the core of this study.
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Chapter 3is a review of groundased andemote sensingpased methods to detect plant

water stress in plants.

Chapter 4reports on the potential of haimld spectroscopy as a tool for identifying plant
water stress at the leldvel. The results of the haifeeld spectrometry measurements and
groundtruthing used to interpret leaf spectral reflectance characteristics are presented and
discussed in this chapter.

Chapters 5provides a broader evaluation of satellite remote sensing technologies to detect
patterns of wintetime plant water stress$pgether with the results of concurrent ground

truthing measurements.

Chapters @eports on the multispectral and hyperspectral airborne investigations which were

undertaken to detect and map spatial patterns of wiinberplant water stress.

Chapter7 presents thanalysisof spatial patterns dfees not experiencinginter-time plant
stressinferred from remote sensing investigations to site characteristics \WB@ mining
environments. This chapter includes recommendations on which sites are most suitable for
tree establishment around TSFs to reduce contamingtedndwater table leveland

seepage.

Chapter 8 is a consolidation of the entire research study providing a general synthesis,

concluding remarks, and recommendations relating to the research.

Referenceassociated with each chapter are listed after ch8pter

Given that most of these chapters arectured in order to be published as journal papers,
there is some degree adpetition in terms of the study sites and methods, although this has
been kept to a minimum.Differences in xylem vessel and wood density characiesist

resulting from planttsess are presented and discussed in Appendix 6.
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CHAPTER 2.
TREE SPECIES SELECTION AND
STUDYAREAS

2.1 INTRODUCTION

In this researchtree species were selected for sampling in the AngloGold Ashanti mining
districts in the Gauteng, NorWest and Free State Provinces. Within each mining district,
sampling sites were selected for grotbased measurements of plant water stress and

remotesensing surveys.

2.2 SELECTION OF TREE SPECIES

Only a few tree species are able to grow and survive in the harsh conditions experienced in
the mining environmentsiree plantations or large stands of mature trees are scarce in the
WBG mining areasTherefoe, stands or blocks of trees within tsteidy areaglistricts are
limited, with some clumps or rows of indigenous amah+native treespecies growing in

close proximity to TSFs.

Research studies on the indigenous aadnative treespecies appropriate rfahe mining
environment was undertaken in the Sustainable Vegetation of Gold Slimes Dam Project
(Weiersbye, 2002) These studies provided scientific information for the selection and
production of plant species for the silvicultural and geohydrologigalstin the Mine
Woodlandg Project. Indigenous species were preferred comparadrimativeandinvasive

plant species. Howeverresearch suggestthat certainnonnative species, particularly
Eucalyptusand Pinus species, transpire larger quantities of water than indigenous species
(Dye, 2002; Whitehead and Beadle, 200

Several criteria were considered when selecting trees species for the Mine Wsodland

project, which included: plant availability, easy estdishient and ability to stalisle the
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landscape, fast growth to promote early contact with groundwater, deep rooted systems, high
transpiration rates, high tolerance to high electrical conductivity levels, heavy metals, low
nutrient levels and frost, low insave potential, reasonable wood quality, indications of good
survivorship under current TSF conditions, ability to reduce infiltration and recharge of
groundwater sources, reduce wind erosion, and capable of pollutant sequestration
(Weiersbye and Witkowskil998a; Weiersbyet al, 2006). Thenonnative treespecies
EucalyptussideroxylonA. Cunningham ex WoollsEucalyptus camaldulensidehnhardt,

and the indigenous speci&garsialanceal.f., which are relatively common throughout
these mining areaand which have displayed good survivorship to many of the factors listed

above were selected for this study.

E. camaldulensisand E. sideroxylonare native to Australia, but have been distributed
throughout the world, including countries in southermigdf such as Angola, Botswana,
Lesotho, Malawi, Mozambique, Zimbabwe and South Africa (Poynton, 1979). Ewgatypt
general, are adapted to a wide range of climates occurring naturally from latitude 7° O0'N to
43° 39°S and from sea level to abol 80D m(Poynton, 1979). They grow in regions where

rain falls only during the warmer month# regions in which rainfall is uniformly
distributed or confined to the cooler seasons of the year (Poynton, 1979). Furthermore, they
also grow in humid forested areaghere rainfall averages 3 000 mm or more per,yagr

well as insemidesert regions in which less than one tenth of such mean annual rainfall is

expected (Poynton, 1979).

S. lanceais indigenous to Zambia, Zimbabwe, Swaziland and parSoath Africa. This
species has adapted to the lower rainfall regions of southern Africa (Venter and Venter,
1996). It grows in the Western Cape Provineéh a mean annual rainfall of 348 mias

well in the Free State Provincwith a mean annual rainfall of 532 mm (fdze et al,
1997).S. lanceas particularly common in the Vaal River (VR) and Welkom (W) area, but
less common in West Wits (WW) area. This species has been planted in rows along the
perimeter of numerous TSFs to provide partial screening. It also occurs in the drier regions
of the Kalahari and Karoo and is often found in suburbs or gardens of southern Africa
(Venter and Venter, 1996).The three spe&esamaldulensisE. sideroxylorandS. lancea

chosen for this study are known to generally grow well on sites that are in clogaiproc
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the TSFs and thus clearly have the necessary physiological characteristics to ensure their
survival. They are all evergreen with dense canopies, which potentially promote continuous
and high evaporation rates throughout the year. The euoabgcies are fast growing, and

are highly tolerant of arid or infertile sites, and acidic or saline soils (Poynton, 1979).
lanceais also characteyed as being hardy, frost resistant and is also highly adaptable to
poorly drained soil conditions. Tablel2provides a list of the characteristics of the three
species as reported by Poynton (1979) and by Venter and Venter (1996).

Table 2.1 Characteristics of the tree species sampled in this study. (Compiled from Poynton, 1979;
Venter and Venter, 1996).

Tree Species

Characteristic
Eucalyptus camaldulensis Eucalyptussideroxylon | Searsialancea
Common name River red gum Red ironbark African sumac or Karee
Family Myrtaceae Myrtaceae Anacardiaceae
Deciduous/ Evergreen Evergreen Evergreen Evergreen
Round, single or mukHi
Form Tall, single stemmed Tall, single stemmed | stemmed, dense canopy whe

young

Trifoliate (compound with 3

Leaf shape and colour Lance shaped, simple 250 mri  Lance shaped, simple, | leaflets), lace shaped leaflets

long, blue grey colour dull greyish colour dark green above and pale
green below
Membranous, thick and Membranous, thick and
Leaf texture Leathery
leathery leathery
Mature tree height (m) 307 40 107 30 7
Non-native/Indigenous Non-native Non-native Indigenous
Wood type Hard Very hard Hard

Smooth bark, white or greyish
in colour, except at the trunk| Hard furrowed bark, dark  Coarse textured bark, dark
base where often the bark is| brown to black colour grey or brown colour

rough

Bark type

2.3  MINING DISTRICTS

The three gold mining districts located in central and newhstern South Africa
investigated in this study include Welkof@7°57’S, 26°34 Ejn the Free State Province
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Vaal River (26°55°S, 26°40°E) located in the North West Proyvamue West Wits (26°25°S,
27°21E) located in Gauteng (Figure 2.1).

= e z
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\Tarmd o \L“ A — v}
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Eastern Cape

Ca}e Town )

f,{/.mmc-p. P Ll s
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Figure 2.1 Geographical location of the mining districts selected for the study demarcated in red, in
relation toSouthAfrica.

A general description of each mining district, which includes the geographical location,
altitudinal range, rainfall and climate, dominant vegetation, geology and soils characteristics

of thesedistricts, islisted in Table 2.2.
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Table 2.2  Description of the Welkom, Vaal River and West Wits mining districts.

. Mean Mean Mean Mean X
- Geographical . Mean Annual ) . Dominant . .
Mining . Altitude Annual Maximum Minimum . Dominant Dominant .
L Coordinates . Temperature Vegetation . } ) Geology Soils
District (dm) Range Rainfall °C) Temperature Temperature Type Biomes Bioregions
(m) (mm) (°C) (°C)
Vaal-Vet . .
Sandy eutrophic soils
) Dry Highveld with a high base
Grassland,
. Grassland Grassland gatus and, non
27°57°S, 1258- Western Free . . .
Welkom , 497 16 38.7 -10 Biome; Azonal Bioregion; Ecca shaleg calcareous
26°34°E 1293 State Clay . . .
) Vegetation Inland Saline structured soils
Grassland; Vegetation with a high cla
Highveld Salt 9 gh clay
concentration
Pans
Vaakvet eutrophic and
Sandy Chertrich mesgtrophic
. 26955°S, 1481- Grassland; Grassland Dry Highveld dolomite shallow and often
Vaal River . 573 17 35.9 -8.4 Vaal Reefs ) Grassland and
26°40°E 1522 . Biome . . . occur over hard
Dolomite Bioregion dolomite .
. weathering rock,
Sinkhole and sand traces of lime
Wetland
Carletonville Dry Highveld
Dolomite Grassland Grassland Chert rich eutrophic and
' 26°25’S, 1540- Grassland; Biome; Bioregion; . mesotrophic
West Wits 27°21°E 1599 651 18 34.7 8 Gauteng Shale Savanna Central dolomite occurrence of
. . and shale L
Mountain Biome Bushveld lime is common
Bushveld Bioregion
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The topography of all three districts is relatively flatdistinct rainfall gradient is apparent
across the three districts (Mucina and Rutherford, 2006). Mean annual rainfall, estimated
over a 36year period for Welkom, Vaal River and West Wits, ranges from 497 to 651 mm
(South African Weather Service, 2006)twhigh interannual variability (2830%) and high
evapotranspiration potentialbetween 2.5 times higher thanhe rainfall (Lynch and
Schulze, 2006).

The mining districts are classified according to three dominant bionzesgrassland,
savanna andzanal vegetation (Mucina and Rutherford, 2006). Present regional land uses
include cattle ranching, game farming, agricultural crop farming such as maize and
sunflower, but does not include commercial forestry plantations. Commercial forestry is
unsuited o these areagiven the low annual rainfall and cold winter temperatures. However,
some small stands, rows and isolated trees do ekistg some water courses, farm

boundaries anah areas adjacent to TSFs through planting and natural establishment.

The underlying geology in Welkom is predominantly Ecca shales (Vegter, 1995).
Predominant geological formations in Vaal River and West Wits study areas include
dolomite and sand, cherich dolomite and shaleas shown in Figure 2.2 (AngloGold
Ashanti, 2004)
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4 § Klomaters

Aluvi L 7] Dlabase - Intrusive

Black Reef Eccles - Dolomite, chert

g.o;:n"!'l:: 0.2':3'"0 Roolhooqte - Quartzite, shale - chert breccia
Oyke Timakall Hill = Ferruginuos quartzite

Karoo B0 TimatallHill =~ Shale
L | Ventersdorp

Figure 2.2 Geological formations within (a) Vaal River and (b) West Wits study areas. (Data obtained
from AngloGold Ashanti, 2004).

The soils in Welkom can be described as eutrgplith a high base statusnd non
calcareous structured soils with a high clay concentration (ISCW, 1993). In Vaal River and
West Wits the soils are predominantly eutrophic and mesotrophic, are shallow and often
occur over hard weathering rock (ISCW, 1993). The occurrence ofidimemmon in the

West Wits region; howeversoils with a high base status with traces of lime are
characteristic of the Vaal River study area (ISCW, 1993).

2.4 SAMPLING SITES

Although tree plantations are rare in these mining districts, sample siteselerted from
stands, single trees or rows of trees and splatlspecies trials in each mining district (Dye,
2004; I. Weiersbye, 2005 pers comm.). Fifteen sample sites were selected across the three

mining districts; four each in the Welkom and West Wiistricts and seven in theéaal
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River district (Figure 2.3). Five sample trees were selected at each sampling site, making a

total of 75 sample trees across the three mining districts.

The following criteria were used in the selection of the samplieg $iigure 2.3):

I Stands, single trees or rows of trees and splatl species trials were used that
covered a range of conditions, which included different levels of groundwater
contaminants and concentrations of total dissolved solids (I. Weiersby&, 2006
pers commn).

I Sites wereselected to maxime the chance of incorporating extremes of high and
low water availability to the trees (P. Dye, 2004 pers comm.). The validity of this
sampling strategy is supported by similar studies, in which an assungptinearity
between groundruth measurements and reflectance indices between the extremes of
high and low tree water availability is made (Young and Wallis, 1985; Allen and
Nakayama, 1988; Stimsaat al,, 2005; Eitekt al., 2006).

I Trees experienc@ high water stress during the dry season were initially identified

from leaf colour and canopy density. Predawn leaf water potential measurements

were then used to confirm the degree of plant water siresbe tree species
investigated in this studyA reading of-0.8 MPa was used to separate stressed trees

from unstressed trees (Cleary and Zaerr, 1984).
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v
S

Figure 2.3 Sampling sites selected in each mining district. Shatfels represent the location of each
sampling site (Google Earth, 2008).

The density and spatial arrangement of trees were variable across each mining district.
Examples of the spatial arrangement of trees are shown in Figure 2.4. Stands comprised of
established trees in rows arranged in a block design (Figures 2.4a,,Isnsalbplot species

trials consisted of young planted trees (Figures 2.ddnps represeintg a group of self
established trees with no fixed spatial arrangement (Figures 2.ded @ row represdng a

single arrangement of established trees (Figures 2.4h, i).
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Figure 2.4 Sampling sites in Welkom (a and b), West Wits (c and d) and Vaal River (e to i) mining
district. Arrows represent the location of treeseach sampling site in each mining district.
Samplings sites are illustrated as stands of trees (a, b, c, f),-ploalpecies trials (d),
clumps (e, g) and rows of trees (h, i). (Images obtained from Land Resources International,
2005).

A general descption of each sampling site, its geographic location, spatial arrangement,
average tree heights and diameter at breast hetgdatsured in July 2004 is listed in Table
2.3.

Page28



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

Table 23  Description of sample sites in the Welkom (W), Vaal River (VR) astlWits (WW) mining
districts. (Data obtained through field surveys and from AngloGold Ashanti, 2004).
L. Geographic . Average Tree Average :
['\;Iilsntlrri]t?t S-Ip;reec(iees CEIRITEES Arre?rﬁ)ggrildent e R S:Q;riglﬁige
(dd) (m) (cm)
-28.03052; Shale, eutrophic soils,
W EC 26.51879 Stand 6.9+ 3.1 37.5+19.9 farmland
Shale, eutrophic and
-27.96743; non calcareous soils,
w EC 26.55001 Stand 91x28 | 39.7£7.6 | 1ioh water availability,
near pan
-28.03361; Shale, eutrophic soils,
w SL 26.51199 Row 7.3+0.6 53.3+13.7 farmland
. Shale, non calcareous
W SL -27.96695; Single 59+1.6 51.1+ 24.4 | soils, high water
26.55075 o
availability, near pan
Shale, non calcareous
. soils, high water
WW ES -26.43969; Stand 83+31 | 29.6+13.6 | availability, farm dam,
27.32871
shallow groundwater
table <~5m
. Shale, non calcareous
Ww ES -26.43899; Stand 6.6+1.9 16.5+ 7.8 | sails, lower water
27.33024 A
availability
Shale, non calcareous
-26.43207; Smalkplot soils, higher water
ww EC 27.36888 species trial 4.0£0.5 11.3£2.9 availability, riparian
zone
Shale, non calcareous
-26.43158; Smalkplot N
wWw EC 2736155 species trial 3.9+0.3 10.4+1.3 son_s, Io_v_v water
availability
. Dolomite, mese
VR EC ggggggg Clump 9.2+1.9 13.6+£ 3.5 | eutrophic soils, high
) total dissolved solids
. Dolomite, eutrophic
VR EC -26.99288,; Stand 7.4+2.2 31.4+ 13.2 | soils, deep groundwate
26.78289
table ~20 m
) Andesite, eutrophic
VR EC gggg?gg Clump 27+13 6.9+4.1 soils, close to tailing
) storage facility
) Andesite, eutrophic
VR EC -26.92970; Clump 6.2+ 0.5 19.8+ 4.3 | sails, close to tailing
26.62100 o
storage facility
Dolomite, eutrophic
-26.99332; soils, high water
VR EC 26.78250 Row 9.0+1.7 46.6+ 13.4 availability, water
channel
i ) Quartzite, meso
VR SL 26.92301; Row 6.1+ 0.8 46.0+ 28.4 | eutrophic soils, low
26.69820 ) .
total dissolved solids
Dolomite, mese
eutrophic soils, high
-26.93418; . :
VR SL 26.69592 Row 5.6+1.2 30.2+ 13.9 | totaldissolved solids,

higher water
availability

SD = Standard Deviation; DBH = Diameter at breast heigb€ = E. camaldulensis; ES = Eideroxylon;SL= S. lancea

W = Welkom; VR = Vaal River; WW = West Wits
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CHAPTER 3.
REVIEW OF COMMONLY USED REMOTE
SENSING AND GROUND-BASED
TECHNOLOGIES TO MEASURE PLANT
WATER STRESS

Sections of thiseview has been publishdasy GOVENDER, M., DYE, P.J., WEIERSBYE, I.M.,
WITKOWSKI, E.T.F. and AHMED, F., 2009, Review of commonly used remote sensing and
groundbased technologies to measure plant water stvéater SA 35, 739750. A reprint of the

review papeis provided in Appendix 1.

ABSTRACT

This review provides an overview of the use of remote sensing data, the development of
spectral reflectance indicder detectingplant water stress, and the usefulness of field
measurements for growtdithing purpose Reliablemeasurements gflant water stress

over large areas are often required for management applications in the fields of agriculture,
forestry, conservatioand land rehabilitation. The use of remote sensing technologies and
spectral reflectance datfor determining spatiapatterns of plant water stress is widely
described in the scientific literature. Airborne, sphoene and hantield remotesensing
technologies are commonly used to investigate the spectral responses of vegetation to plant
stress Earlier studieautilised multispectral sensors which commonly collect four to seven
spectral bands in the visible and nedrared regionof the electromagnetic spectrum.
Advances in sensor and image processor technology over the past 3 devaddisw for

the simultaneous collection of several hundred narrow spectral bands resulting in more
detailed hyperspectrdata. The availability of hyperspectral data has led to the identification
of several spectral indices that have been shovie taseful indentifying plant stress. Such
studies have revealed strong linear relationships between plant pigoresntration and

the visible (VIS) and neanfrared (NIR) reflectance, while plant water content has been

linked to specifiddands irthe shortwave irfrared (SWIR) region of the spectrum.
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Groundtruthing is essential to identifying usef@flectance informatioffor detecting plant
water stress, and four commonly used grebaded methodsiz. predawn leaf water
potential, leafchlorophyll fluorescence, leaf pigment concentrations and leaf water content
are reviewed for their usefulneasd practicaapplication.

Key words leaf chlorophyll fluorescence, leafater content, plant pigment concentrations,

plant waterstress, preawnleaf water potential, remote sensing

3.1 INTRODUCTION

All living organisms including plants need an adequate supply of water to ensure both their
growth and survival. Water in plants is required for vital processes such as photosynthesis,
respiration ad nutrient uptake. Plants absorb water from the soil through their roots, which
is then transported to their stems, leaves and flowers for the maintenance of the different
vital processes. When water supply is insufficient, plants may suffer water, stresis

could then compromise their growth and survival.

Water stress in plants is a complex physiological response to the limited availability of water
to a plant. When plants suffer from water stress, a series of harmful plant water interactions
occur which may disrupt a plantds physiology.

potential, cell turgor and relative water content (Hsiao, 1973).

The available water to plants is usually expressed in terms of water potential. Water
potential is commonlyssessed by measuring predawn leaf water poteatditect measure

of plant water stress. Measurements at predawn directly evaluate the water status of the
plant, because during night timenditions ofzero transpirationplant water potential
equilibraes to the available soil water (Cleary and Zaerr, 1984). Cleary and Zaerr (1984)
suggested that a predawn leaf water potential of less-th&nMPa is an indicatiomf

stressedegetation. Indirect measurements may also be used to detect plant wsser stre
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The more commonly used techniques include measurements of relative leaf water content,
plant chlorophyll pigment content and chlorophyll fluorescence. Other, less frequently
applied field measurements include variations in trunk or stem diameteres/en xylem

vessel characteristics. Although charasteg cavitation in xylem vessels is potentially a
useful technique for understanding the response to water stress in a plant, this method is
time-consuming, costly and not suitable for use over lamggial scales. It has been shown

in many plant species that roots are more vulnerable to cavitation than stems, and thus root
cavitation is more suited to charaaserplant water stress between species (Sperry and
Saliendra, 1994; Aldest al, 1996; Hake and Sauter, 1996; Linteh al, 1998).

Reliable detection and prediction of plant water stress is desirable for numerous agricultural,
forestry, conservation and land rehabilitation applications. Various remote and -tpaset

technologies are avaible for the measurement of plant water stress.

Remote sensing technologies using spectral reflectance data have increasingly been used for
determining spatial patterns of plant water stress (Yamasaki and Dillenburg, 1999; Ceccato
et al., 2001; Sims andsamon, 2002; Pet al, 2003; Jacksoet al, 2004; Stimsoret al,

2005; Chunrlianget al, 2006; Clayet al, 2006; De Tart al, 2006; Eitelet al, 2006;
Fitzgeraldet al, 2006; Harriset al, 2006; Sepulcr€antd et al., 2006; Campbelkt al,

2007). Important advantages of remote sensing technologies includesftaxdiveness,
efficiency in displaying spatial patteros a variety of scales, and versatility in revealing a
variety of structural and physiological characteristics of water stressedispl Despite
numerous successful case studies, the selection of suitable remote sensing methodologies
and reflectance algorithms remain difficult, due to the influence of vegetation diversity and

site conditions on vegetation spectral reflectance.

This paper reviews the detection of plant water stress using remote sensing technologies and
groundbased techniqgues commonly used to identify water stress in ,pdanatsvhichare

suitablefor groundtruthing remotelysensed imagery.
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No distinction is made between the technologies used for acquiring the remote sensing data,
but rather the focus is on highlighting vegetative spediffdrencewhich hasbeen used to

detect plant water stress. The grotdoa$ed techniques review@ttlude measurements of
predawn leaf water potential (Dixon, 1914), leaf chlorophyll fluorescence (Muller, 1874),
leaf water content (Weatherley, 1950) and leaf pigment concentrations (Lichtenthaler, 1987).

3.2 BRIEF OVERVIEW OF PLANT WATER STRESS
INTERACTIONS

Understanding how plants respond to water stress, salt aadcooring stresses is complex

but important in evaluating their performance during conditions of reduced water availability
and in the protection of natural vegetation. Water stress is knowntéo sdveral
physiological, morphological and anatomical processes, as well as triggdgiage
mechanisms in many plant species (Sétal, 2009). Responses to water stress conditions
have been first observed through changes in leaf and stem wagetigdptwvater content,

turgor pressure and stomatal conductivity, with subsequent changes reported in transpiration,
photosynthesis and photochemistry rates (Angelopaetl@, 1996). Defense mechanisms
have also be observed which can include a reduatidranspiration rates to control water

loss, root generated chemical signals through the synthesis of organic solutes and other gene
relations (Chave®t al, 2009). Wilting a visual symptom of water stress however only
occurs when a plant loses watés, Yessels contract and turgor pressure on the cell walls is

reduced resulting in the cells becoming flaccid and wilting.

Investigations of plants under water stress have reported considerable decreases in leaf water
potential (more negative values) anargor pressure, followed by progressive stomatal
closure, reduced carbon dioxide assimilation and transpiration, with subsequent decline in
photosynthetic and photochemistry rates (De Menetkes, 2004). The latter responses are
largely ascribed to stombal restrictions on the supply of carbon dioxide to the leaf,
inactivation of photosynthetic processes hence lower pigment concentrations, inhibition of
primary photochemistry and declining chlorophyll fluorescence activity (Betyet. 1987,
Angelopouls et al, 1996; Chavest al, 2009).
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The reduction in photosynthetic rates commonly observed in plants under water deficit
conditions range from the restriction on carbon dioxide diffusion into the chloroplast,
through limitations on stomata opening whics mediated by shootaind rootgenerated
hormones, and on the mesophyll transport of carbon dioxide, to alterations in leaf
photochemistry and carbon metabolism. These effects vary according to the intensity and
duration of the stress as well as with tkaf age; older leaves being more affected by
drought and accumulating higher amounts of salt and the plant species (€halye2009).

Under conditions of water stress, photosynthetic pigment composition such as chlorophyll
and carotenoid pigment contents decrease, with chlorophylls shown to decline more rapidly
than carotenoids (Sikuket al, 2010). Hence due to the importanck photosynthetic
pigments in correct plant functioning, variations in chlorophyll a, chlorophyll b, total
chlorophyll and carotenoids are commonly used to provide information concerning the
physiological status of plants (Netond,al, 2004). Pirzact al. (2011) showed that water
stress resulted in significant decreases in chlorophyll content (chlorophyll a, b and total
chlorophyll concentrations), light harvesting chlorophyll a/b protein and relative leaf water

content, with total chlorophyll conté being reduced by as much as 55%.

Similar trends have been observed with photochemistry rates illustrating a reduction in
primary photochemistry and chlorophyll fluorescence under conditions of water stress.
Significant decreases in Fv/Fm rati® € 0.05) and significant increases in the Fo valles (

< 0.05) were shown (Pirzadt al, 2011). Alterations to these chlorophyll fluorescence
expressions under water stress represent damage to the photosystem Il reaction centers,
triggering reduced photosymtic capacity and photochemical efficiency (Pirzetd al.,

2011).

A chemical communication between the roots and shoots including stomata movement,

which triggers a growth substance produced in the roots called ABA, has also been reported
linked to the rduced transpiration rates and stomatal conductance after periods of water

stress. ABA increases in the roots and is transported to the shoot through the xylem, causing
stomatal closure (Gomext al, 2004; Silvaet al, 2009). Thomas and Emus (1999) found

that ABA accumulation in the leaves &ucalytpus tetrodontacontributed towards a

decrease in stomatal conductance.
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Transgenic and molecular biology studies on plant responses to water stress and
phospholipidbasedsignalling has emerged as a componeitdooughtresponsive signal
pathways (Maneet al, 2011). During periods of water stress, stomata close, there is a
reduction in water loss as well as gas exchange, leading to reduced carbon assimilation and
to a near optimization of carbon assimilatiorrefation to water supply (Maret al, 2011).

Using transcriptome analysis, several new genes regulated by progressive drought were
identified and genes whose expression may be part of the phospitalggdsignalling
pathway were also found, suggestititat further exploration of process regulated by
transgenic genes is required.

During periods of water stress plants also have the ability to maintain functioning but at a
reduced capacity. Several studies indicate that woody species display different tolerances to
water stress, with some trees still functioning even during severglls, at a very low

level of physiological activity and much lower plant water potentials (Tgteal, 2003;
Grevenet al, 2009; Wagneet al, 2011). As water availability in the soil decreases, the
transpiration rate also decreases, as a resutbwiasal closure. The instantaneous control of
transpiration is an important defense mechanism used by many species in arid environments
to avoid excessive water loss and possible death by dehydrationgSall/a2009). Osmotic
adjustment is considerech amportant mechanism to allow for the maintenance of water
uptake and cell turgor under stress conditions. Olive trees typically use osmotic adjustment
as a stress avoidance mechanism to maintain turgor potential between the tissuee{Dichio
al., 2006),with leaf water potential below 4 MPa. Olive trees can lose almost 40% of their
tissue water content and still maintain the#hgelration capacity, due to the establishment of

a high gradient of water potentials between the tissues, roots, and sodh, allbivs the

trees to take up water even at soil potentials below permanent wilting point (&teakn

2009). Few species would be able to continue water uptake at a stem water potential of less
than 4.0 MPa.

Other defense mechanisms triggered in fslamder water stress include alterations in the
diffusion of carbon dioxide from the stdbomatal cavities to carboxylation sites which thus

contribute towards the maintenance of photosynthetic rates despite the low stomatal
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conductance. Also observedden water deficit conditions are increases in stomata density
and the number of smaller sized mesophyll cells of the leaf resulting in improved control of
water loss (Silvat al, 2009).

Although Eucalyptus species have evolved in a dry environmentgesan plant water

status strongly influence their growth and physiology (Batchelard, 1986; MettaHeg,

1990). Predawn leaf water potential has been used to estimate changes in minimum levels of
water stress, with measurements from Eucalyptus illusgr&alues less than 4 MPa (White

et al, 2000). This measure of plant water status often assumes equilibrium in water potential
at the soilroot interface though this may not always be the case (Whitehead and Beadle,
2004).

In E. camaldulensigandE. nitens the high stomatal sensitivity is associated witlelastic

tissues and ifc. camaldulensisits capacity to access groundwater. As leaf water potential
becomes more negative with soil drying, manipulation of both osmotic and elastic properties
occus to sustain a positive turgor pressure over a wider range of water stress condiions. In
elastic tissues that promote rapid loss of turgor are associated with a high stomatal sensitivity
and drought avoidance. Such characteristics are an essentia@qpigste for matching
species to sites where the major limitation to growth is available water and in combining
species for managing the use of water throughout the soil profile, including groundwater
recharge (Whitet al, 2000).

Several studies have m@ped on the ability of tree root systems to access water. Whitehead
and Beadle (2004), showed that the roots of Eucalyptus trees comprise of a widely spreading
lateral system just below the soil surface and a deep tap root system in young trees that
devebps deep sinker roots as the trees mature. Roots are described as being opportunistic
and grow along gradients of increasing water availability for considerable distances.
Measurements fronkucalyptus grandigrees exposed to progressive water stress showed
that trees abstracted water to 8 m depth, while 9 year old trees obtained most of their water
from depths below 8 m and deep drilling revealed that live roots reached 28 m below the
surface (Dye, 1996). Dyl 996) concluded that water is recharged possibly by infiltration

along old root channels. In a comparative study of four Eucalyptus species in close
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proximity, at different leaf water potentials during the dry season, results indicated that
varying straggies were adopted by the species in accessing water from the soil profile, were
two were reliant on parts subjected to large changes in soil water content and two used water
from the capillary fringe (Whiteet al, 2000). Whitehead and Beadle (2004) shobwileat
transpiration and evaporation for four Eucalyptus species planted in contour belts were
effective at reducing groundwater recharge with minimal competition for water with
adjacent crops. Dawson and Pate (1996) reported on the adaptation of dedprees to
access different sources of water from within the soil profile in relation to seasonal water
availability, wereEucalyptus globuluand Eucalyptus camaldulenseccessed groundwater
using sinker roots in the summer, but the proportion of gnevater in stems were found to

be greater ifcucalyptus camaldulens{26-47%) compared t&ucalyptus globuluéd-15%).

When roots ofEucalyptus camaldulensend Eucalyptus platypugrow through layers of

soil with different water contents, they are ableadistribute water between the layers by
transferring significant quantities along gradients of water potential (Buejesls 2001).
According to Burgesst al (2001), the direction of the movement of water termed hydraulic
lift may be upwards or dowvards depending on the timing of rainfall and availability of
water stored in different layers and has many ecological benefits including reduced water
logging of surface soils during wet periods, increased water content in deeper soil layers

during dry peiods and improved nutrient availability.

3.3 DETECTION OF PLANT WATER STRESS USING REMOTE
SENSING

Remote sensing datare often described bytheir spatial and spectral properties or
resolutions. Spatial resolution is the size of a pixel recorded in théees®osing image, and
could range from 1 m (higher spatial resolution) to 1000 m (lower spatial resolution).
Spectral resolution ielated to thavidth andnumber ofwavelengthbands recorded by the
remote sensing systemith lower spectral resolutionsften representing a fewer broad
spectral bands such as multispectral daad higher spectral resolutions representing
sometimes more thaa hundred narrow spectral bands such as hyperspectral data. These

terms are often referred to in following secti@msl chapters.
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During the 1980s, he application of remote sensing technologies for plant and
environmental studies became widespreathese studies made use of low spatial and
spectral resolution multispectral data. Multispectral remote sensing data commonly consist
of four to seven broad spectral bands in the visible (VIS) and near infrared (NIR) regions of
the electromagnetic spectnu These datasets were acquired using airborne, satellite and
groundbased spectrometers. Early airborne systems consisted of a multispectral camera
mounted on board a small aircraft or helicopter which collected three to four spectral bands.
Spectrometer at this time were bulky, heavy instruments which were not easily
transportable in the fieldrherefore mosspectrameasurements were taken in laboratories.

Remote sensing technologies have advanced significantly over the past 10 to 15 years. With
the development of hyperspectral remote sensing technologies, researchers have benefited
from significant improvements in the spectral and spatial properties of the tbaga,
allowing for more detailed plant and environmental studies. These technologigse acq
many hundreds of spectral bands across the spectrum from 400 to 2500 nm. Such

hyperspectral technologies also use airborne, satellite anehiedthdpectrometers.

Airborne hyperspectral imagers, such as the commonly used Casi or Hymap imagénmes, acqu
high spectral and spatial resolution images. A distinct advantage of most airborne imagers is
their capability to acquire at least two hundred or more spectral bands at less than 5 m spatial
resolution.However, airborne imagery is generally more gogthn satellite imagery, due

the logistical costs associated with fliglgurveys and the costs of hiring airborne
hyperspectral or multispectrahagers. Advancem spectrometry have resulted in stafe

the-art portable field instruments which alldier the collection of handield hyperspectral
signatures from 400 to 2500 nm. The Hyperion sensor is currently the only hyperspectral

satellite system available for research.

In recent years, there has been an expanding body of literature concerniaatibeship
between the spectral reflectance properties of vegetation and the structural characteristics of
vegetation and pigment concentration in leaves. The spectral characteristics of vegetation are
governed primarily by scattering and absorption atiristics of the leaf internal structure

and biochemical constituents, such as pigments, water, nitrogen, cellulose and lignin (Asner,
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1998; Coopset al, 2002). Pigments are the main determinants controlling the spectral
responses of leaves in the biei wavelengths (Gaussman, 1977). Chlorophyll pigment
content, in particular, is directly associated with photosynthetic capacity and productivity.
Reduced concentrations of chlorophyll are indicative of plant stress (Giraan1992). On

the other had, cellular structure and water content of leaves are the main determinants in the

near andshortwaveinfrared wavelengths as shown in Figure 3.1.
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Figure 3.1 Typical reflectance sensitivities asntrolled by leaf pigments, cell structure and water
content. (Adapted from Gaussman, 1977).

Over the years research findings have advanced our understanding of vegetation in relation
to plant stress. Table 3.1 summarises findings since the early 1880Qkghting specific
regions of the electromagnetic spectrum and their relations to vegetation spectral reflectance
properties. Many of the earlier studies highlighted specific regions of the spectrum such as
the VIS and NIR regionsvhich could be used in vegetation studies. More recent work has
highlighted the importance of specific regions such as the red edge (maximum slope of
vegetation reflectance from 690 to 740 nm) for predicting plant stress éClaly, 2006;
Fitzgeraldet al., 2006; Blackburn, 2007; Campbell al, 2007). The extent of the literature

is indicative of the importance of relationships between plant stress and both plant
chlorophyll and water content. Plant chlorophyll and water content have thus been used as
6surrogatesod of pl ant stress, under the as
content are indicative of plant stress. Therefore, in remote sensing studies numerous
individual spectral bands and vegetation spectral reflectance indices hawveuded to

predict plant chlorophyll content and water content.
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Table 3.1 Some milestones in the historical development of the relationships of vegetation spectral

reflectance characteristics in specific regions of the electromagnetic spectrum.

Region ofthe Spectrum

Vegetation Spectral Reflectance Characteristics

Author(s)

VIS, NIR and MIR

Pigments, cellular structure and water content of leaves.

Gaussman (1977)

1550 to 1750 nm

Correlation of MIR reflectance to leaf water contents.

Tucker (1980)

SWIR (1400 to 2500 nm)

Reflectance is influenced by liquid water in plant tissue.

Tucker (1980), Ceccatq
et al (2001)

VIS Changes in red, green and blue reflectance due to chloropl Murtha (1982)
deterioration.
Red Edge Movement of red edge towardBorter wavelengths during Collins et al. (1983),
senescence or stress induced chlorosis. Rocket al (1988),
Milton et al (1989)
Red Edge Red edge defined from 690 to 740 nm is also sensitive Horleret al (1983),

chlorophyll content.

Curranet al (1990),
Blackburn (1999)

Red Wavelengths

Displacement in the slope of the red wavelengths towards
longer wavelengths as chlorophyll content increases.

Horleret al (1983)

Thematic Band 5 to 7 (1550
T 1750 nm and 2080 2350
nm)

Ratio of Band 5 to 7 hidh correlated with water content of
soils and vegetation.

Musick and Pelletier
(1986; 1988)

VIS and NIR Estimated chlorophyll a, b and total carotenoid content usirj Lichtenthaler (1987)
equations and specific extinction coefficients.
Red Edge Increasen the relative proportion of chlorophyll a will result| Guyot and Baret (1988)

in movement of red edge towards longer wavelengths,
independent of total chlorophyll content and vice versa.

NIR (70071 1300 nm) and
MIR (13007 2500 nm)

Detection of plant water stress in oalyeet gunand conifers.

Hunt and Rock (1989)

820 and 1600 nm

Significant relationship between the equivalent water thicki
and a moisture stress index between reflectance value
measured at 1600 nm and reflectavaieie measured at 820
nm.

Hunt and Rock (1989)

550 and 700 nm

Maximum sensitivity to a wide range of chlorophyll content

Curranet al (1990),

Gitelson and Merzlyak
(1996), Lichtenthaleet
al. (1996), Datt (1999)

Red Edge

Chlorophyll content obranches of Slash PinBifus elliottii
engelm predicted using red edge.

Curranet al (1990)

VIS (491-575 nm); Red
(647-760 nm)

Increased reflectance in response to plant stress regardles
the stress agent.

Carter (1993)

NIR plateau

Weak water absgption features at 1000 and 1200 nm.
Deepening of the two water absorption features as leaf are
index increased.

Gao (1995), Asner
(1998)

860 nm and 1240 nm

Normalsed difference water index as an estimate of vegetal

water content.

Gao (1995)
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Region ofthe Spectrum

Vegetation Spectral Reflectance Characteristics

Author(s)

550, 700and longer than 75(
nm

Specific wavelengths sensitive to pigment variations and
chlorophyll assessment at leaf level for maple and chestnu
leaves.

Gitelson and Merzlyak
(1996)

Reflectance at 550 and 700
nm, and 500 and 670 nm

Highly correlated in yellowgreen to dark green leaves.

Gitelson and Merzlyak
(1996)

Maximum reflectance at 75(Q
nm, lowest reflectance
between 400 to 500 nm.

Highly correlated in chestnut leaves.

Gitelson and Merzlyak
(1996)

670680 nm Reflectance at 67680 nm was insensitive tihlorophyll a Lichtenthaleret al
above 70 mg A2 in tobacco leavedN{cotiana tabacum [).. (1996)
due to saturation of the relationship between light absorptiq
and pigment concentration.

VIS, NIR Reflectance at wavelengths with high absorption coeffisie | Lichtenthaleret al

should be more sensitive to low concentrations of chloroph
a, while spectral regions with low absorption should be mo
sensitive to higher chlorophyll a concentrations.

(1996), Blackburn
(1999)

550, 700 and 750 nm

The reflectace indices (R750/ R700 and R750/ R550) wereg
identified as having strong linear relationships with total
chlorophyll concentration at the leaf scale in horse chestnu
(Aesculus hippocastanum) land Norway mapleXcer
platanoides L) leaves.

Lichtenthaleret al
(1996), Gitelson and
Merzlyak (1996),
Gitelsonet al (2002),
Blackburn (1999)

SWIR (1530 and 1720 nm)

Reflectance is influenced by liquid water in plant tissue ang
can be used as an estimate for vegetation water content.

Foutry and Baret (1997)

VIS, NIR, SWIR

Variability in tissue optical properties is wavelength
dependent.

Green foliage lowest variation in VIS, highest NIR.
Standing litter minimum variation in VIS and NIR, highest ir
SWIR Woody stems lowest variation in SWIR, highest in N

Asner (1998)

1700 nm, 2000 nm, 2200 nn

Features associated with lignin and other organic compour

Asner (1998)

650, 635, and 470 nm

Concentrations of chlorophyll a, chlorophyll b, and caroten
were best correlated with reflectance indicegdRRs3s and
R470), respectively in the leaves of four deciduous tree speq
at different stages of senescence.

Blackburn (1998a)

676 and 810 nm

Chlorophyll a and chlorophyll b concentrations were strong
correlated with reflectance index (R676) in the visible
wavelengths and reflectance index (R810) in the-imdeared
on brackenRteridium aquilinuny canopies. Possible
correlation to canopy structural development which has a
direct influence on nednfrared reflectance.

Blackburn (1998b)

740 to 820 nm; 68and 760
nm

Higher reflectance values between 740 to 820 nm; and mo
pronounced maximum slope between 680 and 760 nm (reg
edge) is related to vegetation with healthier green leaf
development i.e. higher biomass and leaf area index.

Lelonget al (1998),
Jacquemoud (1993),
Baret and Jacquemoud
(1994), Barett al
(1994), Filella and
Penuelas (1994)

Red and NIR

Relation between water deficiency (stress) to spectral featy
in the 740 to 820 nm and red edge range in wheat.

Lelong, et al (1998)
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Region ofthe Spectrum

Vegetation Spectral Reflectance Characteristics

Author(s)

Red Edge

The first derivative opseudo absorbanc&Log
1/Reflectance), was highly correlated with canopy pigment
concentration per unit area in the red edge region. Canopy|
leaf scale concentrations per unit mass of chlorophyll a,
chlorophyll b, anctarotenoids were strongly related{t.og
1/Reflectance) and the second derivatives#udo absorbanci
(85(Log 1/Reflectance), but different wavelengths were
optimal at each scale.

Blackburn (1999)

VIS

Moderately correlated to chlorophylbncentration.

Blackburn (1999)

VIS (Green) and NIR

Ratio indices highly correlated to chlorophyll concentration

Blackburn (1999)

Red Edge Wavelength position of red edge related to chlorophyll Blackburn (1999)
concentration, and characteristics of the amplitude dfirste
and second derivatives of reflectance and pseudo absorbal
were more strongly correlated with chlorophyil.

Red, NIR Vegetation indices used to predict chlorophyll content of Datt (1999)

(850 nm, 710 nm, 680 nm) | eucalypt vegetation at the leafd crown scale.

850, 710 and 680 nm 850, 710 and 680 nm wavelengths produced the highest | Datt (1999)

correlations with leaf chlorophyll content.

Red Edge With decreasing chlorophyll content, senescence or stress{ Stoneet al. (2001), Rock
induced chlorosis the restige moves to shorter wavelengthg et al (1988), Datt (1999
and is due to a reduction in the depth and breadth of the
chlorophyll absorption feature.

VIS, NIR Relationships between spectral reflectance properties of | Stoneet al. (2001)

Eucalypt vgetation and a range of physiological and
morphological parameters. Results indicate a shift of red e
towards shorter wavelengths with decreasing chlorophyll
content.

900 and 970 nm

Water index is derived from the ratio betweeflectance
measured at 900 nm and 970 nm and used as a measure
plant water content.

Champagnet al (2003)

VIS, NIR and Red Edge

Universal broad leaf chlorophyll indices using the PROSPH
model

le Maireet al (2004)

NIR, Red Edge Canopy levekpectral and thermal estimation of water statug Fitzgeraldet al (2006)
and nitrogen content using spectral and thermal indices.
NIR and VIS Degree of water stress strongly correlated to spectral band| De Taret al (2006)

from VIS and NIR regions viz. 686, 811, 860, 850dmunsing
hyperspectral and multispectral data.

Thermal bands

Detection of water stress using thermal remote sensing
imagery.

SepulcreCantéet al.
(2006)

NIR and SWIR

Indices formulated from the weaker NIR liquid water
absorptiorbands (980 and 1200) are linear in response to
moisture fluctuations, and are strongly correlated to
hydrological measures. Could be used to estimates near
surface and surface wetness at the landscape scale.

Harriset al (2006)

Red Edge

Detection ofplant water stress using wavelengths associate
with red edge.

Clayet al (2006),
Blackburn (2007),
Campbellet al (2007)

VIS = Visible; NIR = Near Infrared; MIR = Middle Infrared; SWIR = Shortwave Infrared
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3.3.1 Spectral indicators of plant chlorophyltontent

In stressed vegetation, leaf chlorophyll content decreases, thereby changing the proportion of
light-absorbing pigments, leading to less overall absorption of light, which affects the
spectral reflectance signatures of plants (Murtha, 1982; ZBe@waet al, 2000). This

leads to a reduction in green reflection and an increase in red and blue refleesahig

in changes in the normal spectral reflectance patterns. Thus, detecting changes from the
normal spectral reflectance patterns iskég to interpreting plant water stress.

Specific reflectance wavelengths in the red and near infrared region of the spectrum, which
are sensitive to plant chlorophyll pigment variation, have been identified. Reflectance from
550 and 700 nm show maximumnséivity to a wide range of chlorophyll contents (Curran

et al, 1990; Carter, 1993; Gitelson and Merzlyak, 1996; Lichtenthetlexl, 1996, Datt,
1999). However, there is little agreement on the optimum wavelengths to be used in the

remote assessmentmant chlorophyll content.

Indices have been derived using a combination of specific reflectance wavelengths for the
remote assessment of chlorophyll content (Cuetaad., 1990; Jacquemoud, 1993; Baret and
Jacquemoud, 1994; Baret al, 1994, Filellaand Penuelas, 1994; Gitelson and Merzylak,
1996; Lichtenthaleet al, 1996; Blackburn, 1998a; Blackburn, 1998b; Lel@tal, 1998;
Blackburn, 1999; Datt, 1999; Stom al, 2001; Coopst al, 2003). These indices have

been typically derived through welations between leaf reflectance and leaf chlorophyll
content, and are often developed for a single species with constant leaf size and shape, leaf
surface and internal structure (Datt, 1999). However, the relationship between chlorophyll
content and lkaf or canopy reflectance is not necessarily genarnd caution needs to be

taken when applying these indices over different vegetation types or biomes for the

prediction of plant water stress (Coagisal, 2003).

In the remote assessment of plant ewattress, total chlorophyll and chlorophslcontent
have been identified as key spectral indicators. Chloroghglbsorbs strongly in the red
wavelengths because of electron transitions of the chlorophyll molecules. As the chlorophyill

concentration in@ases, there is an apparent displacement in the slope of the red
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wavelengths towards longer wavelengths (Hoeleal, 1983). However, in a stressed plant
there is a shift towards shorter waveleng!
1993).The interdependence of chlorophyland total chlorophyll provide an appropriate
measure of changes in spectral reflaceadue to plant water stress. If the relative proportion

of chlorophyll a were to increasehere would be a movement of the red edge to longer
wavelengths, independent of total chlorophyll content. Likewise, a decrease in the relative
proportion of chloophyll a would result in a movement of the red edge to shorter
wavelengths, also independent of total chlorophyll content. However, the effect of a

chang ing chlorophyll a/

chiorophyll b Fatio on the red edge is likely to be minand has proved
difficult to observe compared to the effect of the total chlorophyll content (Guyot and Baret,
1988). Therefore, red reflectance is considered a reliable metric for total chlorophyll content

and changes in leaf pigments (Homral., 1983).

When chlorophyll conte is used as a measure of plant water stress, the placement and
shape of the spectral redige are important indicators of plant water stress (Hetleil.,

1983, Curraret al, 1990, Blackburn, 1999; Blackburn, 2007). This relationship is used to
explan the movement of the red edge to shorter wavelengths during different expressions of
plant water stress, such as senescence or-gtctkgsed chlorosis (Collinet al, 1983; Rock

et al, 1988; Miltonet al, 1989; Clayet al, 2006; Campbeltt al, 2007.

3.3.2 Spectral indicators of plant water content

Plant water content at the leaf and canopy scales are often estimated using reflectance data
from the near infraredNIR), middle infrared (MIR) and short wave infrared (SWIR) regions

of the electromagnetispectrum (Tucker, 1980; Hunt and Rock, 1989; Gao, 1995; Zarco
Tejadaet al, 2003; Jacksoat al, 2004; Shert al, 2005; Churlianget al, 2006). Specific

spectral bands and spectral indices designed to capture changes in plant water content have

beenderived using a combination of spectral bands from the NIR, MIR and SWIR regions.

NIR and MIR spectral bands are highly correlated to water content of vegetation and soils
(Tucker, 1980; Hunt and Rock, 1989; Musick and Pelletier, 1986; 1988). Speacicd ba
from these regions have been usedliiferentiatestressed trees from na&tressed trees
(Tucker, 1980; Hunt and Rock, 1989; Musick and Pelletier, 1986; 1988). In these regions of
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the electromagnetic spectrum, leaf water content has &&s¥ssedemadely using bands

1550 to 1750 nm (Tucker, 1980), as well as the ratio of spectral band$ 1550 nm and

208071 2350 nm (Musick and Pelletier, 1986; 1988). However, in laboratory experiments a
good relationship was identified between water content, desd, and the spectral index
derived using 820 and 1600 nm spectral reflectance bands (Hunt and Rock, 1989). In these
experiments MIR reflectance increased with decreasing leaf water content (Hunt and Rock,
1989).

In the SWIR region (1400 to 2500 nm)li measurements have shown significant changes

to this region of the spectrum resulting from changes in the water content of plants (Tucker,
1980; Ceccatcet al, 2001). Several relationships have been identified between specific
spectral bands in the S®iregion and different groundbased measurements of plant water
stress such as relative water content, leaf water potential, stomatal conductance, and cell wall
elasticity (Foutry and Baret, 1997; et al, 2003). In particular, Foutry and Baret (1997)
reported that the spectral wavelengths at 1530 and 1720 nm are most appropriate for

assessing plant water content.

Several spectral indices have been derived to detect changes in plant water content for the
remote assessment of plant water stress. Thsitistiyy of such spectral indices to changes in

plant water content is influenced by the leatlernal structure. Therefore, some spectral
indices may not be suitable for the detection of low or moderate levels of plant water stress
(Eitel et al, 2006).Two spectral indices that have been successfully used are the inedmal
difference water index (Gao, 1995) ahe water band index (Penuelasal, 1995).

The normaked difference water index (Gao, 1995) is commonly used and accepted as an
accurate dgnate of plant water content. This index consists of the ratio of the difference
between reflectance measured at 860 and 1240 nm, and the sum of reflectance measured at
860 and 1240 nm respectively (Gao, 1995). At these narrowband wavelengths, vegetation
canopies have similar radiation scattering properties, but slightly different liquid water
absorption properties. Therefore, this index has been successfully applied to detect plant
water contentemotelyfor various tree species (Gao, 1995; Jacksioal., 2004; Stimsoret

al., 2005; Eitelet al, 2006). On the other hand, the water band index is derived from the
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ratio of reflectance measured at 900 nm and 970 nm (Peretedds 1995). This spectral

index has been correlated with grodmased measuremes of plant water content at both

the leaf and canopy scales. It is, however, more sensitive to leaf water content than the water
content of the whole plant. This is advantageous in agricultural applications, where leaf
water content changes more notiglyain response to drought conditions than the water
content of the entire plabiomasgChampagnet al., 2003).

3.3.3 Factors affecting spectral reflectance from leaf to canopy scales

The levels of spectral reflectance from a plant leaf or canopy are detdrivy a variety of
factors. The factors that play a role in the spectral reflectance from a plant leaf or canopy
include:

e type of species,

e Site,

e age of plant or foliage,

e nutrient status,

e |eaf orientation,

o effects of variable irradiance,

e geometrical arrangement of the object/scene,

e orientation of the ground surface in relation to the location of the sun,

e remote sensing device or sensor, and

e meteorological conditions (Asner, 1998; Coapsl., 2003).
Their individual or combined effectare relevant to grourdased field spectrometers,

airborne and satellite remote sensing technologies.

Remote sensors differ extensively in their ability to discriminate targets. Spatial resolution
varies from less than a metre to several kilometres, satime models requiring input
parameters from various data sources with different spatial resolutions (Chen, 1999).
Furthermore, vegetation cover can be highly heterogeneous spatially, with the variability
within a pixel likely to introduce uncertainties whprocessing and applying remote sensing

imagery at different spatial resolutions (Jiatal, 2006).
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Spectral data collected at the leaf scale usually contain the least amount of variability and are
most easily correlated to groutidithing measuremesitat the same spatial scale. Ground
truthing of remote sensing surveys is often undertaken at the leaf scale, due to the
complexity of grounetruthing at higher spatial scales, and the difficulty in mimicking the
significant variability in canopy reflectas. Therefore, spectral features and relationships
which have been identified at the leaf scale, in conjunction with grtrutiting experiments

have often also been applied generically at canopy and landscape scales (Moleammed
1997; Datt, 1999; Zao-Tejadaet al, 2000; Coopst al, 2003).

Despite the difficulty in mimicking wholeanopy reflectance, attempts have been made by
stacking leaves on top of each other for bet@mopy spectral measurements (Blackburn,
1999; Datt, 1999; Coopet al, 2003). The disadvantage of the leaf stacking method is that it

is unable to represent the absolute radiation interactions which occur at the canopy scale. It
also fails to replicate, for example, canopy architecture, leaf angle distribution, the
reflectane of trunks and branches, and the contribution of the wider canopy outside of the
instrument field of view. Thus its use is limited. It does, however, assist in controlling the
impact of variables such as background reflectance, irradiation levels atargemnsensor

geometry, which do affect spectral reflectance measurements at the canopy scale.

Remote sensing applications at landscape and ecosystem scales require the evaluation and
monitoring of multiple species at multiple spatial and temporal séalesder to better
understand species interactions and community dynamics, both of which have important
implications under changing environmental conditions (Marigearal, 2007). Validation

of different types of remote sensidgta is usually dictated by their spatial resolution (Zwart

and Bastiaassen, 2007), witmdi resolution products (<100 m) such as Landsat being
adequately validated with growihsed measurements. However, as the spatial resolution of
the remote sensindaa decreases, resulting in coarser resolution products such as MODIS
(1000 m in themal band), using grouAdased measurements is very difficult because of the
scale disparity between ground or point measurements and the coarse spatial resolution
imagery Therefore remote sensing research has developed over the years to utilize ground

based measurements to validate high resolution remote sensing imagery and thereafter using
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the high resolution remote sensing imagery to validate arstale or aggregatearse or
low resolution remote sensing data (Zwart and Bastiaassen, 2007%&tGhpR009).

Many studies regarding the effect of-spaling remote sensing datasets have been reported
(ZarcoTejadaet al, 2003; Marignanet al, 2007; Zwart and Bastiasen, 2007; Chaat al,

2009; Honget al, 2009; He and Mui, 2010). During an aggregation esegling process,

the raster spatial data are reduced to a smaller number of data pixels covering the same
spatial extent. It is generally recognizttit dataaggregation modifieshe statistical and

spatial characteristics of the data (Bianal, 1999). Since the total number of pixels is
reduced, the variance and frequency distribution of the sampled data at a reduced spatial
resolution may deviate from tlzgiginal data set (Biaat al, 1999).

Several methods exist for scaling land surface and vegetation parameters from leaf to canopy
levels including direct extrapolation, canopy integrated methods and modelling approaches.
The extrapolation method is tlsgmplest way to scale remote sensing data from the leaf to
the canopy level. Empirical estimation or extrapolation methods useauate or multi

variate models to scale the target properties of plants such as biochemical content from leaf
to a canopy dvel (He and Mui, 2010). Empirically based methods apply leaf level
relationships between reflectance or reflectance indices and land surface or vegetation
parameters directly to the canopy level spectral reflectance data measured by airborne or

satellitesensors.

The canopy integrated methods are applied by multiplying vegetation parameters at the leaf
level with the corresponding canopy biophysical parameters such as leaf biochemical
content, leaf area index or biomass. Similar applications have deyaragheters such as
canopy chlorophyll content by multiplying leaf chlorophyll content with biomass within an
area covered by a pixel. The major assumption of the canopy integrated method is that all

leaves in the plant have the same biochemical contentaid Mui, 2010).

Physically based methods or models have also been developed which involve the use of
radiative transfer models such as SAILH, PROSPECT or LEAFMOD to estimate the

biometric properties and biochemical content from leaf to canopy and over larger spatial
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scales (Glennet al, 2008) Such models include assumptions and commonly use inputs on
the leaf characteristics, geometry of vegetation in the field of view, and the nature of the
surrounding environment including weather conditions. Airborne and satelidgeselis have
contributed significantly to scaling various land surface and vegetative parameters from leaf
to canopy and stand levels, as vegetation parameters are clearly not uniform at increasing
spatial scales, varying in vegetation type, its statetiadpdistribution and canopy
composition (He and Mui, 2010). Physically based models require the application of
inversion models in order to retrieve vegetation characteristics from reflectance data.
Commonly used inversion algorithms include numericainoptaition methods, lockip table
approaches, artificial neural network methods, and support vector machine regi@gsion (

et al, 2008) Vegetation indices have also been used in temporal vegetation or land surface
studies or as inputs into models swshsolvegetatioratmosphere transfer, surface energy
balance or global climate models, to estimate a wide variety of canopy attributes such as net
primary production and evapotranspiration. Such applications simplify the task of modelling

complex landsqaes (Glenret al, 2008).

Removal of atmospheric and background interferences is necessary when processing remote
sensing data. Various types of calibration models can be applied depending upon the
guantity and quality of calibration data recorded durihg remote sensing acquisition
surveys. Alternatively, the removal of atmospheric and background interferences could be
omitted when vegetation spectral reflectance indices, which account for differences in
atmospheric and background effects, were appifredsparsely vegetated environments
(Giannico, 2004). Furthermore, the magnitude of atmospheric and background interferences
is greater as spatial resolution decreases from ground to stand and canopy levels; and

spectral resolution increases from multispaicio hyperspectral data.

3.4 DETECTION OF PLANT WATER STRESS USING GROUND-
BASED MEASUREMENTS

Simple, quick and portable growtdithing methods are needed for the measurement of
plant water stress. Commonlged techniques address aspects of the plant atates and

plant pigment condition.
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34.1 Predawn leaf water potential

Predawn leaf water potential measurements, often undertaken with a pressure chamber, are
of significant value when determining plant water stress. At predawn, xylem water potential
has equilibrated with soil water potential after a night of negligiblespiaation. At this

time, plant water potential is usually at its minimum for the day (Cleary and Zaerr, 1984).

The pressure chamber is most commonly used for estimating leaf water potential, having the
advantage of simplicity, reliability, instantaneounseasurements, low capital cost and
portability (Scholanderet al, 1965; Boyer, 1968; Ritchie and Hinckley, 1975). The
equipment design has not changed significantly over the past four decades since Scholander
et al (1965) used this technique to measteewater relations of trees and shrubs. However,

this technique is considered slow and ticemsuming for any commercial or operational

applications (Jones, 2004).

Measurement of predawn leaf water potential has gained wide acceptance among
researcherslt is commonly used as a plant water stress indicator (Arabdzl, 2005;
Norteset al, 2005; Intrigliolo and Castel, 2006; Pellegriebal, 2006) and has also been

used to describe the water status of different species within a habitat (Schaaader

1965; Lamont and Witkowski, 1995). It has been shown that species within the same habitats
differ in predawn leaf water potentials (Witkowski al., 1992; Lamont and Witkowski,

1995), while predawn leaf water potentials often differ within a sirsplecies between
different habitats, and with leaf age (Witkowskial, 1992) and plant size (Lamoet al,

1994). Typical plant water potential measurements of unstressed plants rangeOftdm

MPa for plants under saturated soil conditions and lowospmeric demand (Cleary and
Zaerr, 1984)te2 . 0 MPa for oOtanké plants such as ca
et al, 1965). Conversely, stressed plants such as creosote bush and juniper growing in more
arid regions could achieve plant watergnitals of-8.0 MPa (Scholander et. a1965), while

for desert plants it can be much higher. Predawn leaf water potential measurements have also
been successfully used in agricultural applications to evaluate plant water Sueks.
applications have ingded estimates of total transpirable soil water and assessments of crop
water stress resulting from irrigation scheduling of grapevine field sites and fruit orchards

(Intrigliolo et al, 2006; Pellegrincet al, 2006). Predawn leaf water potentials hais® a
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been coupled with stem water potential measurements and fluctuations in trunk diameters to

guantify water stress of young almond trees for irrigation management (oees2005).

Despite the wide application of predawn pressure chamber measiisememerous sources

of error and measurement problems have been identified (Ritchie and Hinckley, 1975).
These sources of error need to be migsanh in order to ensure accurate readings, and can be
grouped into four categoriesz. speed of measuremenmt the field accurate selection and
processing of sampleseduction in presswsation problems with the chamber, and correct

identification of the end point.

In the field, speed of measurement is of major importance. Moisture loss between time of
samplng and measurement must be misied (Ritchie and Hinckley, 1975; Turner, 1988;
Campbell, 1990; Hsiao, 1990; Smith and Prichard, 2003). Measurements should take place
directly after excision of the plant sample. If this is not possible, samples shouidlbsee

in plastic bags immediately after cuttingnd stored in a cool dark place until required.
However, iftime delaysoccurred between predawn sampling and actual measureitients
could result in inaccurate estimates of predawn water potential (Clear and Zaerr, 1964;
Turner, 1988).

Great care should be taken in selecting and processing samples. It is important to standardise
the sampling process with respect to leaf age anldpment stages when comparing
between plant species (Witkowski al, 1992). Damaged samples (crushed leaf petiole or
torn leaf blades) and +eutting of sample stems (Scholandtral., 1965) lead to a break in

the tension in the xylem water, and shibthus be avoided (Clear and Zaerr, 1964; Turner,
1988). Furthermore, the portion of the leaf or stem external to the seal in the pressure
chamber unit must be minimised to reduce exclusion errors (Miller and Hansen, 1975;
Hsiao, 1990).

Several technideguidelines must be adhered to in order to reduce preasan problems
with the chamber. Failure to achieve pressure equilibrium should be addressed by ensuring
that the seal used in the pressure chamber is made of rubber that is sufficientlycefaistic t

the indentations of irregularly shaped petioles, but not so soft that it disintegrates under

Page51



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

pressure. For very irregular petioles, a qBeiting silicon compound can be used.
However, this slows down the number of leaves that can be measuredr(Ti988). High
pressure grease or a silicon adhesive compound should be used on the stopper to prevent or
reduce leakage and to prevent leaf damage. Studies on the optimal rates obglieasoir

the chamber and treffects of rapid pressure and h@ecumulation within the chamber have
shown that fast rates of presisation can lead to both underestimates or overestimates of
water potentigldepending on the gradients of water potential in the sample (Waring and
Cleary, 1967; Blunet al, 1973; Tyee and Dainty, 1973; Turner, 1981). Therefore Turner
(1981) suggested an average presation rate of 0.025 MP&s Furthermore, caution must

be taken in the use of the compressed gas with the pressure chamber. Pressure release valves
protect the pressargaugesand also help prevent ovpressuisaion of the chamber
(Turner, 1988). A binocular microscope or safety glasses should be used to protect the
operatordés eyes i f any mat er i alisaios(Tuinery c e d
1988).

Correct identification of the endpoint, when the xylem sap just returns to the cut surface of
the xylem, is critical for accurate estimation of the water potential (Ritchie and Hinckley,
1975; Turner, 1988; Campbell, 1990; Hsiao, 1990; Smith and PricB8fB). Use of
binocular microscope or magnifying glass is necessary to minimise poor recognition of the

endpoint.

Field equipment required for leaf water potential measurememidatively easy to setup
within a specific location, but can be cumbersomten there are many sample sites which

are not in close proximity to each other. When accounting for the time required for setting up
the instrument, gathering of samples and the actual measurement at predawn, only a limited
number of measurementge possible within this timeframe. Therefore, from a practical
view point this methodis more appropriate for lodaed measurements, as compared to

large scale measurements.

3.4.2 Leaf chlorophyll fluorescence

Over the past decade, chlorophyll fluorescence liadtas been used more extensively to

provide considerable information on the origamon and function of the photosynthetic
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apparatus (Govindjeet al, 1981). Information is gathered more readily aad be sampled
more oftenoutside the laboratory usingprtable optical systems and compact chlorophyll

fluorescence meters.

The functioning of the photosynthetic apparatus is depegndn the process of
photosynthesis, whereby light energy is absorbed and converted into organic compounds.
Several environmeal factors including water, light and nutrients, affect this process and
may lead to plant stress. Therefore, the photosynthetic apparatus has beersak@syn

being a good indicator of stress and stress adaptation of a plant (Salisbury and Ross, 1992;
Strasser and TsmHMichael, 2001) which is associated with the measurement of
chlorophyll fluorescence (Strasset al, 2001). Also, because changes in chlorophyll
fluorescence may occur before any physical signs of tissue or chlorophyll detenicnei
manifested in the plant, stress can be detected before the onset of physical damage
(Lichtenthaleret al., 2007).

Chlorophyll fluorescence measurements can be described using the typical phases of a
fluorescence transient. During a typical fluoesce transient, the fluorescence rises rapidly
from a ground state, O (op)i- when all electron acceptors are fully agail, or open, to a
maximum level, P (or F), when all electron acceptors are highly reduced, or closed and are
unable to accept andamsfer electrons (Rolando and Little, 2003). Various parameters
representing subsequent phases in a typical fluorescence transient can yield information on
how stress affects the functioning of the photosynthetic system (Streissdr 2001;
Rolando and.ittle, 2003). Photochemical efficiency is a common parameter used to assess
the effect of environmental stresses on the photosynthetic mechanism (Strasser and Tsmilli
Michael, 2001). The photochemical efficiency of photosystem Il (PSIl) is estimated by
F./Fm, which is the ratio of variable fluorescenceg)(f maximum fluorescence {F Most

healthy plants exhibit A~ values around 0.8 (Petersehal, 2001).

Most studies on the applications of chlorophyll fluorescence haveedtthe F/Fn, ratio as
an indicator of water stress (Govindjee al, 1981; Havaux and Lannoye, 1983; Ogren,
1990; Van Rensburet al., 1996; Van der Mescht al, 1997; Lu and Zhang, 1999; Peterson
et al, 2001; Rolando and Little, 2003; Cifeg al., 2005). In these studie# has been well
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documented that at the chloroplast level, the function of the thylakoid membrane is sensitive
to environmental stres€quist, 1987). @idies which have focused on deep rootead:

native treespecies have suggested that the decreas@fp Wwas due to drought induced
injury to the thylakoid structures affecting photosynthetic electron transport (Van Rensburg
et al, 1996; Van der Mescldt al, 1997; Lu and Zhang, 1999). These results have indicated
that R/Fy of drought stressed treesasvlower than the control trees, especially in the more
drought intolerant trees. Van Rensbet@l (1996) found that the decrease iiHz, was due
largely to an increase in,Fan indication of permanent damage to the PR3l appears to

be particulaly sensitive to a number of stress factors including freezing temperatures and
drought (Oquist and Wass, 198Bplando and Little (2003) also showed a decrease/if,F

of water stresseBucalyptus grandiseedlings, resulting from a rise ig &d a de@ase in

Fm. Since this ratio is a reflection of the maximum yield of primary photochemisify, 5

also used as an indicator of tree or seedling vigour.

Water stress leads to several changes in the photosynthetic apparatus of plants. Low water
potentid has been observed to cause a decrease in the quantum yiejdewdlQion in
chloroplasts and leaves from sunflower plaatdecrease in the ability of the coupling factor
isolated from spinach leaves to bind fluorescent nuclegtales a decrease the ratio of

the maximum to the minimum fluorescence in the red alBaephyrs sanjuanesis
(Govindjeeet al, 1981). Data presented on the relationship between maximum to minimum
fluorescence ratios and the water potential of leavesNefium oleander Atriplex
triangularis and Tolmiea menziesisuggest that water stress blocks electron flow to the
reaction center chlorophydl of PSIl (Govindjeeet al (1981). It was clear from these results
that the ratio of maximum to minimum fluorescence decreases & high value of 4.0 in
well-wateredNerium oleandeplants (water potentiaD.8 MPa) to a low value of 1.1 in a
severely stressed plant (water potentsa® MPa). In all cases examined, the ratio decreased
as the water potential decreased. Becauskeest results, Govindjest al (1981) concluded

that water stress inhibited electron flow of PSII in the three species exammkthat this

ratio serves as a qualitative indicator of leaf water potential.

Chlorophyll fluorescence ratios have gainedr@ased acceptance in recent years, and is

commonly measured using hahdld relatively lowcost portable instruments which are

Page54



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

simple, rapid and nedestructive (Petersoet al, 2001; Strasseet al, 2001; Strasser and
Tsmilli-Michael, 2001; Rolando andittle, 2003; Cifreet al, 2005; Lichtenthaleet al,

2007). With the development of an internal saturating light source in portable field
fluorescence meters, chlorophyll fluorescence measurements can now be undertaken at any

time of the day, from shad or sunliteaf samples.

Chlorophyll fluorescence measurements can be used in conjunction with other techniques as
a relatively quick initial screening method for assessing plant stress within sddcalea.

There have also been significant advanocethe application of chlorophyll fluorescence at
larger spatial scales over the past decade, allowing for spatial detection of chlorophyll
fluorescence parameters using lasased fluorometers (Ounet al, 2001; Cifreet al,

2005). Such technologicaimprovements in chlorophyll fluorescence measuremerdayg
complement the grourdluthing of remote sensing imagery. However, further investigations
are needed to establish its applicability for different crops growing under different conditions
(Cifre et d., 2005). A disadvantage is that these instruments have not yet been designed for

commercial or operational use.

343 Chlorophyll and carotenoid pigment concentration

Plant pigment concentrations vary with species, ecogpe phenology, and are also
affectal by season and various kinds of natural and anthropogenic stresses (Gitelson and
Merzylak, 1997). Healthy plants, those capable of maximum growth, are generally expected
to have higher chlorophyll pigment concentrations than unhealthy plants. Reduced
chlorophyll concentrations are often associated with stressed plants, with variations in total
chlorophyll to carotenoid ratios used as indicators of stress in plants (dtettig 2005;
Lichtenthaler et al, 2007). Carotenoids play an important role in poobg the
photosynthetic apparatus, and regulate the flow of energy into and out of the photosynthetic
system (Sims and Gamon, 2002; Nettoal, 2005). Two commonly used approaches have
been adopted to quantify chlorophyll and carotenoid pigment coatients in plantsyiz.
conventional chemical methods and field chlorophyll meters. Conventional chemical
methods of pigment quantification require destructive sampling and-comsuming
laboratory analysescompared to chlorophyll meters which are simpbertable field

instruments which save time and resour&ssth applications are more suited for loisat!
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groundbased measurementbut have also beensedto groundtruth remote sensing
imagery.

Conventionallaboratorymethods used for estimatirghlorophyll and carotenoid pigment
concentrations are seen as the most accurate metpomsded correct sampling and
laboratory procedures are followed. These methods make use of spectrophotometry for
estimating pigment concentrations in plant extragtiomia the linear absorption
characteristics of these pigments in polar extractants at specific wavelengths. Concentrations
are calculated taking coance of the extractant and the specific extinction coefficients as
described in Lichtenthaler (1987). dwprecautions are recommended when sampéngd

during laboratory analysis: rapid and efficient collection of samples which must be frozen
immediatelyusing liquid nitrogen to prevent pigment deterioration, and minimal loss of
pigment during laboratory épaction and dilution procedures in order to reduce the
variability of the results. If the research is taking place in remote areas, liquid nitrogen could

be substituted with sufficient dry ice or ice packs.

Chlorophyll meters are portable field instrurtemhat allow for nofdestructive repetitive
sampling, andhave been usesliccessfullyo estimate the chlorophyll content of many plant
species (Schaper and Chacko, 1991; Nettal, 2005; Pinkarcet al, 2006). A chlorophyll

index derived from two peakeflectance wavelengths, 650 nm and 940 nm, is used to
estimate the observed chlorophyll content in a sample. However, several &ttotig
chlorophyll concentratiosuch aghe typeof plantspecies, leaf weight, leaf age and growing
conditions may influence the relationship between the chlorophyll index and actual
chlorophyll concentration. Therefore, calibration curves are required for many species, site

and experimental conditions (Pinkaetlal,, 2006).

344 Leaf water content

Relative leaf water content is an indirect and gross estimate of the changes in the water
content in leaveshrough precise weight measuremef@anny and Huang, 2006). Most
water in leaves reside in mesophyll cells. Volumetric changes in these cellsascthe
balance shifts between the rate of evaporation from leaves and the rate of water supply to the

leaves. Volumetric changes in the leaves of plants affect many internal plant conditions such
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as tension in the cell walls, exchange of water and cadimdde across cell membranes,
osmotic pressure of vacuole contents, cell and tissue turgeto-all contact and transport

of water.

Measurements of relative water content from leaf tissues are commonly used to assess the
water status of plants (Barand Weatherley, 1962; Catsky, 1969; Turner, 1981; Joly, 1985;
Yamasaki and Dillenburg, 1999; Shenal, 2005; Canny and Huang, 2006). The relative
leaf water content is expressed as the ratio of three weight determinaizofiresh weight

dry weight and turgid weight of the leaf sample. It is calculated as the ratio of fresh weight
minus dry weight to turgid weight minus dry weight. It is important that sampling
procedures are meticulous to prevent evaporative losses of water from tleargalés

(Barrs and Weatherley, 1962; Catsky, 1969; Turner, 1981; Joly, 1985; Yamasaki and
Dillenburg, 1999; Sheet al, 2005; Canny and Huang, 2006). Samples must also be stored
immediately in plastic bags and stored in a cool, dark place to reduceimdass prior to

fresh weight measurements. Furthermore, the validity of relative water content
measurements depends on the precision of the three weight determinations; a reliable

estimate of turgid weight being the most critical (Joly, 1985).

A typical water absorption curve shows a high initial rate of absorption, followed by a
prolonged period of slow absorption (Yamasaki and Dillenburg, 1999). The amount of water
initially absorbed has been commonly interpreted as being the amount of water needed to
compensate for the water deficit of the plant tissue. Further water absorption would be
driven by cell expansion, so that mass changes occurring during this phase would not be
used in the estimation of the relative water content of the sample. Therafoaecuwrate
measurement of turgid weight should be determined at the end of the first initial absorption

of water (Yamasaki and Dillenburg, 1999).

Water absorption periods usually recommended for conifers range from 12 to 48 hours,
which is much longer #n the 4 hour period usually required for most broad leaved plants

(Yamasaki and Dillenburg, 1999). To reduce water absorption periods, leaf disks are
commonly used instead of whole leaves (Barrs and Weatherley, 1962). This method may

however, also allow ore water infiltration through intercellular spaces, thereby resulting in
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a greater water absorption per unit of leaf mass and an underestimation of the relative water

content when compared to whole leaves (Barrs and Weatherley, 1962; Joly, 1985).

Measuing the relative leaf water content of plants is a simple yet time consuming process.
Comparative measurements between stressed and unstressed plants should be undertaken
during thelate morning when differences in water potentials between plants woellthé

greatest. Due to these time constraints this method is most appropriate for localised ground

truthing measurements.

3.45 Comparison of grounebased measurement techniques of plant water stress

This review suggestghat all four grounebased measuremisnviz. predawn leaf water
potentials, chlorophyll fluorescence, chlorophyll and carotenoid pigment concentrations and
leaf water contentcan be used successfully to measure or assess plant water stress.
However, these four grourthsed methods are natitable for large spatial scale sampling,

and would be most useful for logadd studies or as grourtduthing techniques for remote
sensing applications. Sampling protocols for gretmthing applications are depesrd

upon the spatial scales at whicle ttemote sensing studies are being undertakenleaf,
canopy, stand or landscape scale #m sample sizes will differ accordingly. A summary

of some of the advantages and disadvantages of each grased method is listed in Table

3.2.

Table 3.2 Advantages and disadvantages of four grebaded methods for measuring plant water
stress.

Ground-based
Method for
Measuring Plant
Water Stress

Advantages Disadvantages

Predawn leaf water| Simple, reliable, instantaneous measurement, lo| Slow and timeconsuming for landscapsrale

potential capitalcost, portable, direct indication of plant measurements; not suitable for use over lal
water stress. spatial scales; can be cumbersome when
All parts of plant at predawn should be at same | samping sites not in close proximity to each
water potential. other; destructive sampling.
Predawn sampling is inconvenient.
Leaf chlorophyll Handheld portable, light weight field instruments| Not designed for use over large spatial sca|
fluorescence simple, rapid nordestructive sampling, relatively

low capital costinternal saturating light source
present in latest models, measurements can be
taken at any time of the day, technology advancg
for remote sensing applications using ldsased
fluorometers.
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Chlorophyll and a. Conventional chemical methods Problem in keeping leaves fresh to avoid
carotenoid pigment| Foundations in well researched methodologies g chlorophyll degradation.
concentrations spectrophotometry. Destructive sampling, time consuming.
Calibration required to obtain actual
b. Chlorophyll meter chlorophyll concentrations for different

Simple, portable, nedestructive sampling, allow | species and environments.
for repeated measurements on the same sample
over time, instantaneous measurement.

Leaf waer content | Simple,low capital costs, low precision analytical| Validity dependent on precision of weight
measurements. determinations, timeonsuming, destructive
sampling.

These four grountbased measurements vary in their practical use as well dkein
physiological processes measured. Differences in these metweaell as the processes
measured may be affected by different sources of variability, which in turn may affect the
strength of the relationship to spectral indices (Stimsbal, 2005).As a result strong
relationships may exist between certain ground measurements and spectral indices, while
others may be poorer for a specific plant species. For exathplevater band index derived

by Gao (199% focussed on water content of vegetatiow aherefore could beorrelated

more strongly to leaf water content measurements compared to plant pigment concentrations

and vice versa.

Different groundbased measurements of plant water stress may be prefdemehding

upon the research conditionader which a particular method is being applied. For airborne
and satellite remote sensing vegetation studies, grtutidng techniques which are cost
effective, efficient and reliable and can be applied over large spatial scales within a
reasonable tigframe of acquiring the remote sensing imagesuld be preferred. Under

such research conditionseasurements of chlorophyll fluorescence or leaf water content
would be more suited. On the other hand, measurements of predawn leaf water potential or
chlorophyll pigment concentrations could be used for smatlaie intensive sampling.
However, should costs t#econstraining factqrpredawn leaf water potential measurements

would be preferred over laboratory analyses of plant chlorophyll pigment conmergtra

In summary it is recommended that a more complete but practical approach to assessing
plant water stresis adopted through the use of at least one grénasdtd measuremeniz

plant pigment concentrations, chlorophyll fluorescence or relateé Water content to
identify gradients in plant stress, and to then undertake predawn leaf water content

measurements along this gradient, specifically to identify the extremes in plant water stress.
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3.5 CONCLUDING REMARKS

This review demonstrates that there has been extensive research on the detection and

measurement of plant water stress using gréaased and remote sensing technologies.

Groundbased techniques are more suited for leedl measurements and faground
truthing of remotely sensed data. Remote sensing research has identified several individual
spectral bands and vegetation spectral reflectance indices which have been used to detect
plant water stress. Many of the earlier studies have focused ad bpctral bandwidths

and it recommended that plant stress researcheisetltié spectral findings to investigate
further the potential of narrow hyperspectral bandwidths to detect and interpret patterns of
plant stress. Furthermore, the importancehefried edgedefined as the region between 690

and 740 nmhas gained increasingly more attention over the years, and is seen as one of the
most important regions of the spectrum when investigating plant stress. It is also
recommended that the results frohyperspectral studies should be incorporated in
multispectral systems and technologies to allow for spseiblhigh spectral resolution
investigations to be undertaken with reduced data volumes in -&ftestive manner. Most
spectral indices have bedgrived for a single species with constant leaf size and shape, leaf
surface and internal structure, implying that their usefulness varies with respect to species
and site conditions. Therefore, the most commonly used indices reported in the literature
mud be evaluated against groutrdthing data. Grounttuthing of remote sensing data is

not an easy taskespecially when considering different temporal and spatial scales.
Depending upon the scale at which an investigation is being undertaken, it is eodedm

that a practical approach to assessing plant water stress is adopted through the use of at least
one grounebased measuremeniz. plant pigment concentrations, chlorophyll fluorescence

or relative leaf water content to identify gradients in plangéss, and to then undertake
predawn leaf water content measurements along this gradient, specifically to identify the

extremes in plant water stress.
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CHAPTER 4.
SPECTROSCOPY AS A TOOL FOR
IDENTIFYING PLANT WATER STRESS AT
THE LEAF -LEVEL

ABSTRACT

The purpose of this study was to investigate the potential ofthalddspectroscopy as a tool

for identifying plant water stress at the ldafel. Seventy sevenpgctral reflectance indices

and specific individual spectral wavelengths useful for detegilagt water stress, plant
pigment contentthe presence of stress related pigments in vegetation, and changat
cellular structure, were investigated in thssudy The objective was to investigate
relationships between leaf spectral reflectance data and ghased measurements of plant
water stress, such as predawn leaf water potential, leaf chlordipby#scence, chlorophyll

and carotenoid pigment content and relative leaf water content. Finally, spectral models
which could be used taletect plant water stressn three treespecies Eucalyptus
camaldulensis, E. sideroxyl@nd Searia lanceain the Wekom, Vaal River and West Wits

mining districts weradentified

Four commonly used grouftduthing techniques; predawn leaf water potential, leaf
chlorophyll fluorescence, leaf chlorophyll and carotenoid pigment content and leaf water
content, were usetb measure plant water stress in the 75 sample trees. Leaf spectral
reflectance measurements were taken with a Hhaitdl spectrometerfrom which gectral
reflectance indices were then calculatédultiple linear regression was applied to
investigate thenteractions between the districts and species, and their respective spectral
reflectance indices and plant water stress
water stress measurement and the best model across all combinations of spectrateeflectan
indices and plant water stress measuremeggulting from the stepwise regression, were
selected using the highest adjustéd/&ue and the significance of the F (ANOVA) and-t (t

test) probability values.
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The results of the grourdohsed measurementsmant water stressed revealed that predawn
leaf water potential measurements ranged fr0ri6 t0-0.68 MPa at unstressed sites, and
from -0.93 t0-1.78 MPa at stressed sites. Predawn leaf water potential measurements
revealed higher (more negative) veduat West Wits, and lower (less negative) values at
Vaal River. The median photochemical efficiency ratios of all three districts were similar
ranging between 0.6 and 0.7. The distribution of the data measured for chlorophyll a,
chlorophyll b, total chlosphyll content and carotenoid content followed a similar
amplitudinal pattern for each mining district. For all four measurements the highest upper
quartile and median values were measured at Welkom, and the lowest lower quartile values
at Vaal River. Maxnal multiple linear regression models were derived for all possible
combinations of plant water stress measurements and the 77 spectral reflectance indices
extracted from leakevel spectral reflectance data. The results of the multiple linear
regression mdels indicated that th@95/690) (Carter, 1994), (850L0)/(850680) (Datt,

1999), near infraed index(710/760) (Carter, 1994pnd the water band index (900/970)
(Penuelaset al, 1997performed well and accounted for more than 50% of the variance in
the data.

The principal conclusion was that the stepwise regression model derived between
chl orophyl | b content and the DATT index W
highest adjusted Fof 69.3% This modelhas been shown to be the most robust model in

this study which could be used at different locations for different species to predict

chlorophyll content at the leddvel.

Keywords:carotenoid pigment contereaf chlorophyl) leaf chlorophylifluorescence, leaf
water contentplant water stresqgredawn leaf water potentiadpectral reflectance indices

spectroscopy

4.1 INTRODUCTION

Numerous studies have yielded information on the use of spectral reflectance characteristics
to describe plant water status and plant water stress (Gao, G86on and Merzlyak,
1996; Datt, 1999Ceccatcet al, 2001; Coopet al, 2003; Stimsoret al, 2005; Eitelet al,
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2006). Several individual spectral reflectance wavelengths and vegetation spectral
reflectance indices have been repotteat are sensitive to changes in pigment content, leaf
water content, leaf water potentials and chlorophybr@iscence ratios (Ceccatbal, 2001,

Sims and Gamon, 2002; Coogisal, 2003; Pwet al, 2003; Jacksoat al, 2004; Stimsoret

al., 2005; Eitelet al, 2006). Commonly used vegetation spectral reflectance indices include
the water band index (WBI) (Reelaset al, 1995); normalsed difference water index
(NDWI) (Gao, 1995);the normabked difference vegetation index (NDVI) (Tucker, 1979);
green ND/I and red edge NDVI (RENDVI) (Sims and Gamon, 2002); red edge position
(REP) (Curraret al, 1990) and t& plant senescence reflectance index (PIRé&rzlyak et

al., 2003a. However, vegetation spectral reflectance indices have usually been derived for a
specific species and specific sites (Datt, 1999; Htedél., 2006). Therefore, caution is
necessary wan applying spectral indices over different vegetation types or biomes for which
these relationships have not been established and might not be valid éCabp003).

The aim of this study was to investigate the potential of freetd spectroscopysaa tool for
identifying plant water stressluring the dry winter seasom E. camaldulensis, E.
sideroxylonand S. lanceain the Welkom, Vaal River and West Wits mining districtse
spectral responses to plant water striesghe three tree speciesere investigatedoy
undertakingleaflevel spectral reflectancsignaturesand grounebased measurements of
plant water stress undertakah the same time on the same sample tcegsg the dry
winter season Relationships betweenndividual spectral weelengths and spectral
reflectance indiceglerived from the lealevel spectral dataand the measurements of
predawn leaf water potential, leaf chlorophyll fluorescence, chlorophyll and carotenoid
pigment content and relative leaf water conteatetheninvestigated. Ultimate|yleaflevel

plant water stress spectral relationships valid for the three species stedidentified.

4.2 MATERIALS AND METHODS

Leaf spectral reflectance measurements and grbasdd measurements of plant water
stress were undiken on the three speciés camaldulensisand E. sideroxylonand S.
lanceain the Welkom, Vaal River and West Wits mining distrjadsiring late July 2004.

Details of the tree samples and the collection sites have been provided in Chapter 2.
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The step bystep details of the procedures of each grelmsed plant water stress
measurement usedviz predawn leaf water potential, leaf chlorophyll fluorescence,
chlorophyll and carotenoid pigmenbntent (including equationsand relative leaf water
content are presented in AppendiX

42.1 Sampling design

Stands or blocks of trees within the study areas of the WBGs are limited, with some clumps
or rows of indigenous and nerative tree species growing in close proximity to TSFs.
Although tree plantations are eain these mining districts, sample sites were selected from
stands, single trees or rows of trees and spiatispecies trials in each mining district (Dye,
2004; 1. Weiershye, 2005 pers comm.) and as illustrated in section 2.4. Fifteen sample sites
eachcomprising of five sample trees, were selected across the three mining districts, totally

75 sample trees across the three mining districts.

The 75 sample trees selected represented the three dpecamaldulensisE. sideroxylon
andS. lanceaand tlesewere sampled for plant water stress during the dry winter season in
July 2004 using groundased measurements of plant water stress and leaf spectroscopy.
Sample trees were categorised as either stressed (low water availabilitgstressed (high
water availability). Sample trees with lower water availability weiféerentiatedfrom trees

with higher water availability through visual inspection of leaf colour and canopy density
using hazard tapand metal tagsand their coordinates recorded usinglabal positioning
system. Thereafter, the categaron of the trees was confirmed using predawn leaf water
potential measurements.tAresholdreading o0f-0.8 MPa was used as a criterion to separate

stressedmore negativejrom unstresse@less negativelrees (Cleary and Zaerr, 1984).

4.2.2 Ground measurements of plant water stress

Four commonly used groustduthing techniques were used to measure plant water stress in

the 75 sample trees.
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4.2.2.1. Predawn leaf water potential

Predawn leaf water patgal measurements provide a direct measurement of plant water
stress. Measurement of predawn leaf water potential using a pressure chamber has gained
wide acceptance among researchansl is commonly used as a plant water stress indicator
(Arandaet al, 2005; Norteset al., 2005; Intrigliolo and Caste2006; Pellegrinoet al,

2006).

During late July 2004, leaf wat@otentials weremeasured each day before dawn (between
12:00 am and 5:30 am) using a PMS pressure chamber unit (PMS Instrument Company,
2750 N.W. Royal Oaks Drive, Corvallis, Oregon, USA). Five replicate leaf samples were
excised from each sample tree, a total of 375 samples (five saffpie®ach ofseventy

five trees) for the three mining districts. For each grebased measurement, Iful
expanded leaves were sampled at a height of between 1.5 and 2 m above the ground at
different points around the canopy to represent different aspectdagtiche illumination.

Leaf samples were immediately placed in plastic bags, sealed and kept totienof
measurement, which occurred within one hour of sampling. Measurements were recorded to
the nearest 0.05 MPa.

4.2.2.2. Leaf chlorophyll fluorescence

Photosynthetic efficiency is a good indicator of the degree of stress and stress adaptation in
plants(Strasser and TsmiMichael, 2001). The photochemical efficiency of photosynthetic
system Il is estimated byM, which is the ratio of variable fluorescencg)(® maximum
fluorescence (F). Most healthy plants exhibit,f~, values around 0.8 (Peterset al,

2001).

Leaf chlorophyll fluorescence was measured with a portable -FDS=hlorophyll
fluorometer (OptiSciences, 164 Westford Rd, Tyngsboro, MA01818i)ising an external
light source. To standardise the sampling procedure, five replicate attached leaves were
sampled from the same sample trees during daylight hours (between 8:30 am and 4:00 pm).
A total of 375 chlorophyll fluorescence measurements (five sanfifges each ofseventy

five trees) were collecteidom the sample sites
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4.2.2.3. Leaf chlorophyll and carotenoid pigment content

A relative measure of plant chlorophyll and carotenoid pigment content has been used as an
indicator of plant vigour and stress (Curranal, 1990; Gitelson and Merzlyzak]1996;
Lichtenthaleret al, 1996; Zagolski et al, 1996), with the assumption that a decrease in

chlorophyll content is indicative of some level of plant stress.

Five replicate leaf samples were excised from eaclplsatree, a total of 375 samples (five
sampledrom each okeventy five treedyom all sites Leaf samples were excised and sealed
immediately in zip lock bags, and kept frozeising ice packsto prevent pigment
degradation prior to laboratory analysiBrozen leaf samples were transported to the
laboratory and analysed within seven days. Pigments weractedwith 100% methanol

and then quantifiedising a spectrophotometer, and their relative pigment contents were
derived using the accepted equatioasedoped by Lichtenthaler (1987).

4224, Leaf water content

Measurements of the relative water content of leaf tissue are commonly used to assess the
water status of plants (Yamasaki and Dillenburg, 1999; $hah, 2005; Canny and Huang,
2006). Relative Idawater content is commonly expressed as the ratio of fresh weight minus

ovendry weight to the turgid weight minus dry weight of the leaf sample.

The first trial measurements of relative leaf water content was undertaken at the Deelkraal
site in the WesWits mining district during July 2004£. sideroxylortrees were sampled at

two locations at the Deelkraal siteear a farm dam-26.43969; 27.32871) and further
upslope within the same stanel§.43899; 27.33024). Five replicate leaf samples were
excisal from each sample trea total of 50 samples (five samplesm each oten trees) for

the Deelkraal site. Leaves were sampled for relative leaf water content measurements before
midday, between 9m and 11:30 am. Fresh weight measurements were undertaken
immediately in the field after the leaf samples wereand werethen immersed in water.

Turgid weight was obtained after samples had rehydrated to full turgidity, and was measured
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at least 24 hourkter. Samples were oven dried at 60°C for 24 hours, after which the dry

weight measurements were determined

4.2.3 Leaf spectralreflectance measurements

Leaf spectral reflectance measurements were taken with ahledthdAnalytical Spectral
Device (ASD) spettometer (Analytical Spectral Devices Inc, 5335 Sterling Drive, Suite A,
Boulder, Colorado80301, USA). The ability of such field spectrometers to sample the
electromagnetic spectrum at a high spectral resolution allows for nésaoe individual
spectral vavelengths and several spectral indices associated with stress detection to be
investigated at the ledével.

4.2.3.1. ASD haneheld spectral measurements at Kafel

The ASD spectrometer measures contiguous spectral signatures from 350 nm to 2500 nm.
Due to amospheric effects, the instrument was calibrated with a white reference at each site
and between sampling, depending on the prevailing cloud cover. All leaf spectral signatures
were measured between 10:00 am and 2:00 pm, under clear skies and fullt.sioligh
minimise differences in background reflectance, attached-bkeming branches were
bunched together to permit a solid target of overlapping leaves to be presented to the field
spectrometer. Under conditions of poor sunlight resulting from canopjingh&ffects,
branches were cut and immediately overlaid and sampled in an area of full sunlight. To
obtain a representative leaf spectral measurement from each tree, five measurements each
consisting of five replicate spectrometer readings (total of @a8lings across all three
mining districts) were measured. Spectrometer measurements were undertaken at different

points around th&reecanopy to represent different aspects.

4.2.3.2. Vegetation spectral reflectance indices derived fromleadl| spectral
measurenents

Seventy sevenpegctral reflectance indices and specific individual spectral wavelengths
useful for detectinglant water stress, plant pigment contehg presence of stress related
pigments in vegetation, and changes in leaf cellular structure, mezstigated in this study

(Table 4.1). For each of the 75 sample trees, the individual spectral wavelengths were
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extracted from the spectral reflectance signatuBpgctral indices were then calculated
using ENVI 4.1 (Research Systeims., 2005) and Ntrosoft Excel.

Table 4.1 Spectral wavelengths and reflectance indices usdue leaflevel analysis

Common name for spectral index

. Spectral Reflectance Ratio or Index (nm) Reference
or spectral region of the spectrum
Carter index (695/760) Carter(1994)
Gamon and Surfus index (600-700)/(506600) Gamon and Surfus (1999)
Datt (1999) index (850-710)/(850680) Datt (1999)
Green peak index (850-550)/(8506680) Datt (1999)
Infrared red reflectance plateau 850 Gausman and Allen (1973)
Reflectance af50 nm 750 Datt (1999)
Reflectance at 710 nm 710 Carter (1994)
Green reflectance peak 550 Stracharet al.(1999)
Reflectance at 680 nm 680 Stracharet al.(1999)
Reflectance ratio 750/710 (750/710) Datt (1999)
Reflectance ratio 750/550 (750/550) Lichtenthaleret al. (1996)
Reflectance ratio 850/550 (850/550) Schepert al.(1996)
Reflectance ratio 850/710 (850/710) Datt (1999)
Reflectance ratio 865/552 (865/553) Blackburn (2002)
(P:F?It)o chemical reflectance index (531:570)/(531+570) Simsand Gamon (2002)
Red edge normsied difference (750-705)/(750+705) Sims and Gamon (2002)

vegetation index (RENDVI)

Canopy normased difference
vegetation index

((800-900)(671-674))/((806900)+(671674))

Stylinskiet al.(2002)

Reflectance rati695/690 (695/690) Carter (1994)
Reflectance ratio 695/420 (695/420) Carter (1994)
Reflectance ratio 605/760 (605/760) Carter (1994)
Reflectance ratio 710/760 (710/760) Carter (1994)
Reflectance ratio 550/419 (550/420) Carter (1994)
Reflectance rati@10/419 (710/420) Carter (1994)
Reflectance ratio 550/670 (550/670) Carter (1994)
Reflectance ratio 710/670 (710/670) Carter (1994)
Reflectance ratio 550/760 (550/760) Carter (1994)
Reflectance ratio 520/420 (520/420) Carter (1994)
Reflectance rati605/420 (605/420) Carter (1994)
Reflectance ratio 520/760 (520/760) Carter (1994)
Reflectance ratio 476 476 Blackburn (1999)
Reflectance ratio 632 632 Blackburn (1999)
Reflectance ratio 800 800 Blackburn (1999)
Reflectance index (86876) (800-476) Blackburn (1999)
Reflectance index (86850) (800-550) Blackburn (1999)
Reflectance index (86632) (800-632) Blackburn (1999)
Reflectance index (86680) (800-680) Blackburn (1999)
Reflectance ratio 10g(800)/476 10g(800)/(476) Blackburn (1999)
Reflectance ratio 10g(800)/550 10g(800)/(550) Blackburn (1999)
Reflectance ratio 10g(800)/632 10g(800)/(632) Blackburn (1999)
Reflectance ratio 10g(800)/680 10g(800)/(680) Blackburn (1999)
Reflectance ratio 476/800 (476/800) Blackburn (1999)
Reflectance ratio 550/800 (550/800) Blackburn (1999)
Reflectance ratio 632/800 (632/800) Blackburn (1999)
Reflectance ratio 680/800 (680/800) Blackburn (1998b)
Reflectance ratio (800 (800:680)/(800+680) Blackburn (1998b)

680)/(800+680)

Inflection point

First value which crosses the x axis between 640 and
nm

Sims and Gamon (2002)
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Common name for spectral index
or spectral region of the spectrum

Spectral Reflectance Ratio or Index (nm)

Reference

Red edge position (REP)

Wavelength @ max derivative of red edge

Curranet al. (1990)

Derivative @ inflection wavelength

Derivative @ inflection wavelength derived betwégto
to 740 nm

Curranet al. (1990)

Maximum derivative of red edge

Maximum derivative of red edge derived between 640
740 nm

Curranet al. (1990)

Slope of red edge

Slope between maximum and minimum derivatives al
wavelengths between 640 and 740 nm

Curranet al. (1990)

Reflectance at 465 nm 465 Nagleret al.(2001)
Reflectance at 565 nm 565 Merzlyaket al.(2003b)
Reflectance at 664 nm 664 Porra (2002)
Reflectance at 870 nm 870 Blackburn (1999)
Reflectance ratio (870 (870:664)/(870+664) Porra (2002)
664)/(870+664)

Reflectance ratio 664/870 (664/870) Porra (2002)
Reflectance ratio 565/664 (565/664) Merzlyaket al.(2003b)
Reflectance ratio 565/870 (565/870) Merzlyaket al.(2003b)
E(Seéfll;edance ratlo (B7069)/(870 (870-565)/(870664) Merzlyaket al.(2003b)
Reflectance ratio 465/565 (465/565) Nagleret al.(2001)
Reflectance ratio 465/664 (465/664) Nagleret al.(2001)
Reflectance ratio 465/870 (465/870) Nagleret al.(2001)
Reflectance ratio 680/695 (680/695) Datt (1998)
Reflectance ratio 680/690 (680/690) Datt (1998)
Reflectance ratio 695/680 (695/680) Datt (1998)
Reflectance ratio 85010 (850-710) Datt (1998)
Reflectance ratio 85680 (850-680) Sims and Gamon (2002)
Reflectance ratio 680/850 (680/850) Sims and Gamon (2002)
Reflectance ratio 850/680 (850/680) Sims and Gamon (2002)
Reflectance ratio 710/680 (710/680) Datt (1998)
Reflectance ratio 680/710 (680/710) Datt (1998)
Reflectance ratio 710/850 (710/850) Datt (1999)
Reflectance ratio 850/710 (850/710) Datt (1999)

Green normased difference .

vegetation index (GNDVI) (750-550)/(750+550) Gitelsonet al.(1996)
i’:"zre”;"’z:jgdv?)'ﬂerence vegetation (750676)/(750+676) Tucker (1979)
Normaised difference water index (857-1241)/(857+1241) Gao (1995)
(NDWI)

Water band index (WBI) (900/970) Penuelagt al (1995)

4.2.4

Analysis of data

A statistical analysis of the plant water stress measurements collected in July 2004 was
undertaken to produce a comparative summary forsgdicies across all three mining
districts, per species for each mining distremdd between species and mining districts for
each ofthe groundbased methods used in this study. Spectral reflectance measurements

obtained for each sample tree were avetage produce average spectral reflectance

signatures per species for each sampling site.

Page69




ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

Simple linear regression has been the most accepted and more commonly used approach to
investigate possible trends or relationships between spectral reflectanceemesds and

specific plant or environmental response variables (Blackburn, 1999; Datt, 1999;
Champagnet al, 2003; De Taet al, 2006; Blackburn, 2007However, in many biological
situations additive and interactive effects of predictor and response variables are anticipated
(Quinn and Keough, 2002). Therefore linear regression is often used to investigate additive
and interactive effects between vareg)land to develop models for prediction. In this study,
multiple linear regression was applied to investigate the interactions between the districts
and species, and their respective spectral reflectance indices and plant water stress

measurements, usit@enstat (11 edition, 2008)

The general maximal multiple linear regression moaleplied with the interacti@can be

illustrated as follows:

Y(i) = X(i) + L) +SG) + L(i)-X() +S(0)-X(i) (4.1)

where Y(i) represents the plant water stress measurements;
X(i) the spectraindices;
L(i) represents the districts and;
S(i) represents the species.

The maximal multiple regression model illustrated by Equation (4.1) was represented as

follows:

Y(|) = bo + b1X(|) ar a1L1+ a.zl_z + gls_r[+ g 282 + dlLl X(l) + d2L2 X(l) + el&_ X(l) + eZSZ X(|) (42)

where b, represents the constant or intercept;
b, slope and;

a, g, d, e the regression coefficients.
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The following statistical approach was adopted to select the best or most appropriate linear

regression models and elimingteor combinations of spectral reflectance indices (X) and

plant water stress measurements (Y):

~

-

Evaluation of maximal models identified at ldatel

(0]

The maximal regression models for all combinations of X and Y variables were
calculated using Equation (4.@rogrammed in Genstat (1 &dition, 2008).

For each maximal regression model the adjustedaRies were extracted into an
Excel spreadsheet.

The adjusted Rvalues were ranked for each X and Y combination.

All plant water stress techniques (Y variablesith the adjusted Rvalue less
than50% were eliminated.

From the remaining X and Y combinationthe three highest adjusted” R

maximal models were selected.

Refinements to the models using stepwise regression

(0]

All subsets/stepwise regression methods were programmesenstat (11
edition, 2008)and used to determine the best statistical model for the selected X
and Y combinations.

For eachstepwise regression model the adjustéddtues were extracted into an
Excel spreadsheet.

The adjusted Rvalues for the maximal models were compared with their
corresponding stepwise regression models to determine any improvement in the

models.

Selection of the best model

(0]

The @& madelg i.e. best maximal model for each plawater stress
measurement (Y)and the best model across all combinations of X and Y
resulting from the stepwiseegressionwereselected usinghe highest adjusted

R? value and the significance of thg ANOVA) and t(t-test)probabilty values

Validation of the selected model in order to verify the robustness of the model

parameters:

(0]

Three validation exercises were performed to assess the robustness of the model

parameters.
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o For each validation exercise0 random samples were excluded from the sample
dataseti.e. every §', 6"and 7" sample.Regressions models were fitted for each
validation subset and these models were used to predict plant water stress
measurementdy) using theexcludedspectrareflectance indices (X)

o Significant differences between Y predict and Y measured were determined using
a ttest for paired samples.

4.3 RESULTS
4.3.1 Ground-based measurements of plant watdress and leaf spectral
reflectance

Sample trees at the 15 sites thatravénitially categorised as either stressed (low water
availability) or unstressed (high water availability) through visual inspection, and thereafter
confirmed using predawn leaf water potential measuremantgpresentedn Table 4.2.

Predawn leaf water potential measurements ranged 4006 to-0.68 MPa at unstressed

sites and from-0.93 t0-1.78 MPa at stressed site&. Vaal River, fiveE. camaldulensis

sites were sampled, which comprised three stressed sites wddprdeaf water potential
readings below0.9 MPa, whereas at the two unstressed sites predawn leaf water potential
readings were above0.5 MPa. However, when corresponding measurements of leaf
chlorophyll fluorescence, leaf chlorophyll content and leafotenoid content were
compared between stressed and unstressed sites, these measurements did not follow the same

pattern.

An assessment of comparative sampling s{@tes within the same geographic location, in
the same mining district and for the sarspeciesrevealed a relativencrease inleaf
chlorophyll fluorescence, leaf chlorophyll content and leaf carotenoid content for less
stressed trees with relatively higher predawn leaf water potenfial assessment of the
comparativeE. camaldulensissampling sites 3 and 4in Vaal River afd sideroxylon

sampling sites 8 and 9 in West Wits demonstrate these differences
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Groundbased measurements &f camaldulensidrees sampled near a tailing storage
facility, samplesites 3 and 4 in Vaal Riveshowed significant differences between healthier
(unstressed) and more stressed treesdi@ leaf chlorophyll content (t = 2.43, 8df, P =
0.041), chlorophyll a content (t = 2.45, 8df, P= 0.040), chlorophyll b content (t = 2.34, 8df,
P =0.047), carotenoicbntent (t = 4.16, 8df, P = 0.006), and predawn leaf water potential (t
= 3.03, 8df, P = 0.086)

Similarly, healthierE. sideroxylontrees sampled close to a farm dam in West Wits
mining district sampling sites 8 and @isplayed significantdifferences in chlorophyll b
content (t =1.92, 8df, P = 0.091), chlorophyll fluorescence (t = 1.95, 8df, P = 0.087) and
predawn leaf water potential (t = 26.0, 8df, P < 0.001) compared to stressed trees
Furthermore, thé&. sideroxylorirees sampled ne#éine farm dam were also found to have a
mean relative leaf water content of 6324.066, in comparison to trees sampled further
upslope away from the water souredrich had a mean relative leaf water content of 34%
0.064 (t =5.31, 48df, P < 0.001).

In contrastS. lancedrees sampled near the parhich had greater access to water but were
exposed to higher concentrations of salts and inorganic contaminants, displayed significant
differences in total chlorophyll content (t-4.38, 8df, P = 0.002xhlorophyll a content (t =

-3.87, 8df, P = 0.005), chlorophyll b content (t-5.90, 8df, P < 0.001), chlorophyll
fluorescence (t =3.02, 8df, P = 0.017) when compared to trees sampled on farmland within
the Welkom miningdistrict. Measurementsf plant water stress; total chlorophyll content,
chlorophyll a content, chlorophyll b content and chlorophyll fluorescence; were higher for

trees sampled on farmland compared to trees sampled near the pan.

An analysis of the mean values of predawn leaf watempatendicate thak. sideroxylon
unstressedrees sampled in West Wits experienced greater plant water 600e3$4 MPa
+0.0362@t = 26, 8df, P < 0.001gompared td. camaldulensigrees sampled in Vaal River
which appeared to experience less plant water §h@€$949 MPat 0.0688(t = 3.03, 2if, P
=0.086). Mean values of leaf chlorophyll fluorescence measurements per species per mining

district were relatively similar, rangingdm 0.550 to 0.687, indicating latile differences
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between species, mining districesd stressed and unstressed sltestressedample sites
also appeared to refleet highervariancein carotenoid contenfCV = 69.55 %)and less
variancein total leafchlorophyll conten{CV = 36.01%)

Table 4.2/ é
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Table 4.2 Measurements gflant stress undertaken in the Welkom, Vaal River and West Wits mining districts during July 2004.

Leaf Chlorophyll Leaf
Site Classification Predawn Leaf Fluorescence Leaf Chlorophyll Carotenoid
Site | Minin Tree Geographic according to Water Potential (ratio of variable to (a+b) Content Content
No Distrigt Species Coor?jingtes Predawn Leaf Site Description (MPa) maximal (mg/l) (mall)
’ P (dd) Water Potential fluorescence) 9
Measurements Std Std Std.
Mean Dev. Mean Std. Dev | Mean Dev. Mean Dev
1 VR EC ;gggggg Stressed Dolomite, meseeutrophic soils, high TDS -1.07 0.18 0.660 0.140 10.127 | 2.327 | 2.851 | 0.527
2 VR EC -26.99288; stressed Dolomite, eutrophic soils, deep groundwater table ~ .0.93 0.26 0.817 0.025 10655 | 2036 | 2812 | 0475
26.78289 20m
3 VR EC ggggggg Stressed andesite, eutrophic soils, close to TSF -0.96 0.25 0.503 0.074 2.050 0.507 | 0.946 | 0.154
4 VR EC 3222%8 Unstressed andesite, eutrophic soils, close to TSF -0.68 0.11 0.662 0.108 6.816 1.482 | 1.680 | 0.302
5 | WR Ec | 2699332 Unstressed Dolomite, eutrophic soils, high water availability, 057 | 010 | 0794 | 0033 | 11.322| 1.784 | 2.832 | 0.452
26.78250 water channel
6 | WR s 'gg'ggggé; Stressed Quartzite, mesceutrophic soils, low TDS 407 | 018 | 0508 | 0163 | 8000 | 1.838 | 2.122 | 0.390
7 | W sL | 2693418 Stressed Dolomite, mesoeutrophic soils, high TDS, higher | 4 413 | 92> | 0592 | 0137 | 11.048| 2862 | 2.681 | 0.889
26.69592 water availability
-26.43969; shale, non calcarious soils, high water availability, )
8 WWwW ES 2732871 Stressed farm dam, shallow groundwater table <~ 5m 0.95 0.07 0.714 0.034 9.135 0.831 | 2.459 | 0.198
9 ww ES g?ggggi Stressed shale, norcalcarious soils, lower water availability -1.78 0.25 0.637 0.116 8.565 0.986 | 2.423 | 0.210
10 WW EC -26.43207; ) shale_z, non calcarious soils, higher water availability, ) ) 0.549 0.147 7.092 1319 | 2501 | 0.346
27.36888 riparian zone
11 ww EC gsggigg - shale, non calcarious soils, low water availability - - 0.566 0.129 7.962 0.995 | 2.559 | 0.336
12 W EC gggig% Unstressed shale, eutrophic soils, farmland -0.56 0.08 0.699 0.059 9.305 1.520 | 2.792 | 0.464
13 W EC -21.96743; Stressed shale, eutrophic and non calcarious soils, highwate| ) 45 | 045 | 0580 | 0123 | 11.747| 1.364 | 2674 | 0.875
26.55001 availability, near pan
14 W SL gggﬁgé Stressed shale, eutrophic soils, farmland -1.37 0.34 0.728 0.129 14.967 | 2.441 | 3.206 | 0.532
15 W sl -27.96695; Stressed shale, non calcarious soils, high water availability, n 131 0.25 0.577 0.129 0.049 3028 | 2799 | 0835
26.55075 pan
Means per species per district
Mean value foE. camaldulensigor Vaal River -0.84 0.18 0.687 0.076 8.194 1.627 | 2.224 | 0.382
Mean value foS. lancedor Vaal River -1.13 0.20 0.550 0.150 9.524 2.350 | 2.402 | 0.640
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Leaf Chlorophyll

Site Class_ification Predawn Legf I_:Iuoresc_ence Leaf Chlorophyll Carla(::r:oi d
Site | Mining Tree Geographic according to _ - Water Potential (ratio of vgrlable to (a+b) Content Content
No. | District | Species| Coordinates Predawn Legf Site Descriptioan (MPa) maximal (mg/l) (mg/l)
(dd) Water Potential fluorescence)
EERUTTETES Mean <l Mean Std. Dev | Mean S Mean Sl
Dev. Dev. Dev

Mean value foE. sideroxylorfor West Wits -1.37 0.16 0.676 0.075 8.850 0.909 | 2.441 | 0.204
Mean value foE. camaldulensi$or West Wits 0.558 0.138 7.527 1.157 | 2.530 | 0.341
Mean value foE. camaldulensi$or Welkom -1.02 0.25 0.640 0.091 10.526 | 1.442 | 2.733 | 0.670
Mean value foS. lancedor Welkom -1.34 0.30 0.653 0.129 12.008 | 2.735 | 3.003 | 0.684

W = Welkom; VR =Vaal River WW = West Wits; EC . camaldulensisES =E. sideroxylonSL = S. lancea
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Box plots were used to further represent the distributions of the plant water stress
measurements for each technique within each mining districtre~igul illustrates the
variability of predawn leaf water potential, photochemical efficiency ratio, chlorophyll a,
chlorophyll b, total chlorophyll content and carotenoid content per mining district. Predawn
leaf water potential measurements revealed higim®re negative) values at West Wjts

1.360 MPat0.4419, and lower (less negative) values\éal Rive(-0.843 MP& 0.253§
(Figure 4.1a). The medians and upper quartiles of predawn leaf water potential
measurements were higher (more negative)Metkom and West Wits, indicating that trees
which experienced higher plant water stress were located in these two disthets
compared tovaal River Conversely, the photochemical efficiency ratios measur&thak

River were highly variable and incoopated the range of values recorded at Welkom and
West Wits (Figure 4.1b). However, the median photochemical efficiency ratios of all three
districts were similar ranging between 0.6 and 0.7. The highest upper quartile photochemical
efficiency value was nasured at VaaRiver, in agreement with the less negative predawn
leaf water potential measurements, indicating treslthier treesvere experiencing lower

plant waterstress The distribution of the data measured for chlorophyll a (Figure 4.1c),
chloroplyll b (Figure 4.1d), total chlorophyll content (Figure 4.1e) and carotenoid content
(Figure 4.1f) followed a similar amplitudinal pattern for each mining district. For all four
measurements the highest upper quartile and median values were measureamat svelk

the lowest lower quartile values were measureédaat River.

Figure 4.1/ ¢
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Figure 4.1 Box plots of plant water stress measurements a) predawn leaf water potenpiabtdghemical
efficiency, c¢) chlorophyll a content, d) chlorophyll b content e) total chlorophyll (a+b) content
and f) carotenoid content for Vaal River, Welkom and West Wits.
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The distributions ofvinter-time plant stressneasurements collected per treesps were

also investigated in this study. Box plots were used to illustrate similarities and differences
of predawn leaf water potential, chlorophyluorescence, chlorophyll and carotenoid
content measured foE. camaldulensisk. sideroxylonand S. lancea (Figure 4.2).E.
sideroxylontrees appeared to have the highest (more negative) upper gi:arég8 MPa)

and median(-1.345 MPa) and largest variability0.195 MPa)in predawn leaf water
potentials (Figure 4.2a). However, this species displayed the least variation in photochemical
efficiency (CV = 8.984)Figure 4.2b), chlorophyll 8V = 10.422fFigure 4.2c), chlorophyll

b (CV = 12.010fFigure 4.2d), total chlorophyktontent(CV = 9.467)Figure 4.2e) and
carotenoid contenCV = 6.284)Figure 4.2f). The distribution of the data for chlorophyll a,
chlorophyll b, total chlorophyll conterdnd carotenoid content for each of the three tree
species followed a similaampltudinal pattern, with the highest values measured Sor
lanceaand the lowest values measuredBocamaldulensisThe range of median values for
photochemical efficiency0.643; 0.692; 0.626)total chlorophyll conten{10.19; 9.107;
8.96)and carotenali(2.575; 2.427; 2.684) were similar for all three species sampled.

Figure 4.2/ ¢
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Figure 4.2 Box plots of plant water stress measurements a) predawn leaf water potential, b)
photochemical efficiency, c) chlorophyll a content, d) chlorophyll b content e) total
chlorophyll (a+b) content and f) carotenoid content for the three tree spegies
camaldulensis E. sideroxylorandS. lancea
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Average leaf spectral reflectance signatures were obtained for each of the fifteen sampling
sites. In general, trees that were experiencing some degree of plant water stress displayed a
higher leaf spectrateflectance curve across the spectrum compared to unstressed trees
Figure 4.3 demonstrates the spectral reflectance patterns obseogedpairative sampling

sites forE. camaldulensisear the Western Complex tailing storage facility in \Riakr, E.

sideroxylonin West Wits ands. lancean Welkom

[} a o7 C
07 LY
o4 035
05
LE |
o o4
=] Lk
ER
5 - 02
@ oz i
E [ \ o
O / J 1 ” -
2R 2
% 350 500 650 BOO 950 1100 1250 1400 1550 1700 1850 2000 2150 2300 2450 350 500 €50 800 ©50 1100125014001550170018502000 215023002450 350 500 450 200 950 1100 1250 1400 1550 1700 1850 2000 2150 2300 2450
o
& Wavelength (nm)
— predawn leaf water potential: — predawn leaf water potential: — predawn leaf water potential:
E. camaldulensis -0.96 MPa E.sideroxylon -1.78 MPa R lancea -1.18 MPa
— predawn leaf water potential: — predawn leaf water potential: — predawn leaf water potential:
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Figure 4.3 Typical average leaf reflectance spectra with standard deviation error barsgE(a)
camaldulensisneasured iVaal Rivermnear the Western Complex tailing storage facility, (b)
E. sideroxylormeasured in West Wits and, &)lanceaneasured in Welkom.

Leaf spectral reflectance signatures obtained for trees at a lower or more negative predawn
leaf water potential-0.96;-1.78;-1.31 MPa), also displayed a lower chloropltghtent as
presented in Table 4.Zrees at lower omore negative predawn leaf water potential were
considered to be experiencing some degree of plant water stress wihdamaldulensis

andE. sideroxylortrees(Figure 4.3a and 4.3lvisually displaying cheacteristics of yellow

brown leaf colour, lower canopy density, greater distance from available water source when

compared to trees with a higher predawn leaf water poter@i&(-0.95;-1.37 MPa).
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4.3.2 Relationships identified at the ledgvel

Results from the multiple linear regressions were evaluated through the analysisio@l

models identified using ledével spectral reflectance data, refinements to thdetsousing

stepwise regression and tisee |l ect i on and v a lori nibst tapppriateo f t |
modesk.

4.3.2.1. Maximal models identified at lesdvel

Maximal multiple linear regression models were derived for all possible combinations of
plant water stress measurements and the 77 spectral reflectance indices extracted-from leaf
level spetral reflectance datasalculated using Equation (4.2) programmed in Genstdt (11
edition, 2008).The maximal modeJsvhich included the interactions of district and species
were ranked in descending order for each plant water stress measurement .3)aflbet
adjusted R values ranged from a maximum of 6%&0for chlorophyll b content and
(695/690) spectral reflectance index to a minimum of 2.8 for carotenoid content and

(465/565) spectral reflectance ratio.
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Table 4.3 Adjustel R values ranked in descending order for each maximal model derived between plant water stress measurement (Y) andegactal refl
index (X)resulting from leafevel data

Chlorophyll a Chlorophyll (a + b) Chlorophyll b Carotenoid (c+x) Chloroptzl):/ll/f'I:L:T?)r escence Predawn leaf water potential
) (Y) (Y) (Y) ) (Y)

Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index R2 for reflectance index R2 for reflectance index R2for reflectance index R2 for reflectance index R2 for reflectance index R2 for

(nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal
(X) model (X) model (X) model (X) model (X) model (X) model
695/690 55.2 695/690 57.9 695/690 68.0 850710 48.9 750/710 44.1 WBI 58.2
DATT 54.6 DATT 57.6 DATT 67.8 850-680 44.3 710/760 43.1 NDWI 39.5
710/760 51.7 710/760 54.6 710/760 65.5 800476 44.0 RENDVI 41.9 710/760 36.5
850-710 50.8 REP 52.6 710/850 63.7 800632 43.4 DATT 39.6 750/710 36.2
REP 50.2 850710 51.8 Inflection | 62.8 800550 43.3 REP 38.3 632 36.0
710/850 47.7 710/850 51.0 RENDVI 62.7 800680 42.6 710/850 37.7 664 36.0
RENDVI 47.7 RENDVI 50.6 REP 62.6 870 41.7 PRI 37.6 DATT 35.8
750/710 45.9 750/710 49.1 750/710 62.5 850 41.1 CARTER 36.1 710/850 35.8
680/695 45.3 680/695 48.2 680/695 62.3 800 39.6 850/710 35.9 680 35.4
695/680 45.2 695/680 48.1 695/680 61.9 750 37.7 850/710 34.8 850/710 35.4
PRI 43.3 PRI 47.3 PRI 61.0 Ma“t:;ﬁaREd 30.5 695/690 34.0 RENDVI 35.1

ge
CARTER 42.1 CARTER 45.2 850/710 60.7 710 26.6 CNDVI 325 476 34.4
850/710 41.2 850/710 45.0 850-710 60.1 Slope Red Edge 26.5 605/760 32.3 565 34.4
CNDVI 39.1 CNDVI 42.5 CARTER 58.7 565 26.2 632/800 30.7 605/760 34.4
680/690 35.0 Inflection | 40.0 CNDVI 57.5 550 26.1 Inflection | 30.1 710 34.4
Inflection | 34.1 680/690 37.7 710/680 56.5 632 255 550/670 27.4 465 34.2
632/800 32.7 710/680 37.2 680/710 55.9 680 25.2 NDVI 26.5 870 34.1
710/680 32.7 632/800 36.9 605/760 55.8 664 24.8 664/870 26.2 800-550 34.1
WBI 32.6 605/760 36.8 632/800 55.4 8 Inflection | 235 664)/((277%+664) 26.1 CARTER 34.0
605/760 324 680/710 35.2 680/690 53.9 WBI 21.9 565/664 25.8 850 34.0
680/710 30.4 WBI 34.8 NDWI 52.4 REP 19.3 GAMON and 25.6 465/565 33.9
SURFUS

800550 27.9 710/420 314 WBI 52.3 log (800/550) 18.6 695/680 24.5 550 33.8
850680 27.5 695/420 311 710/670 52.0 log (800/476) 18.4 680/695 24.1 800 33.7
800632 27.1 800550 31.0 664/870 51.8 CNDVI 18.3 465/664 22.5 850-680 33.6
710/420 27.0 605/420 30.6 Slope Red Edge 51.6 DATT 18.2 565/870 21.9 800476 33.6
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Chlorophyll fluorescence

Chlorophyll a Chlorophyll (a + b) Chlorophyll b Carotenoid (c+x) (FviEm) Predawn leaf water potential
) ) (Y) (Y) ) (Y)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index R2 for reflectance index R2 for reflectance index R2for reflectance index R2 for reflectance index R2 for reflectance index R2 for
(nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal
(X) model ) model X) model X) model (X) model (X) model
695/420 26.8 850680 30.6 log (800/476) 51.6 476 17.7 680/800 21.8 632/800 335
(800
605/420 25.7 664/870 30.4 605/420 51.2 695/690 17.1 680)/(800+680) 21.8 476/800 33.2
664/870 25.5 800632 30.2 710/420 50.8 465 17.0 800550 21.6 850710 33.1
(870
800/476 25.2 664)/(870+664) 29.9 695/420 50.2 710/760 17.0 GreenPeak 215 800680 33.1
(870-
800/680 25.0 Slope Red Edge 29.4 800550 50.0 710/850 17.0 800632 215 664)/(870+664) 33.1
(870
664)/(870+664) 24.9 NDWI 29.1 NDVI 49.6 NDWI 16.8 550-760 21.4 465/870 33.0
Slope Red Edge 24.1 800476 28.5 850680 49.6 log (800/680) 16.7 (8702%54))/(870 20.9 664/870 33.0
NDWI 24.0 800680 28.4 800632 49.2 Inflection | 16.6 680/850 20.7 520/760 32.9
710/670 22.8 710/670 28.2 680/800 49.1 RENDVI 16.6 850680 20.6 750 32.9
870 21.8 NDVI 26.5 680/850 49.0 CARTER 16.5 850/680 19.9 800632 32.9
NDVI 211 870 25.6 (87056254))/(879 48.9 680/695 15.6 800-680 19.9 NDVI 32.8
(800
850 21.0 680/800 25.4 680)/(800+680) 48.6 695/680 15.6 695/420 19.8 550/760 325
680/800 19.8 680/850 251 800476 48.5 log (800/632) 15.5 800476 19.5 REP 32.4
680/850 19.5 R850 24.9 710 48.2 632/800 15.1 550/800 19.2 Slope Red Edge 32.1
(800 (800
680)/(800+680) 19.3 680)/(800+680) 24.9 800-680 48.2 750/710 14.9 605/420 19.2 680/800 32.0
465/664 19.2 465/664 24.3 565/870 48.1 680/690 14.3 GNDVI 18.6 680/850 32.0
(800
800 18.9 800 23.1 550/670 47.3 850/710 14.3 520/760 18.3 680)/(800+680) 32.0
750 16.6 550/670 21.7 870 47.3 605/760 13.9 710/420 18.1 850/680 31.8
550/670 15.7 565/870 215 850 47.1 710/680 13.1 WBI 175 Maximumd Red 31.7
Edge
565/870 15.5 750 20.9 850/680 47.1 PRI 12.7 750/550 17.4 565/664 31.4
565/664 14.5 565/664 20.4 465/664 46.9 GAMON and 12.5 465/870 17.0 550/420 31.3
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Chlorophyll fluorescence

Chlorophyll a Chlorophyll (a + b) Chlorophyll b Carotenoid (c+x) (FviEm) Predawn leaf water potential
) ) (Y) (Y) ) (Y)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index R2 for reflectance index R2 for reflectance index R2for reflectance index R2 for reflectance index R2 for reflectance index R2 for
(nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal
(X) model (X) model (X) model (X) model (X) model (X) model
SURFUS
850/680 14.1 850/680 20.2 550/760 46.7 664/870 12.5 Slope Red Edge 16.6 565/870 31.3
(870
550/420 12.7 550/760 19.0 565/664 46.3 664)/(870+664) 12.3 476/800 16.5 GNDVI 31.1
550/760 12.7 550/420 18.6 800 46.3 680/710 11.3 680/690 16.1 550/670 31.0
465/565 12.4 465/565 18.5 632 46.0 710/670 11.1 865/553 16.0 550/800 30.9
MaximumO Red 12.2 MaximumO Red 17.7 465/565 45.7 680/850 10.1 850/550 15.8 750/550 30.7
Edge Edge
520/420 11.4 O Inflection | 17.5 M""Xim‘:jma Red 455 680/800 9.9 870 15.8 865/553 29.8
Edge
a i 11.3 520/420 17.2 550/420 45.5 (800 9.8 465/565 15.6 850/550 29.7
Inflection | . . . 680)/(800+680) . . .
550/800 10.2 550/800 16.6 865/553 45.5 NDVI 9.7 850 15.5 Inflection | 29.1
GNDVI 10.1 GNDVI 16.5 550/800 45.4 565/870 8.9 a Inflection | 15.4 520/420 28.8
GAMON and
SURFUS 9.8 710 16.3 6 Inflection | 45.2 710/420 8.5 800 14.8 CNDVI 28.6
520/760 9.8 GAMON and 16.1 GNDVI 45.2 850/680 8.5 Maximum0 Red 14.4 log (800/680) 28.3
SURFUS Edge
710 9.1 520/760 16.1 750 45.2 550/760 7.1 750 14.2 PRI 28.2
log (800/476) 8.1 750/550 14.7 750/550 45.2 695/420 7.0 NDWI 13.4 log (800/632) 28.0
log (800/550) 8.1 632 145 850/550 452 550/800 6.8 log (800/476) 12.4 log (800/476) 27.8
(870565)/(870
750/550 7.8 865/553 14.5 520/760 44.6 GNDVI 6.6 log (800/550) 12.4 664) 27.7
GAMON and
632 7.6 850/550 14.1 SURFUS 44.4 520/760 6.5 710 11.9 log (800/550) 27.6
865/553 7.5 log (800/476) 13.9 520/420 44.3 750/550 5.6 710/680 11.9 Gg'\S(R)FNU?d 275
log (800/680) 7.5 log (800/550) 13.9 465/870 43.9 605/420 55 632 11.7 GreenPeak 27.4
850/550 7.1 log (800/680) 13.4 664 43.8 865/553 55 550/420 11.6 695/690 27.1
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Chlorophyll fluorescence

Chlorophyll a Chlorophyll (a + b) Chlorophyll b Carotenoid (c+x) (FviEm) Predawn leaf water potential
) ) (Y) (Y) ) (Y)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index R2 for reflectance index R2 for reflectance index R2 for reflectance index R2 for reflectance index R2 for reflectance index R2 for
(nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal (nm) maximal
(X) model ) model X) model X) model (X) model (X) model
476/800 6.6 476/800 13.2 476/800 43.2 465/870 5.3 log (800/632) 11.6 695/680 25.8
465/870 6.5 465/870 13.1 565 431 476/800 5.3 680/710 11.1 465/664 25.6
log (800/632) 6.2 log (800/632) 12.5 log (800/550) 43.1 850/550 5.3 log (800/680) 11.1 710/670 25.6
(87056%?)/(870 5.2 (87056%54))/(870 11.9 log (800/632) 43.0 550/670 4.8 520/420 10.4 680/695 25.1
465 4.8 664 11.7 GreenPeak 42.8 565/664 4.8 664 10.3 O Inflection | 24.6
476 4.8 GreenPeak 11.6 550 42.6 465/664 4.0 465 7.5 680/690 24.3
870
664 4.8 465 11.2 664)/(870+664) 42.5 520/420 4.0 476 7.4 680/710 24.2
GreenPeak 4.7 476 111 log (800/680) 42.5 (8702%54))/(870 3.8 680 7.4 710/680 24.1
550 4.6 550 11.0 680 42.4 GreenPeak 35 550 7.3 695/420 23.4
565 4.1 565 10.9 465 42.1 550/420 35 565 7.3 605/420 23.3
680 4.0 680 10.7 476 42.1 465/565 2.8 710/670 7.0 710/420 22.7
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Carotenoid content and chlorophyll fluorescence having a maximum o¥%4&@ 44.%

respectively were eliminated. It is interesting to note that selected spectral reflectance indices

(e.g. 695/690, DATT, 710/760, 750/710, 680h, 695/680, PRI and 476/800 spectral
reflectance indicgswere ranked the same for total chlorophyll content, chlorophyll a and

chlorophyll b contentFor chlorophyll b contenttwenty nine spectral reflectance models

were derivedwhich accounted fomore tha 50% variance in the dat&lowever, only 1

model with an adjusted“Ryreater than 50% existed for predawn leaf waigtentialand

therefore all remaining combinations for this measurement were eliminated. In general, the

(695/690)index DATT index (850710)/(850680), near infraed index (710/760) and the
water band (900/970) indeperformed better andaccounted for more than 509 the

variance in the data.

4.3.2.2.

Model refinements using stepwise regression

Stepwise regression used to refine the three selected maximal maaeikied in

predominant increases in adjustetvRlues. Adjusted Rvalues for the stepwise regression

ranged from a maximum of 69@for chlorophyll b DATT spectral reflectance index,do

minimum of 53.4% for chlorophyll a (710/760) spectral reflectance index (Table ZHgre

were no differences between the maximal and stepwise regression modéistafor

chlorophyll (a+b)and (695/690) spectral index, and predawn leaf water potesmigiwater

band index.

Table 4.4 Comparison of the maximal and stepwise regression maidiined in the lealevel

analysis for the threemodels with thérighest adjusted R2? values exceediéfo.

Chlorophyll a Chlorophyll (a + b) Chlorophyll b Predawn leaf water potential
(Y) (Y) (Y) ()

Spectral Adjusted R2 Spectral Adjusted R? Spectral Adjusted R2 Spectral Adjusted R2
reflectance Maximal | Stepwise reflectance Maximal | Stepwise reflectance Maximal | Stepwise .reflectance Maximal | Stepwise
index (nm) model model index (nm) model model index (nm) model model index (nm) model model

(X) (X) X) X)
695/690 55.2 54.8 695/690 57.9 57.9 695/690 68.0 68.5
DATT 54.6 56.5 DATT 57.6 59.0 DATT 67.8 69.3 WBI 58.2 58.2

710/760

51.7

53.4

710/760

54.6

55.6

710/760

65.5

67.1

The DATT spectral reflectance index performed well across all threasurements of

chlorophyll pigment contentesulting in the highest adjustedvRluesfor chlorophyll a
content (56.%), total chlorophyll content (59%9) and chlorophyll b content (694). The
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stepwise regression model derived between chlorophyll kenband the DATT index was
sel ect ed mosle| hatirgthefhlyteest adjusted®Rf 69.3%.

4.3.2.3. Selection of the best model

The multiple regression analysis using leafel spectral reflectance data resulted in
chl orophyl | b as the best A s ur geoelantulBple me a s
linear regression model resultedtimeespeciesspecificmodelsas shown dew:

Chlorophyll b =-1.449 + 4.6 (DATT) + 2.82 (S1) +1.90) (S2) +  (4.3)

(-4.31)(S1)(DATT) +(3.80)(S2)(DATT

(Fseo~ 34.34; Fprob <0.001; R= 0.693%%)

For E. camaldulensigvhere S1=S2=0: 4.3.1)

Chlorophyll b =-1.449 + 4.6(DATT)

For E. sideroxylorwhere S1=1 and S2=0: 4.3.2)

Chlorophyll b = 1.371+ 0.29(DATT)

For S. lanceawvhere S1=0 and S2=1: (4.3.3)

Chlorophyll b =-3.349 + 8.4(DATT)

Results of the completeegressioranalysis which includesa summary of the analysis of
variance and estimaef parameters fothe multiple linear regression modebm which
Equation (4.3)was derived, is detailed in Appendix 3. Speciesspecific linear models
depicted by Equations (4.3.1), (4.3.2) and (4.3@ye charactesed by positive slopes
indicating that chlorophyll b content increases with an increase in the DATT spectral
reflectance indexRegression modefsr E. camaldulensigndS. lancedncluded negative y

interceps.
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Differences between the observed and predicted chlorophyll b calgEmminedusing the
model reportedin Equation (4.3) were assessed using a stangad residual plot of
predictedor fitted values of chlorophyll b content (Figure 4.4). The standetdresidual

plot indicate a slight curvature in the fitted values of chlorophyll b. The variability in the
data increask midway relativeto those at either extreme end of the plot. Residuaise
smaller at lower fitted values of chlorophyl] &d were much higher as fitted values of
chlorophyll b increasg resultingina A f unnel sikednesiddabplost andar d

Standardized residuals

0{5 I.}O l‘.S 2{0 2.‘5 310 3{5
Fitted values of chlorophyll b content (mg/g)

Figure 4.4 Standardsed residual plot of fitted values of chlorophyll b content using the DATT spectral
reflectance model

T he nfdshapededsidual plot indicatehat prediction errors could increase at higher

values of chlorophyll b content. There apgeto be no apparent outliers in this data.

43.2.4. Validation of the selected model

The chlorophyll b DATT spectral reflectance model wadidated using a practical and
commonly used method oé-fitting the regression modelith a certain percentage of data

being excluded (Brieman and Spector, 199)e validation process was repeated three
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times, with 10 random samples excluded for eagh. The mndomly selected subsets of
spectral reflectance data used to predict chlorophyll b content with actual corresponding
measurements of chlorophyll b content shewn inTable 4.5.Generalmultiple regression
models for each validation datasgere not identical and were represented by different
slopes and intercept®r each tree speciesTdble 4.9. Thus, the robustness of the
relationship identified between chlorophyll b attd DATT spectral reflectance indexas

also evaluated.

Table 4.5 Validation modelsisedin the leaflevel analysito predict chlorophyll b

. . DATT index Chlorophyll b Chlorophyll b
Species AU ES x) measured (Y) Predicted (Y)

Runl

0.757040 2.146720 3.121029

S. lancea 1.087 + 8.882(DATT) 0.592559 1.822520 1.660109

0.850549 3.673230 3.951576

0.686441 1.668320 2.493969

0.628253 1.774220 1.419744

. 0.746743 2.500210 1.929488

E. camaldulensis -1.283 + 4.302(DATT) 0.694845 5 28460 1706223

0.545473 0.559356 1.063625

0.708332 2.158090 1.764244

E. sideroxylon 1.457 + 8.492(DATT) 0.707907 1.885000 1.536286
Run2

S. lancea 0.753490 2.080180 2.988469

-3.05 + 8.014(DATT) 0.833186 4.228290 3.627153

0.722075 1.843630 1.855005

0.727966 2.012290 1.881479

. 0.694845 2.228460 1.732633

E. camaldulensis -1.390 + 4.494(DATT) 0709202 1455560 1797154

0.755636 1.462090 2.005828

0.758381 2.861890 2.018164

0.601954 1.182100 1.315181

E. sideroxylon 1.31 + 8.634(DATT) 0.653175 1.660140 1.541224
Run3

S lancea 0.634649 2.420840 1.935782

' -3.394 + 8.398(DATT) 0.783957 3.866980 3.189671

0.686153 2.189670 2.368313

0.596656 1.166340 1.311525

E camaldulensis 0.746743 2.500210 1.997122

' -1.414 + 4.568(DATT) 0.415406 0.402482 0.483575

0.709202 1.455560 1.825635

0.729556 1.371890 1.918612

. 0.566637 1.567940 1.511513

E. sideroxylon 1.116 + 8.438(DATT) 0728498 1330390 1624492
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T-tess were used to determine there weredifferences between measured and predicted
values of chlorophyll lwontent. Thestatistical tests for all three validation runs confirmed
that there were no significant differences between measured and predicted chlorophyll b
content(Runl (t =-0.13, 9df, P = 0.902, r = 0.76un2 (t = 0.15, 9df, P = 0.885, r = 0.79)

and Run3 (t =0.08, odf, P = 0.937, r = 0.92Furthermore the Pearson correlation
coefficients indicaté a high correlation between measured and predicted values of
chlorophyll b content (r > 0.7).

44  DISCUSSION

In this study statistical relationships were derived Wween spectral reflectance indices
derived from lealevel spectral reflectance datand physical grounlased measurements
used as fisurrogateo measures of pl ant wat
regressiormodelsindicated that four promimg and recurring spectral reflectance indices
could be applied to identify plant water stress within the three mining districts. Two general
trends were identified when using spectral reflectance indices derived fromeleslf

spectral reflectance datadetect plant water stress:

I Three spectral indices derived from the red and -méeared regions of the
electromagnetic spectrum were identified as useful spectral indicators of plant water
stressand could be linked to plant chlorophyll content.

I A spectral index designed to capture changes in plant water content was correlated to

measurements of predawn leaf water potential.

In this investigation, three spectral reflectance indices with a strong dependence on spectral
changes in the red and neafrared regions of the electromagnetic spectrum, namely
(695/690) (Carter, 1994), (850L0)/(850680) (Datt, 1999) and (710/760) (Carter, 1994)
were correlated to chlorophyll a, chlorophyll b and total chlorophyll (a+b) content. All three
relationships cdiirmed that a relationship exists between spectral bands extracted from the
red and neainfrared regions (680, 695, 690, 710, 760, 800 nm), including thedgd

region defined from 690 to 740 nm. Furthermore, this finding corroborates previous studies

in which it was found that reflectance bands within the red,ealye indices designed to
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capture spectral differences in this region, move to shorter wavelengths as plant chlorophyll
content decreases ande versgCurranet al. 1990; Clayet al 2006; Campbelkt al. 2007;

Mutanga and Skidmore, 2007). Stepwise regression analyses (section 4.3.2.2 and 4.3.2.3)
resulted in the chlorophyll b DATT spectral
most appropriate model from this styayhich could be used as a surrogate for identifying

plant water stress.

The positive relationships that were established between plant chlorophyll content and the
(850-710)/(850680) spectral reflectance index fRucalyptustrees confirred the findings

of Datt (1999) and Coopst al (2003) and it was shown that this relationship was also valid

for S. lancean the selected mining areas. Such vegetation ingicdsand ratioshave often

been developed using a combination of reflectance bands which ar&idlblth sensitive

and insensitive to pigment content, in order to enhance the spectral effects of the highly
sensitive bands (Datt, 1998). Most often near infrared bands are used as the insensitive
bands, since pigments do not absorb near infrared radifDatt, 1998). Several studies

have shown reflectance in the region of 550 and 700 nm to be most sensitive to a wide range
of chlorophyll contents (Curraget al 1990; Gitelson and Lichtenthalet al 1996; Gitelson

and Merzlyak, 1996; Gitelson and Merak, 1997; Datt, 1999and reflectance at 850 nm to

be most insensitive to chlorophyll content (Datt, 1999). According to Datt (1989)jndex

is fairly robust, being insensitive to the effects of leaf scattering on reflectance, and relates
strongly to the variation in reflectance caused by chlorophyll absorption. It is thus
recommendedhat this index be tested across other speagesvel] as it was significant

across all species and all sites in this study.

The popular water band indexhich was ddved to capture changes in plant water content
was found to be correlated to measurements of predawn leaf water potential in plants. This
finding corroborates the use of remote sensing technologies to detect spectral differences in
plant water content ggifically using spectral indices derived from ldefel spectral
reflectance data (Gao, 1995; Champagnal, 2003; Zarcelejadaet al, 2003; Jacksoet

al., 2004; Sheret al, 2005; Chunlianget al, 2006). Furthermore, rany studies have
advancedhe estimation of plant water content using hyperspectral remote seasihigave

investigated the use of narrow band spectral reflectance indices and specifiealy0 nm
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spectral band as a spectral indicator of plant water stress (Gao, 1995; Penhakld 997;
Champagneet al, 2003). This study supports such research were subtle relationships
between plant water content and spectral reflectance data were enhanced with the use of
narrowband or hyperspectral remote sensing data.

4.5 CONCLUSIONS

This study has showthat significant linear relationships (Fprob < 0.001) do exist between
ground measurements of plant water siregg. predawn leaf waterpotential, leaf
chlorophyll content andhanges irspectrareflectanceat the leaflevel These chnges were

best illustrated using spectral reflectance indices sudt8%3710)/(850680), (695/690),
(710/760) indices derived from the near infrared and red edge regions of the spectrum, and
the water band index. In this investigation of hdnedd speatal reflectance data, the spectral
model derived between chlorophyll b pigment content and the-{&6)/(850680) (Datt,
1999) spectral reflectance index was sel ecH
stress in the three mining districts. Thidationship confirrad that leaf spectral reflectance
characteristiczan be linked to plant water stress. Therefore, based on these relationships,
which were derived for the three speckescamaldulensiskE. sideroxylonand S. lancea

within the Welkom,Vaal Riverand West Wits mining districts, trees which access water
during the dry winter period are expected to display significantly different spectral
relationships compared to trees which do not access ground water. Multiple linear
regressions were uddo determine the interactions between species and the effects of the
three locations of the mining districts. Speepgcific relationships were produced which
could be applied across all three mining distrittsgeneral, the reflectance index (850
710)/(850680) has been shown to be the most robust model in this study which could be
used at different locations for different species to predict chlorophyll content at the leaf

level.
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CHAPTER 5.

EVALUATION OF MEDIUM TO HIGH
RESOLUTION SATELLITE EARTH
OBSERVATION DATA TO DETECT SPATIAL

PATTERNS OF PLANT WATER STRESS

ABSTRACT

The purpose of this study was to evaluate uke of satellite remote sensing imageiyf
different spatial and spectral resolutions to predict spatial patterns of plant wateogtress

the samayeographicaéreas.

Satellite earth observation data wexajuired from two data sources for this investigation;
the Hyperion hyperspectral sensamd the Proba Chris pseutigperspectral sensomhe
Hyperion sensor was selected to obtain high spatial and spectral resolutiomiaaitas the
Proba Chris sensor provided high spatial and medium spectral resolution earth observation
data. Twelve vegetdion indices designed to capture changes in canopy water status, plant
pigment content and changes in plant cellular structure, were seteadechlculated from

the satellite remote sensirignagery Groundbased measurements of plant waseess
whichincluded measurementsiedawn leaf water potential, leaf chlorophyll fluorescence,
chlorophyll and carotenoid pigment content and relative leaf water conterg undertaken

on Eucalyptuscamaldulensisk. sideroxylornand Searia lancean the Welkom, Val River

and West Wits mining districtdvleasurements undertakdaring late July 2004 wenesed

for groundtruthing the Hyperion image, whiléhose undertakenduring July 2005 and
August 2005 were used for groutrdthing the Proba Chris image$iultiple linear
regressions werderivedto investigate the interactions between the districts and species and
their respective spectral reflectance indices derived frapatellite images and the ground

based measuremerbplant water stress
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Predawn leaf water potential measurements ranged o042 to-0.78 MPa at unstressed
sites, and0.95 to-4.66 MPa at stressesites.Predawrleaf water potentials measured tor
camaldulensidrees sampled on the species trials in Vaal River werefisgmtly different
between stressed and non stressed tfees 3.39, 8df, P = 0.009)In contrast, E.
camaldulensidrees sampled near tlgan within the Welkom mining district, which had
greater access to water but were exposed to higher concentrdtisabsoand inorganic
contaminants, displayed differences in total chlorophyll content-229, 8df, P = 0.059),
carotenoid content (t &5.68, 8df, P < 0.001) and predawn leaf water potential (t = 4.25, 8df,
P = 0.011) when compared to trees samplethonland.E. sideroxylortrees sampled close

to a farm dam in the West Wits mining district displayed differences in predawn leaf water
potential (t = 69.32, 8df, P < 0.001) and carotenoid content-@.13, 8df, P = 0.066)
compared to stressed treestlfier upslope away from the watssurce.Predawnleaf water
potential together witigreenness normalised difference vegetation irsgexctral reflectance
index resulted in the fAbestodo surrog-banke me a:
multispectal satellite dataThe model selected using narrd&nd hyperspectral satellite

data indicated that strong relationships exists between predawn leaf water potential, which is
a direct measure of plant water stress, and the water band index, which isdi¢sigapture

changes in plant water content.

It was concluded from this study thaggetation indices designed to capture changes in plant
watercontent/plant water status asgectral changes in the red edge region of the spectrum
performed well whengplied to high spectral resolution remote sensing data. The greenness
normalised difference vegetation index was considered to be a fairly robust index, which was
highly correlated to chlorophyll fluorescence and predawn leaf water potehtidd
recomm@ded that this index has tipetential to be used to map spatial patterns of winter

time plant stress for different genera/species and in different geographical locations.

Keywords: carotenoid pigment contenthlorophyll pigment content, leaf chlorophyll
fluorescenceplant water stresspredawn leaf water potentiaielative leaf watercontent

satelliteimagery, spectrakflectance indices
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5.1 INTRODUCTION

A spatial evaluation of sites where existing trees have access to groundwater duding the
winter season would provide valuable information for future tree plantings. Sites with
similar site characteristics could then be targeted to ensure effective removal of large
volumes of groundwater, armptimal containment of contaminated seepageswéi this

study, alternative technologies for measuring the degree of water stress experienced by trees
that are less time consuming and more practical for large scale spatial mapping, were
considered.

Reliable estimation of agronomical and biophysipatameters such as leaf area index,
absorbedohotosynthetically active radiation, water content and the surface energy balance
from local to regional scales is crucial for many applications including ecosystem
assessments and crop management, weather forecasting, hydrological modelling, irrigation
scheduling, water resource management, and climate change research. Numerous models
have been developed using remote sensing, which permits spatially distributed mapping of
the agronomical, biophysical and surface energy balance parameters over large areas, with
the ambition of developing reliable, robust and esffctive methods for lah and
vegetation assessments (Stark, 2001; Zdmjadaet al, 2003; Marignaniet al, 2007;

Zwart and Bastiaassen, 2007; Glextral, 2008; Choket al, 2009; Honget al, 2009; He and

Mui, 2010). Ultimately, such methodologies and approaches couldogufie decision

making process and which could add value in land use and catchment management.

Remote sensing data from satellite based sensors have the potential to provide detailed
information on land surface and vegetation parameters, to assesgraaation of habitats

and better manage natural resources at local to regional scales. One of the important
vegetation parameters that has been successfully derived from remote sensing data is the
spatial estimates of actual evapotranspiration requiredustainable management of water
resources as well as for a better understanding of water exchange processes between the land
surface and the atmosphere (Zwart and Bastiaassen, 2007; ddaalg 2009). Ground

measurements of evapotranspiration like matimeioland surface and vegetation parameters
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over a range of space and time scales are difficult to obtain due to the time and cost
involved. However, more widely available are large amounts of remotely sensed satellite
data such as Land remote sensing lk@teEnhanced Thematic Mapper Plus (Landsat
ETM+), the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER),
the Advanced Very High Resolution Radiometer (AVHRR), the Moderate Resolution
Imaging Spectroradiometer (MODIS) and the Geastatiy Orbiting Environmental
Satellite (GOES) all of variable spatial, temporal, and spectral resolutions. Scaling of these
datasets, wgcaling or aggregation and dowoaling or disaggregation has been employed

in the application of satellite remote smgsdata to estimate land surface and vegetation
conditions (Bastiaansset al, 2005; Allenet al. ,2007). Honget al (2009) reported on the
up-scaling of Landsat satellite data (30 m spatial resolution) to MODIS (250 m spatial
resolution) as input it the Surface Energy Balance Algorithm for Land (SEBAL) to
estimate regional estimates of evapotranspiration. This model was also extended to produce
estimates of crop biomass production, so that crop yield, water use and water productivity
can be obtaineth an integrated way (Zwart and Bastiaanssen, 2007) using both the National
Oceanic and Atmospheric Administratidalvanced Very High Resolution Radiometer
(NOAA-AVHRR) at 1 km low spatial resolution and Landsat satellite images at a 30 m high
spatial reslution. Remote sensing in combination with crop production models has been
acknowledged to be a powerful tool for estimating crop yields at various spatial scales,
within fields, between fields and on a regional scale-stiling procedures were performed
using simple averaging and nearesighbourresampling techniques. The advantages of
using different sensors are combined in this methodological framework where high and low
resolution products are integrated to calculate total seasonal evapotranspinatibiomass

production at field level (Zwart and Bastiaanssen, 2007).

Groundbased measurements can provide accurate and representative values of land surface
or vegetation parameters such as chlorophyll content, water potential, biomass or
evapotranspation for different land cover types, but such point data cannot be easily
extrapolated to produce accurate maps over a landscape or region, due to natural variability
in the physical properties of the vegetation, soil and climatic conditions. To addiess

need, there has been a major effort over the past several years to develop and refine remote
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sensing based models such as canopy reflectance and energy balance models that provide
spatially distributed maps using satellite data (Ghal, 2009). Afew of these have been
promoted as having operational capabilities.

A few widely accepted canopy reflectance models include SAILH and PROSPECT. Canopy
reflectance models are also used for estimating biometric properties over large areas. Such
models inaide assumptions about the leaf property data used as input, the geometry of the
shrubs and trees in the field of view, and the nature of the surrounding environment,
including climatic conditions. Examples of remote sensing based surface energy balance
mockels include the Twbource Energy Balance (TSEB) model, Mapping
EvapoTranspiration at high Resolution using Internalized Calibration (METRIC), Trapezoid
Interpolation Model and SEBAL. The above mentioned surface energy balance models have
different levelsof complexity and input requirements, but all have operational capabilities
(Choiet al, 2009).

A significant benefit of using high resolution airborne or satellite remote sensing imagery is
the relatively O0pured s mal tha can lpeiobtankds Somd ¢ a
remote sensing studies however, have successfully estimated the percentage of vegetative
cover present in a pixel using leaf area index derived from higher resolution satellite imagery
using the Normalized Difference Vegetatimdex (NDVI), spectral urmixing and textural

analysis. Therefore, selecting the remote sensing data of an appropriate spatial resolution is
certainly a determining factor, as the size of the vegetation patches in relation to the pixel

size is extremely iportant.

Vegetation indices to monitor terrestrial landscapes by satellite sensors were first developed
in the 1970s and have been highly successful in assessing vegetation condition, foliage, land
cover, phenology, and processes such as evapotrar@piratd primary productivity.
Although many variations exist, many vegetation spectral reflectance indices are a ratio of
the reflection of light in the red and neafrared regions of the electromagnetic spectrum in
order to separate the landscape intdewasoil, and vegetation. Vegetation indices derived

from robust satellite data products are computed the same way across all pixels in time and

Page98



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

space, regardless of surface conditions. As ratios, they can be easigalitosged across
sensor systemgnsuring continuity of data sets for leterm monitoring of the land surface
and climaterelated processes. A global record of NDVI data since 1981 from the NOAA
AVHRR has contributed to significant global climate, ecosystem and agricultural studies. A
new generation of vegetation index data derived from MODIS satellite data has been inter
calibrated with AVHRR NDVI, and provides near daily coverage of the earth at 250 m pixel

resolution.

Vegetation indices are now indispensable tools in land cover classification, elandtiand

use change detection, drought monitoring, and habitat loss, to name just a few applications.
Vegetation indices have been used to combine ground data and ieegetdices to scale
biophysical, biochemical and physiological processes over larger #veas. grounebased
measurements are available, remote sensing data can also serve as a scaling tool rather than
as a complete physical model. Many remote sensipdjcapions have linked the spectral
properties of vegetation to plant water status and plant water stress (Carter, 1993; Gao, 1995;
Gitelson and Merzlyak, 1996; Lichtenthalet al 1996; Gitelson and Merzlyak, 1997;
Blackburn, 1999; Datt, 1999).

In this study, the use of remote sensing data, which are commercially available and could
potentially be operationally used in the future, were investigated. Over the past thirty years,
significant progress has been made on the use of remotely sensed data diiiiet tseted
sensors and cameras for retrieval of information useful for several environmental,
agricultural and water management applications. This chapter investigates an approach of
using satellite based images of different spatial and spectral ressluti predict spatial
patterns of plant water stress. This study provided a unique opportunity to investigate the
importance of improved image resolution and spectral density over the same geographical

districts.

Medium to high spatial and spectral resolution remote sensing datasets were selected to
identify and provide detailed spectral information on small stands, rows or even clumps of

trees characteristic of the mining districtmiagery was obtained from the/perspectral
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Hyperion sensor and the psedadyperspectral Proba Compact High Resolution Imaging
Spectrometer (CHRIS) sensor. These data sources permitted mapping of a variety of
vegetation spectral reflectance properties that were further enhanced ugetgtioe

spectral reflectance indices, some of which have been correlated to plant water stress.

5.2 MATERIALS AND METHODS

A description of the tree species, mining districts and sampling sites selected for this study
arediscussedn Chapter 2. Sampling s within the three mining districts, Welkomaal

River and West Wits, were used for grodbased measurements of plant water stress and as
groundtruthing sites for the remote sensing surveys. Gréhaskd measurements of plant
water stress were undertakon the three speci& camaldulensisk. sideroxylonand S.
lanceain the Welkom, Vaal River and West Wits mining districts during late July 2004 (as
presented and discussed in Chapter 4, section 4.3.1, Tahladd2yvasused for ground
truthing theHyperion image, while measurements undertakerng July 2005 and August

2005 were used for grousiduthing the Proba Chris images. The field sampling procedures
of each groundased plant water stress measurement, wsegredawn leaf water potential,

leaf chlorophyll fluorescence, chlorophyll and carotenoid pigment content and relative leaf
water content are described in Chapter 4, whereas the step by step details of the protocols are

presented in Appendi

5.21 Selection and requisition of satellite etlr observation data

Large stands or blocks of trees and tree plantations are rare in these mining districts,
therefore high spatial and spectral resolution remote sensing data was required to identify
and provide detailed information for small stands, single trees or rotneesfand smaflot

species trials in each mining district. There is curreadyy few commercially available
satellite earth observation data sources which could provide remote sensing data of a high
spatial and spectral resolution on a temporal sch#é tould be used in any future

operational applications.
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Satellite earth observation data wexeuired from two data sources for this investigation;

the Hyperion hyperspectral sensor (United States Geological Survey Earth Resources
Observation Systemsgnd the Proba Chris pseutigperspectral sensor (European Space
Agency). The Hyperion sensor was selected to obtain high spatial and spectral resolution
datg whereas the Proba Chris sensor provided high spatial and medium spectral resolution
earth obseration data. Free Proba Chris data were obtained through the European Space
Agency, Tiger Initiative in Africa, which was established to promote the use of space

technologies for improved water resources management in Africa.

The satellite earth observani data were acquired during 2004 and 2005. The Hyperion
image was acquired for the West Wits mining district during early August 2004. This image
was a 42 by 7.7 km scene, at a 30 m spatial resolution, and comprised of 242 calibrated and
uncalibrated spérl bands ranging from 357 nm to 2576 nm. The 196 calibrated bands were
converted to absolute radiance by applying a scaling factor of 40 and 80 to the visible and
shortwave infrared spectral bands respectively (Beck, 2Q@8prated wavelengths ranged

from 498.04 to 993.17 nm for the visible and near infrared region and 1194.97 to 2395.5 nm

for the shorwave infrared region.

Proba Chris data has been classified into five imaging meades, model comprising of a

list of preselected spectral bands.offe 4 characterised as the chlorophyll band set was
acquired in this studyAlthough a total of four Proba Chris images weranned for
acquisition for the Welkom, Vaal River and West Wits mining districts during July and
August 2005, only the Vaal Rivemages were acquired, due to an increased demand for
Proba Chris data from various countries participating in the Tiger initiative. Proba Chris
images for Welkom were thus obtained during early October,20@bfor West Wits during

late November 20Q5and were flagged when correlating to ground truthing measurements
undertaken during the digeason months of July and August 2005. All Proba Chris images
were characterised by 13 x 13 km scenes, at a 17 m spatial resolution, and comprised of 18
spectral bandsanging from 485.6 nm to 796.1 nihheseare most commonly used when

requiring high spatial resolution data for vegetation studies.
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Both the Hyperion and Proba Chris radiance images were atmospherically corrected by
applying a flat field technique. Thigghnique normalises the spectrum of each pixel in the
respective image, using the average spectrum from a region of flat reflectance within the
scene. The technique assumes that all the spectral features in the flat field region are due to
the atmospherend the solar spectrum. The respective radiance images were then divided by
the flat field average spectrum, effectively removing the shape of the solar spectrum and
atmospheric scattering and absorptions. The flat field atmospheric correction was applied t
the Hyperion and Proba Chris images using the automated software options as provided in
Spectral Analysis with ENVI 4.1 (2005).

Reflectance data were geometrically corrected, using georeferenced airborne imagery which
extended across the research si@sl all images were projected to WGS 84, LO27 datum.
All image processing was undertaken using ENVI 4.1 and Erdas Imagine 8.7 software

packages.

5.2.2 Selection and derivation of vegetation spectral reflectance indices

Ten vegetation indices designeddapture changes in canopy water status, plant pigment
content and changes in plant cellular structure, were selected for this investigation. Three of
the ten indices were selected to describe the spectral changes in the plant water status and
plant water ontent. The remaining seven indices provided a measure of the overall amount
and quality of photosynthetic material present in the vegetation, the presence of stress related
pigments in vegetation, and changes in leaf cellular structure. All ten selediegsieflect

spectral changes in the visible, red and near infrared regions of the electromagnetic
spectrum, which infer variability in plant physiological properties that might be indirectly
caused by changes in plant water status. Table 5.1 providesnaary of the selected

vegetation indices used in this study.
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Table 5.1 Spectral wavelengths and reflectance indices derived from the satellite earth observation

data

Common name for Spectral Reference Closest wavelengths| Closest wavelengths
spectral index or | Reflectance Ratio or used to derive indices| used to derive indices
spectral region of Index (nm) from Proba Chris from Hyperion data
the spectrum data
Indices sensitive to changes in plant pigment content
Green normalised .
. . Gitelsonet al (748.4
difference vegetation (750-550)/(750+550)
index (GNDVI) (1996) 551.2)/(748.4+551.2)
Normalised (748.4
_dlfference vegetation (750676)/(750+676) Tucker (1979) 679.9)/(748.4+679.9)
index (NDVI)
Red edge normalise( .
. . Sims and Gamon (748.4 (752.43
difference vegetation (750-705)/(750+705)
index (RENDVI) (2002) 703.2)/(748.4+703.2)| 701.55)/(752.43+703.2
Carter index (695/760) Carter (1994) (697.2/755.3) 691.37/762.6)

Red edge position
(REP)

Wavelength @ max
derivative of red
edge derived betwee
640 to740 nm

Curranet al (1990)

Modified Red Edge

(7507 445)/(705i

Sims and Gamon

Simple Ratio

(MRESR) 445) (2002)
Photochemical Sims and Gamon
reflectance index (531-570)/(531+570)

(PRI)

(2002)

Wavelength @ max
derivative of red edge
derived between 640 tq
740 nm

(752.43
447.17)/(701.58147.17)

(528.57
569.27)/(528.57+569.27

Indices sensitive to changes in

plant water content/pl

ant water status and plant cellular structure

Water band index Penuelagt al.
(WBI) (900/970) (1995) (905.05/972.99)
Moisture stress inde Ceccatcet al
(MS)) (1599/819) (2001) (1598.51/823.65)
Normalised .

) (8197 1649)/(819 + (823.65
:?]ijfs;e(rlllcsnl;frared 1649) Jacksoret al (2004) 1648.9)/(823.65+1648.9
5.2.3 Analysis of data

A statistical analysis of the plant water stress measurements collected in July 2005 and
August 2005 was undertaken to produce a comparative summary of the means for each
sample site per specigsthin eachmining district and per species for each minidigtrict,

and between species and mining districts for each of grbasdd methods used in this
study. Statistical averages were determined uaisgreadsheet package, while graphical

plots were produced using Gengtht™ edition, 2008).
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Multiple linear regressions wegerivedto investigate the interactions between the districts

and species and their respective spectral reflectance indices derivetthdreatellite images

and the groundased plant water stress measurements uBemgtat(11" edition, 2008)

The maximal regression model and the statisycatedure adoptenh the selection of the

fibesb model while eliminating poor combinations of spectral reflectance indices (X) and
plant water stress measurements &¥dlepicted in Chaptet (section 4.2.4yvereapplicable

to this satellite remote sensirgjudy The highest adjusted?Ralue and the significance of

the F and t probabilit valueswere statistical measures usecdthe selectonof he fnAbest
multiple linear regression modeignificant differences between predicted and measured

plant water stress measurements were determined usiegtafdr paired samples.

5.3 RESULTS

531 Ground-based measurements of plant water stress

Because Proba Chris images were acquired at different times of the year,-fgublingd
measurements were thus also undertaken at two different times, in order to increase the
correlationbetween plant water stress measured on the ground and that ohssngethe
satellite remote sensing data. The levels of plant water stress for the tasetdaare

presented in Table 5.2 and Table.5.3

Measurements of predawn leaf water potential obtained in July 2005, were used to
charactese sites,rangng from -0.42 to -0.78 MPa at unstressed sites, a@®5 to-4.66

MPa at stressed site€orresponding measurements of leaf chlorophyll fluorescence, leaf
chlorophyll content and leaf carotenoid conteviten compared between stressed and
unstressed sites, did nfatllow the same pattern(Table 5.2 and Table 5.3).Instead, relative
differences in groundbased measurements of plant water stress were identified to be a

function of the locality and tree species under investigation.

An assessment of comparative samplingsssites within the same geographic location, in

the same mining district and for the same species, revealed a relative increase in leaf
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chlorophyll fluorescence, leaf chlorophyll content and leaf carotenoid content for less
stressed trees with relatiyehigher predawn leaf water potential readings. These relative
increases are illustratefbr example by the comparativ&. camaldulensisampling sites 1

and 2inVaal River, E. sideroxylorsampling sites 7 and 8 in West Wits (Table 5a2id by

the equalent comparative sampling sites 1 and 2, and 5 and 6 in Table 5.3.
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Table 5.2 Ground measurements of plant stress undertaken during July 2005 in the WédlebiRijverand West Wits mining districts.

. o Predawn Leaf Relative Leaf Leaf Chlorophyll Leaf Chlorophyll | Leaf Carotenoid
Site Classification .
. . . o X Water potentials Water Content Fluorescence Content Content
Site Mining Tree ’ Site Description according to Predawn
No District Species Geographic Leaf Water Potential (MPa) (%) (F/Fm) (mgrl) (mg/l)
: P Coordinates (dd) Std | Mean Std Std. Std Std.
Measurements Mean Mean Mean Mean
Dev. Dev. Dev. Dev. Dev.
1 VR EC -26.98859; | dolomite, mesetrophic soils, species trials, unstressed -0.67 017 | 66.34 | 1500 | 0666 | 0094 | 11.029 | 1752 | 1.599 | 0.257
26.77658 plot 3
2 VR EC -26.98896; | dolomite, mesetrophic soils, species trials, unstressed 071 | 015 | 49.87 | 1023 | 0537 | 0207 | 8233 | 3.374 | 1.210 | 0.383
26.77676 plot 9
-26.92922; . . .
3 VR EC 26.68182 andesite, eutrophic soils, close to TSF stressed -1.97 0.33 57.04 5.27 0.462 0.212 8.039 2.187 1.224 | 0.249
4 VR sL -26.99185; | dolomite, eutrophic soils, high water stressed -1.05 012 | 6853 | 1105 | 0644 | 0139 | 10.022| 1770 | 1.603 | 0.208
26.77592 availability, water channel
5 VR SL _zgggggé quartzite, mesceutrophicsoils, low TDS stressed -0.95 0.15 45.50 8.74 0.423 0.215 7.304 2.694 1.217 0.247
6 VR s -26.93418; | dolomite, meseeutrophic soils, high TDS, stressed -1.46 017 | 57.80 | 1001 | 0538 | 0195 | 8877 | 2551 | 1157 | 0.191
26.69592 higher water availability
26.43969: shale, non calcarious soils, high water
7 wWw ES 27'32871’ availability, farm dam, shallow groundwater unstressed -0.73 0.05 66.66 6.69 0.719 0.052 11.600 | 1.264 | 1537 | 0.213
’ table <~ 5m
8 WW ES -26.43899; | shale, non calcarious soils, lower water stressed -4.66 012 | 5293 | 11.88 | 0675 | 0133 | 12502 | 1.669 | 2.081 | 0.189
27.33024 availability
9 ww EC g?;‘gégz shale, norcalcarious soil, medala trial unstressed -0.51 0.06 82.56 11.94 0.700 0.089 11.407 | 1.552 1.504 0.161
-26.42508; . S
10 ww EC 2737172 shale, norcalcarious soil, trial near garage unstressed -0.78 0.05 72.75 15.35 0.524 0.176 14.033 | 1.377 1.978 0.169
-26.44070; . -
11 ww EC 27 34495 shale, norcalcarious soil, trial unstressed -0.42 0.06 74.38 14.56 0.603 0.172 15.655 | 1.215 2.380 0.221
-28.03052; L
12 W EC 26.51879 shale, eutrophic soils, farmland unstressed -0.59 0.12 67.58 4.73 0.593 0.110 12.219 | 1.462 1.818 0.227
13 w EC -27.96743; | shale, eutrophic and non calcarious soils, hi stressed -1.87 061 | 7187 | 1524 | 0643 | 0143 | 13130 | 1.392 | 1.835 | 0.177
26.55001 water availability, near pan
14 W SL _zggifg; shale, eutrophic soils, farmland stressed -1.67 0.27 59.98 3.56 0.315 0.115 10.729 | 2.818 1.931 0.327
15 w s -27.96695; | shale, non calcarious solls, high water stressed 112 019 | 6815 | 1204 | 0481 | 0181 | 9019 | 1.827 | 1.594 | 0.284
26.55075 availability, near pan
Means per species per district
Mean value foE. camaldulensi$or Vaal River -1.12 0.22 57.75 10.17 0.555 0.171 9.100 2.438 1.344 0.296
Mean value foS. lancedor Vaal River -1.15 0.15 57.28 9.93 0.535 0.183 8.734 2.338 1.326 0.215
Mean value foE. sideroxylorfor West Wits -2.70 0.09 59.80 9.29 0.697 0.093 12.051 | 1.467 1.809 0.201
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Site Classification Predawn Leaf Relative Leaf Leaf Chlorophyll Leaf Chlorophyll | Leaf Carotenoid
. - . - LS ) CERIleNT Water potentials Water Content Fluorescence Content Content
Site Mining Tree ) Site Description according to Predawn
No District Species EELYENIE Leaf Water Potential (G 5 BRI (mg/) (mg/)
: P Coordinates (dd) Std | Mean | Std Std. Std Std.
Measurements Mean Mean Mean Mean
Dev. Dev. Dev. Dev. Dev.
Mean value foE.camaldulensifor West Wits -0.57 0.06 76.56 13.95 0.609 0.146 13.698 | 1.381 1954 | 0.184
Mean value foE.camaldulensisor Welkom -1.23 0.37 69.73 9.99 0.618 0.127 12.675 | 1.427 1.827 0.202
Mean value foSS. lancedor Welkom -1.40 0.23 64.07 7.80 0.398 0.148 9.874 2.323 1.763 0.306

W = Welkom; VR Vaal River, WW = West Wits;

EC E. camaldulensisES =E. sideroxylonS. = S. lancea
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Table 5.3 Ground measurements of plant stress undertaken during August 2005 in the Welkom, Vaal River and West Wits mining districts.

Relative Leaf Leaf Chlorophyll Leaf Chlorophyll | Leaf Carotenoid
EnTEITS s B e T T 1 Water Content Fluorescence Content Content
i ini ) i ipti g % Fv/IF | |
i';e glllsrl':g STre?:?es Coordinates R el Predawn Leaf Water Potential (%) (Fv/Fm) (mg/h (mg/h
’ P (dd) Measurements undertaken in Mean Std Mean Std. Mean Std Mean Std.
July 2005 Dev. Dev Dev. Dev
1 VR EC -26.98859; | dolomite, meseutrophic soils, unstressed 7948 | 572 | 0603 | 0136 | 12517 | 1.572 | 1.838 | 0.125
26.77658 species trials, plot 3
-26.92922; andesite, eutrophic soils, close to
2 VR EC 26.68182 TSE stressed 58.16 6.26 0.409 0.166 6.996 1.483 | 0.927 | 0.140
-26.92301; quartzite, mesoceutrophic soils, low
3 VR SL 26.69820 TDS stressed 65.21 9.64 0.490 0.163 7.311 1.692 1.134 | 0.186
-26.93418; dolomite, meseeutrophic soils, high
4 VR SL 26.69592 TDS, higher water availability stressed 78.59 12.06 0.435 0.173 7.871 2.302 | 1.127 | 0.217
-26.43969: shale, non calcarious soils, high wat]
5 WW ES ' ' availability, farm dam, shallow unstressed 63.68 6.08 0.748 0.031 11.814 | 1.956 1.691 0.373
27.32871
groundwater table <~ 5m
6 ww ES -26.43899; ) shale, non calcarious soils, lower stressed 53.92 | 12.15 | 0446 | 0.188 | 11.247 | 1.641 | 2.181 | 0.336
27.33024 water availability
7 W EC zggig% shale, eutrophic soils, farmland unstressed 64.75 7.24 0.647 0.096 12.231 | 2.589 1.389 0.178
27.96743: shale, eutrophic and non calcarious
8 W EC 26.55001’ soils, high water availability, near stressed 62.05 12.57 0.664 0.106 15.059 | 0.991 2.105 | 0.216
' pan
-28.03361; . .
9 W SL 26.51199 shale, eutrophic soils, farmland stressed 62.75 4.14 0.497 0.144 12.599 | 2.017 1.888 0.170
Means per species per district
Mean value foE. camaldulensi$or Vaal River 68.82 5.99 0.506 0.151 9.757 1.528 1.383 0.133
Mean value foS. lancedor Vaal River 71.90 10.85 0.463 0.168 7.591 1.997 1.131 0.202
Mean value foE. sideroxylorfor West Wits 58.80 9.12 0.597 0.110 11531 | 1.799 | 1.936 | 0.355
Mean value foE. camaldulensigor Welkom 63.40 9.91 0.656 0.101 13.645 | 1.790 1.747 0.197
Mean value folS. lancedor Welkom 62.75 4.14 0.497 0.144 12.599 | 2.017 1.888 0.170

W = Welkom; VR = Vaal River, WW = West Wits; EE.xamaldulensisES =E. sideroxylonS. = S. lancea
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Statistical tests confirmed that significant differences in plant water stress measurements did
exist between selected comparative sampling.dte=dawn leaf water potentials measured

for E. camaldulensidrees sampled on the species trials in Vaal River were significantly
different between stressed and unstressed tfiees3.39, 8df, P = 0.009) In contrast,E.
camaldulensidrees sampled near the parthe Welkom mining distrigtwhich had greater
access to water but were exposed to higher concentrations of salts and inorganic
contaminants, displayed significant differences in total chloribgbytent (t =-2.20, 8df, P

= 0.059), carotenoid content (t-5.68, 8df, P < 0.001) and predawn leaf water potential (t =
4.25, 8df, P = 0.011) when compared to trees sampled on farmland witlsantedistrict.

E. sideroxylortrees sampled close tdarm dam in the West Wits mining district displayed
significant differences in predawn leaf water potential (t = 69.32, 8df, P < 0.001) and
carotenoid content (t =2.13, 8df, P = 0.066) when compared to stressed trees further

upslope away from the watevigce.

Box plots were used to represent the distributions of the plant water stress measurements
undertaken in July 2005. Figure 5.1 illustrates the variability of predawn leaf water potential,
photochemical efficiency ratio, total chlorophyll and caroidncontent and relative leaf
water content per miningdistrict. Thehighest (more negative) predawn leaf water potential
measurements measured at West Wits (>4MPajewlassed s outliers in Genstat 11
(2008) compared to lower negative values recorded/aal River and Welkom (Figure
4.1a). The median photochemical efficiency ratios were similar for Vaal River and Welkom
ranging between 0.5 and 0.6, while the highest upper quartile photochemical efficiency value
was measured at West Witghich indicatel healthier trees experiencing lower plant water
stress (Figure 4.1b). Total chlorophyll and carotenoid content measurementsedbdow
similar pattern for each mining district, with the highest upper quartile values measured at
West Wits and the lowestolwer quartile values measured at Vaal River (Figure 4.2c and d).
The ranges in relative leaf water content values were smallest for Welkom when compared
to Vaal River and West Wits (Figure 4.1e). However, median values of relative leaf water

content wereimilar for all three mining districts.
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Figure 51 Box plots of plant water stress measuremea)spredawn leaf water potential, b)
photochemical efficiency) total chlorophyll (a+b) contentd) carotenoid contenand e)
relative leaf water content undertakéar Vaal River, Welkom and West WitsJuly 2005

Similarities and differences in plant water stress measurements undertaken for the three tree

species were also investigated. The boxlatFigure 5.2 represent the range, upper and
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lower quartiles and medians measured for predawn leaf water potential, chlorophyll
fluorescence, chlorophyll and carotenoid content and leaf water content measured per tree
species in July 200%. sideroxylontrees appeared to have the highest (more negative) upper
quartile and median, and largest variability in predawn leaf water potentials (Figure 5.2a).
However, this species displayed the least variation in photochemical efficiency (Figure 5.2b)
and total dlorophyll content (Figure 5.2c). The range in predawn leaf water potentials
measured foE. camaldulensieind S. lanceawas smaller, with the lowest values recorded

for E. camaldulensisin contrast, the highest upper quartile values for total chlorophyll
content were measured f&. camaldulensisnd the lowest lower quartile values Br

lancea The distribution of carotenoid content measurements were similar, with the highest
upper quartile measured f&. sideroxylonand the lowest lower quartile measured $or
lancea (Figure 5.2d). Median values for carotenoid content for all three species ranged
between 1.25 and 2 mg per g. Median values of relative leaf water content ranged between
0.6 and 0.7 for all three spesi (Figure 5.2e). Howeveahe highest value was measured for

E. camaldulensijsand the lowest value fdt. sideroxylon
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Figure 52 Box plots of plant water stress measuremea)spredawn leaf water potential, b)
photochemical efficiency) total chlorophyll (a+b) contentd) carotenoid contenand e)
relative leaf water content measured torcamaldulensisk. sideroxylonand S. lancean
July 2005
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53.2 Relationships identifiedising multispectral satellite data

Multiple linear regression analyses betwg#ant water stressneasurementand spectral
indices derivedfrom high spatial and medium spectral resolutBroba Chris satellite

images were investigated.

5.3.2.1. Maximal models idntified using multispectral satellite data

Maximal regression models were derived between measurgwoieplant water stress and
the faur spectral reflectance indices, norised difference vegetation index (NDVI), green
(GNDVI) and red edge (RENDVI) nomlised difference vegetation indices, and arter
index derived from Proba Chris multispectral imagefable 5.4).Adjusted R values
which were ranked for plant water streseasurementranged from a maximum of 8448
for predawn leaf water potential and green noisedl difference vegetation index to a

minimum of 20.0% for chlorophyll fluorescence and ti@arter index.

Table 5.4 Adjusted R values ranked in descending ordefor each maximal model determined
betwea plant water stressnethods(Y) and spectral reflectance index (X) derived from
Proba Chris satellite data

Chnltere il Predawn leaf water
Chlorophyll (a + b) Leaf water content Carotenoid (c+x) fluorescence otential
v) v) (v) (Fv/Fm) P
Y (v)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
R2 for R2 for R2 for R2 for R2 for
reflectance . reflectance . reflectance . reflectance . reflectance .
. maximal | . maximal | . maximal | . maximal | . maximal
index (nm) index (nm) index (nm) index (nm) index (nm)
X model X model ) model X model X model
(%) (%) (%) (%) (%)
RENDVI 47.6 GNDVI 34.1 NDVI 49.9 GNDVI 63.5 GNDVI 84.8
NDVI 45.4 NDVI 32.9 CARTER 46.4 NDVI 39.9 NDVI 53.9
CARTER 44.2 RENDVI 27.9 GNDVI 41.2 RENDVI 35.6 RENDVI 50.5
GNDVI 40.8 CARTER 26.1 RENDVI 39.4 CARTER 20.0 CARTER 35.7
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Maximal regression models derived with chlorophyll (a+b) content, leaf water content and
carotenoid contentlid not account for at least 5088 the variance in the data, and were
therefore excluded fromfurther analygs. Four models remained after this elimination
process. These included the chlorophyll fluorescence and GNDVI (adffsteé8.5%), and
predawn leaf water potential and GNDVI (adjus®e 84.8%), RENDVI (adjustedR*
50.5%) ard NDVI (adjustedR®™ 53.9%).

5.3.2.2. Model refinements using stepwise regression

Stepwise regression was used to refine the four remaining maximal regression oelels
adjustedR? value for chlorophyll fluorescence and GNDVI increased from%3d 64.8%.
Similarly, for predawn leaf water potential and NDVI, the adjuf@dalue increased from
53.9 to 54.%0.

Table 5.5 Comparison of the maximal and stepwise regression mafigised usingProba Chris
satellitedata

Chiorophyll fluorescence Predawn leaf water potential
(Fv/IFm) )
()
Spectral reflectance Adjusted R2 (%) Spectral reflectance Adjusted R2 (%)
index (nm) Maximal Stepwise index (nm) Maximal Stepwise

) model model X) model model
GNDVI 84.8 84.8

GNDVI 63.5 64.8 NDVI 53.9 54.5
RENDVI 50.5 50.5

For the stepwise regression modeling, the GNDVI index performed well for both
measurements of plant water stress. The maximal regression model derived between
predawn leaf water potential and GNDVI with the highest adjugfexf 84.8% was selected

at the Abesto model resulting from the mult

5.3.2.3. Selection of the best multispectral satellite model

Predawn leaf water potential together with GNDVI spectral reflectance index resulted in the

Abest 0 surrogate measur e o fbang mutispectravsatelleer st r
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data. The general statistical model which resulted in sixaitéspeciesspecificmodels are

reported below:

Predawn leaf water potential-4.169 + 28.22(GNDVI) + 5.025 (S1) + 2.798 (S2, (5.1)

(-60.29)(S1)(GNDVI)+{23.54)(S2)(GNDVI)+

(0.690)(L1) + (3.239)(L2) +3.58)(L1)(GNDVI) +

(-25.39)(L2)(GNDVI)

(Fo65~46.73; Fyror< 0.001; R’ = 84.8)
p

For E. camaldulensisé Vaal Riverwhere L1=L2=0and S1=S2=0: 5.1.1)

Predawn leaf water potential-4.169 + 28.22(GNDVI)

For S. lancean Vaal Riverwhere L1=L2=0, S1=0 and S2=1: (5.1.2)

Predawn leafvater potential =1.371 + 4.68(GNDVI)

For E. camaldulensisy Welkom where L1=1, L2=0 and S1=S2=0: (5.1.3)

Predawn leaf water potential-3.479 + 14.64(GNDVI)

For S. lancean Welkom where L1=1, L2=0, S1=0 and S2=1: (5.1.4)

Predawn leaf water poteati=-0.681 + ¢(8.9)(GNDVI)

For E. camaldulensig;y West Wits where L1=0, L2=1 and S1=S2=0: (5.1.5)

Predawn leaf water potential-8.93 + (2.83)(GNDVI)

For E. sideroxylonn West Wits where L1=0, L2=1, S1=1 and S2=0: (5.1.6)

Predawn leaf watguotential = 4.095 +-67.46)(GNDVI)
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The full regression analysis depicted by Equation (Shjch includes a summary of the
analysis of variance and estimate of parameters for the multiple regression model is

illustrated in Appendix.

Differences between the observed and predicted predawn leaf water potesitgl
Equation (5.1)were assessed using a stang&iresidual plot of fitted values of predawn
leaf water potential (Figure 5.3). The standsad residual plot indicates audter of fitted
values at the lower and higher predawn leaf water potentials. Hovibgenajority of the
fitted values are clusted at lower predawn leaf water potentiaddicating that the data
could be skewed. Residuals tend to be smaller at highdawn leaf water potentials (more

negative) and larger at lower predawn leaf water potentials (less negative).

X
x X
WK HOH MK

WK K

Standardized residuals
20K

P
i i
x

T T T T
-4 3 -2 I

Fitted values of predawn leaf water potential (MPa)

Figure 5.3 Standardsed residual plot of fitted values of predawn leaf water potential using the green
normalsed difference vegetation speal reflectance model
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5.3.2.4. Validation of the best model using multispectral satellite data

The predawn leaf water potential GNDVI spectral reflectance model was validated using the
method of rerunning the fitted regression model with a percentage of tree ebatluded.
Three validation runs were used, with 10 random samples excluded from each run. Subsets

of data which were used in the validation exercise are listed in Table 5.6.

Table 56  Validation modelsderived from multispectral satellite datssed topredict predawn leaf
water potential

GNDVI Predawn leaf Predawn leaf
Mining District Species Fitted Models index water potential | water potential
x) measured (Y) predicted (Y)
Run 1
Vaal River E. camaldulensis 0.091 -1.698 -1.645
' -4.280+29.04(GNDVI) 0.115 -0.832 -0.936
0.115 -0.606 -0.936
Vaal River S.lancea 0.053 0.788 -1.108
' -1.37+4.9(GNDVI) 0.122 -1.184 -0.774
-0.014 -1.590 -1.440
Welkom E.camaldulensis 0.175 -0.818 -1.068
-3.177+12.03(GNDVI) 0.160 0.488 1757
Welkom S. lancea 0.088 -2.000 -1.332
-0.26712.11(GNDVI) 0.030 1202 0.629
Run 2
Vaal River E. camaldulensis 0.115 -0.722 -0.886
-4.647+32.66(GNDVI) 0115 0.632 0.886
Vaal River S.lancea 0.123 -1.020 -0.851
-1.338+3.95(GNDVI) 0.003 1490 1349
Welkom | E-camaldulensis - 3 743,15 97(GNDVY) | 0.175 -0.818 -0.943
Welkom S. lancea 0.095 -1.450 -1.641
-0.43412.74(GNDVI) 0.139 1190 508
West Wits E. camaldulensis 0.172 -0.482 -0.460
“0.931+2.74(GNDVI) —577 -0.330 0.527
West Wits E. sideroxylon 3.802+55.76(GNDVI) 0.097 -0.684 -1.605
Run 3
Vaal River E. camaldulensis 0.115 -0.424 -0.980
-4.121+27.28(GNDVI) 0115 0.838 20.980
Vaal River S. lancea 0.037 0.842 -1.196
’ -1.384+5.07(GNDVI) 0.122 -1.050 -0.768
-0.014 -1.590 -1.457
Welkom | E-camaldulensis |- 5 65615 04GNDVI) | 0.147 -0.512 -1.943
Welkom S.lancea 0.095 -1.450 -1.568
0.-8897.17(GNDV) 0.048 -0.850 -1.231
West Wits E. camaldulensis 0.078 -0.730 -0.705
0.938+2.97(GNDVI) 57177 -0.570 -0.427
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Significant differences between measured and predicted values of predawn leaf water
potential were assessed usingtadt. The results of thetést forRunl (t =-0.12, 9df, P =

0.911, r = 0.43) anBun3 (t = 1.62, 9df, P = 0.139, r = 0.53) were not significant, compared
to Run3 (t = 1.99, odf, P = 0.078, r = 0.68hich was significant at the 10% level.

533 Relationships identified using hyperspectral satellite data

Spectral relationships were invegtied between measurements of plant water stress and
spectral indices derived from Hyperion satellite imagery. Thisysprdvided a unique
opportunity to compare the results obtained from the multiple linear regression analyses

using broad multispectrands compared with narrelyperspectral bands.

5.3.3.1. Maximal models identified using hyperspectral satellite data

Maximal regression models wedeterminedbetween plant water stresgeasurementand

eight vegetation spectral reflectance indices derived from Hyperion hyperspeetgary
(Table 5.7).Adjusted R values were ranked farachplant water stresmeasurementand
ranged from a maximum &0.3% for predawn leaf water potential amgter bad indexto

a minimum ofl1.7% for chlorophyll (a+b) content and the nornedd difference vegetation
index. Models missimpin Table 5.7 were a result of sampling points which were clustered at
the edge of the imagend which did not contain the full comghent of spectral bands.
Thereforecertain vegetation spectral reflectanaedices could not be derived due to the

missing spectral values.

Table 5.7/ é
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Table 5.7 Adjusted R values ranked in descending ordefior each maximal model derived between
plant water stress measurement (Y) and spectral reflectance index (X) derived from

Hyperion satellite data

Gl Predawn leaf water
Chlorophyll (a + b) Leaf water content Carotenoid (c+x) fluorescence .
v) ) ) (FuiFm) P
)
Adjusted . . . .
Spectral R2 for Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance . reflectance R2 for reflectance R2 for reflectance R2 for reflectance R2 for
. maximal | . . . . . . . .
index (nm) model index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal
(X) %) (X) model (X) model (X) model (X) model
MSI 27.9 REP 63.0 WBI 14.3 MSI 13.7 WBI 90.5
RENDVI 26.4 PSRI 53.4 NDVI 54 MRESR 13.2 REP 33.6
NDII 18.0 CARTER 49.2 MRESR 4.6 NDII 11.5 PSRI 25.1
PSRI 12.6 RENDVI 41.6 MSI 3.7 RENDVI 10.5 RENDVI 21.6
CARTER 10.2 MRESR 34.1 NDII 2.3 CARTER 3.8 MRESR 17.6
REP 3.9 MSI 31.9 PSRI 3.6 CARTER 17.5
NDVI 1.7 WBI 28.7 NDVI 2.3 MSI 11.1
NDII 28.5 NDII 2.7

Vegetation spectral reflectance models which did not accountatfdeast 50%of the
variance in thedata wereexcluded from further analyses. Measurements of chlorophyll
(at+b) carotenoid content and chlorophyll fluorescence which achieved maximum ddjuste
R? of 27.9%, were eliminated. Three maximal regression models were selected from this
investigation for the stepwise regression analysis.

5.3.3.2. Model refinements using stepwise regression

The stepwise regression modeling in this investigation resulted in no further refinements to
the existing maximal models. The adjusitvalues remained the same shown in Table
5.8. The maximal model determined between predawn leaf water potentigtheamehter

band index which obtained the highest adjud®@df 90.90, was sel ect ed as

model derived using hyperspectral satellite data.

Table 5.8/ é
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Table 5.8 Comparison of the maximal and stepwise regression modetained in theHyperion
satellite dataanalysis for the three models with the highest adjusted R2 values exceeding
50%.

Leaf water content Predawn leaf water potential

(Y) )

Spectral reflectance Adjusted R2 (%) Spectral reflectance Adjusted R2 (%)
index (nm) Maximal Stepwise index (nm) Maximal Stepwise
) model model (X) model model
REP 63.0 63.0
WBI . .
PSRI 53.4 53.4 90> 90:5

The selected model indicates that strong relationships exists between predawn leaf water
potentia) which is a direct measure of plant water stragsl the water band indewhich is
designed to capture changes in plant water content.

5.3.3.3. Selection of thigbesd model derived from hyperspectral satellite data

The multiple regression analysis using hypecsml satellite data resulted in a simple linear
model between predawn leaf water potential and the water band spectral index. This model
did not include any interactions between species or districts can be reported as follows, with

detailed regression alysis listed in AppendiS:

Predawn leaf water potential = 21.283.0(WBI) (5.2)

(Fr1~ 182.07; Fyoe< 0.001; RS = 90.%%)

Differences in observed and predicted values of predawn leaf water potential when using the
spectraimodel represented by Equation (5.2) were investigated using a stasdiaedidual

plot of fitted values of predawn leaf water potentiblhe pbt of residuals against fitted
values of predawn leaf water potential indichtbat thereseems to bdour clusters of
samplegroups (Figure 5.4) The residuals indicate a noandom distribution of sample
points, with one sample group at higlferore negativé predawn leaf water potential and

threesample groups d&wer (ess negtive) predawn leaf water patials.
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Figure 5.4 Standarased residual plot of fitted values of predawn leaf water potential using water band
spectral reflectance model

There appeared to be no apparent outliers in the data. Howeveedidual plobf fitted
values of predawn leafvater potential indicated that the linear regression maoaizy

inadequatelyepresent the data.

5.3.3.4. Validation of thenbesd model derived from hyperspectisdtellitedata

The predawn leaf water potential and water band index spectral reflectance fonaithel
West Wits mining districtvas validatedusing the method of repeatedlynmenning the fitted
regression model with a percentage of the data exclideee validation runs were used,
with 4 random samples excluded from each run. Subsets of dath whreused in the

validation exercisare listed in Table 5.9
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Table 5.9 Validation models derivedfrom hyperspectral satellitdata, usedto predict predawn leaf
water potentiain the West Wits mining district

: Predawn leaf Predawn leaf
. , WBI index . .
Species Fitted Models ) water potential | water potential
measured (Y) predicted (Y)
Run 1
. 0.95152 -0.482 -0.712
E. Idul
camaldulensis| ., ai 2.85 (Wal)
0.97191 -0.41 -1.178
0.92197 -0.676 -0.037
E. sideroxylon 20.03i 2.85 (WBI)
1.11607 -4.566 -4.472
Run 2
E_ camaldulensis 0.95152 -0.498 -0.685
' 21.21 23 (WBI)
0.97191 -0.438 -1.154
0.92197 -0.77 -0.005
E. sideroxylon .
21.21 23.0 (WBI) 1.11607 4.514 -4.470
Run 3
E camaldulensis 0.95152 -0.502 -0.685
' 20.81i 2.59 (WBI)
0.97191 -0.46 -1.145
0.92197 -0.752 -0.017
E. sideroxylon 20.81i1 2.59 (WBI)
1.11607 -4.8 -4.402

T-tests were used to determine if there weifeerences between measured and predicted
values ofpredawn leaf watepotential The statistical tests for all three validation runs
confirmed that there were no significant differences between measured and predicted
predawn leaf water potential (Run 1 (t = 0.23, 3df, P = 0.836, r = 0.957); Run 2 (t = 0.08,
3df, P = 0.944, r = 0.952) ardun 3 (t =-0.21, 3df, P = 0.847, r = 0.956)Pearson
correlation coefficients indicatlea high correlation between measured and predicted values

of predawn leaf water potentigl> 0.7).
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5.4  DISCUSSION

The multiple linear regression modeling identified néigant (Fprob < 0.001) spectral
relationships which represented at least 58f0the variation in the datafor predawn leaf
water potential, carotenoid content, chlorophyll fluorescence and leaf water content.
Potential pectralreflectanceindicesderived using the satellite remote sensidgta, which

were highlighted from thigwvestigation,included the NDVI, GNDVI, RENDVI, WBI, REP

and PSRI.

Three vegetation indices, which are sensitive to changes in plant pigment enatestiect
spectral diffeences in the visible region of the spectrum, performed well when applied to the
multispectral satellite dataepresentedby high spatial and medium resolutiéroba Chris
data. These indices included the noiis difference vegetation index, thgreenness
normalsed difference vegetation index and the red edge nasedatlifference vegetation
index, andare often grouped as broadband greenmegstationindices.In this study these
indices have performed better when applied to broader or lowel $pectral resolution
data.The importance of the spectral wavelendib®, 676, 705, 750, 760mthat were used

to derive the indices, have been highlighted in this investigation by their linkage to changes
in plant pigment contents and the inferencglaht stres¢Curranet al, 1990; Carter, 1993;
Baretet al, 1994, Filella and Penuelas 1994; Gitelson and Merzlyak, 1996; Lichtenthaler
al., 1996; Blackburn, 1998b; Lelorgg al.,, 1998; Blackburn, 1999; Gitelsen al, 2002).

Three vegetation indes performed well when applied to the hyperspectral satellite data
obtained for the West Wits mining district, which was represented by the Hyperion high
spatial and spectral resolution image. The water band ,nd@gh reflects spectral changes

in thenearinfrared regions of the electromagnetic spectroas been characteed as being
sensitive to changes in plant water contevds linked to changes in predawn leaf water
potentials While the REP and PSRI indickave beercharactesed as beingsensitive to
changesn plant pigment contemvere linked to changes in leaf watemtent. Theseesults
support the findings of recent studhich have utilised high spectral resolution remote

sensing datand havehighlighted the importance of spdcifegions of the spectrum such as
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the red edge when investigating plant stress (@gayl 2006; Fitzgeraldet al 2006;
Blackburn 2007; Campbekt al 2007). Therefore, the results from the Hyperion high
spectral resolution study, which has shown & lbetween the red edge position and
measurement of leaf water content, corroborates the importance of this region of the

spectrum for plant water stress studies.

In this study, a subset d@he spectral reflectancendices which were investigated using
handheld spectral reflectance data as shown in Chapter 4, were successfully applied to high
spatial and medium to high spectral resolution satellite @atae general trends which were
identified from the use of satellite data to detect possible relaimnwith plant water stress

were

—_

Vegetation indices designed to capture changes in plant water content/plant water
status and spectral changes in the red edge region of the spectrum performed well
when applied to high spectral resolution remote serdaing.

I The greenness normalised difference vegetation index was considered to be a fairly
robust index, which was highly correlated to chlorophyll fluorescence and predawn

leaf water potential.

-

The broadband vegetation indices, which capture changhs wisible region of the
electromagnetic spectrum and are sensitive to changes in plant pigment content,
performed well when applied to the medium spectral resolution remote sensing data.
I The greenness normalised difference vegetation index has theigldteihe used to
map spatial patterns of wintéime plant stress for different genera/species and in
different geographical locations.
I Predawn leaf water potential measurements were found to be strongly correlated to

spectral indices derived from highcamedium spectral resolution satellite data.

These satellite investigations together with the findings from the -haldad spectral
reflectance dataconfirm that a rangef broadband and narrowband spectral reflectance
indices performed differently whempplied to various forms of multispectral and

hyperspectral remote sensing datasets.
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5.5 CONCLUSIONS

These results demonstrate the potential for using satellite remote sensing imagery to detect
and map spatial patterns of plant water stress within the WeMaat,Riverand West Wits

mining districts. Several spectral relationships, which are sensor,asik treespecies

specific have been identified and could be used to map plant water stress over the vegetated
areas within each district. Furthermore, thegree of stress can be ascertained using the
predictive relationships derived between grotmaded measurements of plant water stress;
predawn leaf water potential, leaf chlorophyll fluorescence, and leaf water content and
respective vegetation spectnaflectance indicesThe investigation of high spatial and
medium to high spectral resolution satellite data has highlighted the importance of the visible
and neaiinfrared and regkdge region of the electromagnetic spectrum. A key finding is that
vegetatbn indices, which are sensitive to spectral differences in vegetation as a result of
changes in plant water content/plant water status and plant pigment cantemhportant

when investigating plant water stress using satellite remote sensing data.
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CHAPTER 6.

EVALUATION OF AIRBORNE
MULTISPECTRAL AND HYPERSPECTRAL
REMOTE SENSING DATA TO DETECT
SPATIAL PATTERNS OF PLANT WATER

STRESS

ABSTRACT

The aim of this study was to evaluate the potential of usiatjispectral and hyperspectral
airborne remote sensingnagery to detect plant water stres§he benefits of different
platforms of remote sensing technologies have been resedgand therefore their various
capabilities for detecting and mapping spapatterns of plant water stress in the mining

areas have been investigated.

Remote sensing airborne surveys were conductetalmgl Resource International (PTY)

Ltd, South Africa andBar-Kal Systems Engineering Ltd, Israéb respectively investigate

the application of multispectral and hyperspectral airborne imagery to detect plant water
stress.Groundbased measurements of plant water sti@esdlawn leaf water potential, leaf
chlorophyll fluorescence, chlorophyll and carotenoid pigment content aniyedtaf water
contentwere carried out during July and August 2008nTindividual spectral bands and
vegetation spectral reflectance indices which are sensitive to changes in plant pigment
contentand plant water status/contemtere calculated from the airborne remote sensing
imagery. Multiple linear regressions weresedto investigate the interactions between the
districts and speciesind their respective spectral reflectance indices and plant water stress

measurements

Theresults of the multispectral airborne study revealed thiaitenoid content together with

thegreens pect r al waveband resulted in the HAbes

when using broathand multispectral airborne datddowever, when using dpbrne
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hyperspectral datar@gdawn leaf water potentialith the normalized difference water index
was selected as thmost appropriate modelJpon evaluation of the multiple linear
regression modelsjt was concludedthat the airborne hyperspectral dataduced several
more regression models with higher adjustéd/&ues (R range 6.2 76.2%) compared to
the airborne multispectral data fRange 6- 50.1). Therefore, peferencewas given to
hyperspectrahirbornedata sources based te many strongr multiple linear relationships

which were derived in this study

Keywords : airborne remote sensing datearotenoid pigment contentyperspectral,
multispectral, plant water streggedawn leaf water potentiapectral reflectance indices

6.1 INTRODUCTION

The relevance of remote sensing technologies in southern Africa has grown over the past two
decades, and has become a vital component of several research and commercial applications,
including mining exploration, environmental monitoring, pegcal mapping, agriculture
management, energy efficiency and other applications. Several different types of platforms
and sensors have been tested and utilised including digital photography, multispectral or
hyperspectral satellite and airborne sens@dar and lidar scanners and magnetic sensors.
Multispectral sensor systems commonly collect data in four to seven broad spectral bands
from the visible (VIS) and neanfrared (NIR) regions of the spectrum, while hyperspectral
sensor systems allow the tsmtion of several hundred narrow spectral bands across the
spectrum. Advancements in airborne remote sensing technologies have allowed for both
multispectral and hyperspectral images to be acquired at much higher spatial resolutions of
less than 5m, whecompared to satellite systems. Therefore, even though the spectral
resolutions of airborne and satellite systems are similar, differences in these two platforms
are strongly dependent on the spatial resolutions at which the remotely sensed images are
acqured. However, it is important to note that airborne remote sensing systems are costly to
obtain for research applications. Currently in South Africa, a platform exists only for
multispectral airborne imagers such LREV@ar{d Resource International (PTY)d,.tSouth

Africa) or ArcEagle (Agricultural Research Council, South Africa), while hyperspectral
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airborne imagers such as AISAS senso(Bar-Kal Systems Engineering Ltd, IsrpeCASI
(Hyperspectral Imaging Ltd, Canada) and HYPMAP (HyVista Cooperatiortyaliag must

be sourced from international organisations or consultants.

Considerable effort has been put into interpreting spectral data used to calculate vegetation
indices for remotely mapping temporal and spatial variations in vegetation structwed| as

as certain biophysical parameters. As mentioned in the previous chapters many indices are
based on the principle of combining information contained in the red and near infrared
region exploiting the spectral differences between these two regionseo$pectrum.
However, indices do perform differently as a result of band selection or width, changes in
near infrared reflectance due to canopy geometry, phenological conditions or due to non
photosynthetic background contribution, essentially being fadidiuenced by the spectral

and spatial resolutions of the remote sensing data (Tetksdr, 1980; Gitelsoret al.,2002
Jacksoret al.,2004). As a result relationships based on near infrared reflectance are usually
speciesspecific, due to the dependence on factors such as canopy architecture, cell structure
and leaf inclination. In contrast, reflectance in the visible region is less sjgpeieific,
because it is governed mainly by pigment content and composition such as chlorophyll
content (Chappelleet al,1992; Gitelson and Merzlyak, 1996). Canopy reflectance is
influenced by a number of factors, such as variation in soil propertiesgBanml., 2008,

canopy geometry (Curraet al, 1990), and leaf distribution, density and structure. With the
use of reference enttembers, spectral emixing has been employed to model reflectance
data as mixtures of green vegetation, -pbotosyntheti vegetation, soils and shade,
essentially modelling the combination of spectra of components in the field of view éBaret

al., 1994).

In this study, the benefits of different platforms of remote sensing technologies have been
recognised and thereforieeir various capabilities for detecting and mapping spatial patterns

of plant water stress in the mining areas have been investigated. In chapters 4 and 5, the use
of handheld and satellite remote sensing data at different spatial and spectral resolutions

were evaluated. This study (chapter 6) presented a unique opportunity to undertaken both a
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multispectral and hyperspectral airborne remote sensing campaign, and to investigate
potential linkages with plant water stress in the mining areas.

6.2 MATERIALS AND METHODS

A detailed description of the tree species, mining districts and sampling sites selected for this
study are discussed in Chapter 2. Sampling sites within the three mining districts, Welkom,
Vaal River and West Wits, were used for groubdsed measements of plant water stress

and as groundruthing sites for the remote sensing surveys. Grehambd measurements of
plant water stress were undertaken on the three sgecesnaldulensisE. sideroxylorand

S. lancean the Welkom, VaaRiver andWest Wits mining districts during July 2005 and
August 2005 (as presented and discussed in Chapter 5, section 5.3.1, Zauid Hable

5.3) were used for grounttuthing the airborne multispectral and hyperspectral remote
sensing images. Measurementsptdnt water stress were undertaken within 10 days of
acquiring the respective airborne remote sensing images. The field sampling procedures of
each groundbased plant water stress measurement, wsedpredawn leaf water potential,

leaf chlorophyll fluorscence, chlorophyll and carotenoid pigment content and relative leaf
water contentare described in Chapter 4, whereas the step by step details of the protocols

are presented in Appendx

6.2.1 Airborne remote sensing surveys

Two airborne remote sensing seys took placeduring July and August 2005. The
multispectral campaign was undertaken between 16 and 22 of July, while the hyperspectral
campaign was undertaken between 22 and 25 of August 2005. The survey areas of the

multispectral and hyperspectral rei@sensing campaigns are illustrated in Figure 6.1.
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Figure 6.1 Location of multispectral and hyperspectral surveys in the Welkom, Rieel and West
Wits mining districtsMultispectral survey areas are patterned, while hyperspectral survey
areas areunshaded.

The multispectral survey was undertaken by Land Resource International (PTY) Ltd at a
spatial resolution of 0.75 m. Approximately @20 ha, 172200 ha and 200 ha were imaged
across the Welkom, Vaal River and West Wits mining distriespectively, at an altitude of

1829 m (6000 ft) ASL (Figure 6.1). Four multispectral bands were acquired from the visible
and near infrared regions of the electromagnetic spectrum. The centre wavelengths, at which
the red, green, blue and neafrared fiters operated, were 664.7 nm, 568.4 nm, 465.9 nm
and 870.5 nm respectively. All four multispectral bands were eagbtified and geo

registered to WGS84 L027, datum Transverse Mercator.

The hyperspectral survey was undertaken bydrSystems Engineig Ltd, from Israel.
The survey was conducted with tAESA-ES hyperspectral push broom sensor, which was

composed of two cameras covering the visible and near infrared (400 to 963 nm) and
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shortwave infrared (968 to 2372 nm) regions of the electromagptairum. One hundred

and eighty narrow spectral bands were acquired at a spatial resolution 3.3 to 3.5 m across the
Welkom, Vaal River and West Wits mining districts (Figure 6.1). A total of 52 strips were
flown across the three mining districts incluglione calibration strip at 7620 m (280ft)

ASL in each mining district. All images acquired from the hyperspectral survey were
radiometrically and geometrically corrected and projected to UTM 35 S, datum WGS84
(Bar-Kal Systems Engineering Ltds, 2008tmospheric correction was performed using the
Aempirical |l ined method in which radiance
compared to reflectance values measured on the ground with a calibratethelthnd
spectrometerBar-Kal Systems Engineering Ltd2005)

Spectral signatures of several targets were collected for atmospheric calibration. In order to
ensure the quality of the growtadith data all measurements were donsiin and invivo,

and thus removing any time related effects on the tardéks.instrument was routinely
calibrated in the field every 10 to 20 measurements. In addition, in order to reduce noise,
forty measurements were obtained at each spot and the average value wdanked

Systems Engineering Ltds, 2005)

Calibrationsites used for atmospheric correction in Welkom consisted of a salt pan area
characterised by very bright, very dark and gray locations; Vaal River included a tennis
court, wet tailing surface, tailing covered with dark soil; West Wits included a taibtingge

facility, paved road side, a tilled soil plot and tarred area at a petrol station.

The images were atmospherically corrected using the empirical lines method using four
ground targets (namely tennis court, wet tailing surface, tailing coverediarikhsoil). The
atmospheric correction was applied to the calibration strip and generated a gain and offset.
The gain and offset that were generated for the calibration strip were then applied to all of
the images. Because the calibration strip crossedf #fle other images, it was used as the
reflectance reference for the other images to improve their reflectance accuracy. This was
done by identifying targets in the calibration strip with those in the other strips and

correcting their reflectance.
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6.2.2 Spectbpmetermeasurements

Spectral reflectance signatures were collected using an ASDhedahdield spectrometer
(Analytical Spectral Devices Inc, 5335 Sterling Drive, Suite A, Boulder, Colorado 80301,
USA) during late August 20034andheld spectral signateswere recorded for the three

tree species investigated aaftl specific ground targets for the calibration of the airborne
hyperspectral remote sensing images using a bare optic fibre with 25° field of view. When
atmospheric conditions were not conducteebare optic fiore measurements, all spectral
signatures were acquired with a high intensity contact probe which has an internal calibrated
illumination source. A total of 36 calibration sitesch agdry grass, parking lots, weind

dry tailing surfacs, soil plots, bright and dark surfaces of stones, tamedswererecorded

across the three mining districts.

6.2.3 Selection and derivation of the vegetation spectral reflectance indices

A total of ten individual spectral bands and vegetation specatéctance indices
investigated in Chapter 4 were selected and derived from the multispectral and hyperspectral
airborne remote sensing data (Table 6.1). Four individual spectral bands and two vegetation
spectral reflectance indices, which are sensitivehanges in plant pigment contewere
derived from the processed multispectral images red, green, blue and neafrared
spectral bands and the normall difference vegetation index (NDVI) and greenness
normalsed difference vegetation index (GND)V The two vegetation spectral reflectance
indices used in the multispectral analysis, together with four additional vegetation spectral
reflectance indices designed to capture changes in plant pigment and plant water

status/contenivere derived from thprocessed hyperspectral images.
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Table 6.1 Spectral wavelengths and reflectance indices derived from the airborne multispectral and

hyperspectratemote sensingata

Multispectral Common Spectral Reference Closest Closest
(MS) or name for Reflectance Ratio wavelengths used| wavelengths used to
Hyperspectral spectral index or Index (nm) to derive indices | derive indicesfrom
(HS) Airborne or spectral from MS imagery HS imagery
Survey region of the
spectrum
Indices sensitive to changes in plaigment content
Land
Resource
MS survey Red 664.67 International 664.67
(PTY) Ltd
(2005)
Land
Resource
MS survey Green 568.42 International 568.42
(PTY) Ltd
(2005)
Land
Resource
MS survey Blue 465.88 International 465.88
(PTY) Ltd
(2005)
Land
Resource
MS survey Near infrared 870.53 International 870.53
(PTY) Ltd
(2005)
Green
MS and HS ré?;frggﬁ?; (750 Gitelsonet al (870.53-
survey vegetation 550)/(750+550) (1996) 568.42)/(870.53 +| (750-550)/(750+550)
) 568.42)
index
(GNDVI)
Normalsed
X 870.53-
MS and HS difference (750 (
survey vegetation 676)/(750+676) Tucker (1979) 664.22)‘{(2;?53 +| (750-676)/(750+676)
index (NDVI) '
HS survey R695/R670 (695670 Carter (199) (695/670)
. (8501 71)/(850- (8501 71)/(850-
HS survey Datt index 680) Datt (1999) 680)
Plant
senescence Merzlyak et
HS survey reflectance (680-500)/(750) al. (2003) (680-500)/(750)
index (PSRI)
Indices sensitive to changes in plant water content/plant water status and plant cellular structure
Normalsed
difference (857-
HS survey - Gao (1995) (980
wg\tleDr VIGI()jeX 1241)/(857+1241) 1241)/(980+1241)
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6.2.4

Analysis of data

Multiple linear regressions weusedto investigate the interactions between the districts and

speciesand their respective spectral reflectance indices and plant water stress measurements

using GenStaf11™ edition, 2008). The general maximal multiple linear regression model

applied with the interaction factoirs Chapter 4 (section 4.2.4) hasen used:

Y(i) = bo + b1 X(i) + aylit+ @l + 915+ 92S, + dila X(i) + doLo X(i) + €,S; X(i) + €S X(i) (6.1)

where

Y (i) represents the plant water stress measurements;
X(i) the spectral indices;

L(i) represents the districts;

S(i) represents the specgies

b, represents the constant or intercept;

b; slope and;

a, g, d, e the regression coefficients.

The samestatistical approach used in the analysis of the ‘eehdl spectral reflectance data

and the multispectral and hyperspectral satellite remote sensiagwaat applied in this

study. Statistical procedures to selectfibesb or mostappropriate linear regression models

and eliminate poor combinations of spectral reflectance indices (X) and plant water stress

measurements (Ygre briefly summased below

-

Maximal models were derived from multispectral and hyperspectral airborne remote
sensing images and ground based measurements of plant water stress. Models were
ranked, screenednd thethree highest adjusted Rnaximal models which accounted

for more ttan 50%of thevariance in the datavere selected.

Model refinements included the use of stepwise regression. The adjistetli&s

for the maximal models were compared with their corresponding stepwise regression
models to determine any improvementhe imodels.

T h e d@nrbodedsti.e. best maximal model for each plant water stress measurement

(Y) and thefibest model across all combinations of X and Y resulting from the

Pagel34



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

stepwise regressionwere selected using highest adjusted *Rvalue and the
significance of the F and t probability values.
i Validation was performed for Abest 0 mooc

predicted and measured Y values determined usistgsd for paired samples.

6.3 RESULTS

Multiple linear regressions between vegetatiotgices and ground based measurements of
plant water stress were evaluated to ascertain which spectral models performed best when
applying vegetation indices derived from the airbomaltispectraland hyperspectral
spectradata. The results are discusskee subsequent sections.

6.3.1 Relationships identified using airborne multispectral data

6.3.1.1. Maximal models identified using airborne multispectral data

The maximal multiple linear regression models determined between ground based
measurements of plant waterests undertaken in July and August 2Q0&nd the six
vegetation spectral reflectance indices derived from airborne multispectraiveataranked

to ascertainwhich were the better performing models (Table 6.2). Six methods of plant water
stress were obiged in July 2005, five of which were repeated in Au@@@5. Adjusted R
values which were ranked for each methednged from a maximum of 5@4dfor thegreen
spectral waveband (568.4 nm) and carotenoid content, to a minimum &6 1&. INDVI

and chlorophyll fluorescence undertaken in July 2005. Similarly, adjustedlfes ranged
from a maximum of 51% for blue spectral waveband (465.88 nm) and carotenoid cantent
to a minimum of 6.% for NDVI and chlorophyll fluorescence measurertseundertaken in
August 2005.

Five plant water stress measurements which did not attain adfeSteluesgreater than
50% were excluded from further analyses. These included total chlorophyll (a+b) content,

chlorophyll fluorescence, leaf water conteartd predawn leaf water potential. Potential
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relationships betweeoarotenoidcontent and thgreenand blue spectral wavebands were
investigated further.

Table 6.2/ é
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Table 6.2 Adjusted Rvalues ranked in descending ordeor each maximal model derived between plant water stress measurement (Y) and spectral reflectance

indices (X)derived from airborne multispectral data

July 2005 August 2005
Chlorophyll Chlorophyll
Chlorophyll (a + b) Carotenoid (c+x) fluorescence Predawn Ieéf water Chlorophyll (a + b) Carotenoid (c+x) fluorescence
Leaf water content (Y) potential Leaf water content (Y)
Y) Y) (Fv/Fm) (Y) Y) Y) (Fv/Fm)
) )

Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance R2 for reflectance R2 for reflectance R2 for reflectance Rz for reflectance Rz for reflectance Rz for reflectance Rz for reflectance Rz for reflectance Rz for
index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal | index (nm) | maximal

(X) model (X) model (X) model (X) model (X) model (X) model (X) model (X) model (X) model
BLUE 43.3 GREEN 50.1 GREEN 20.9 GNDVI 43.9 GREEN 39.5 BLUE 46.5 BLUE 51.0 GREEN 24.0 NDVI 32.8
GREEN 42.7 BLUE 47.3 GNDVI 20.7 NDVI 41.5 RED 36.7 GREEN 42.8 GREEN 47.3 RED 11.3 GNDVI 31.2
RED 40.2 RED 42.8 BLUE 18.6 BLUE 40.5 BLUE 35.3 GNDVI 41.9 GNDVI 45.3 BLUE 11.2 IR 29.8
IR 39.7 IR 41.6 RED 14.4 RED 39.3 NDVI 35.2 IR 40.1 IR 41.4 IR 7.9 GREEN 28.7
NDVI 37.6 NDVI 40.3 IR 13.5 GREEN 38.9 GNDVI 32.4 NDVI 39.2 NDVI 39.8 GNDVI 7.8 BLUE 25.6
GNDVI 36.2 GNDVI 39.8 NDVI 10.1 IR 36.1 IR 30.4 RED 38.9 RED 39.3 NDVI 6.0 RED 25.0
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6.3.1.2. Model refinements using stepwise regression

Stepwise regression was used to refine two maximal models which were selected based on
their adjusted Rvalues. These included carotenoid content measured in July and August
2005 and thegreenand blue spectral wavebands respectively. The stepwise regression
modeling did not result in further improvements to the maximal models. Adjusted R
50.1% obtained between carotenoid content anddteenspectral waveband (July 2005)
remained the same for the stepwise regression model. Havibeeadjusted Robtained
between carotenoid content and thiee spectral waveband (August 2005) decreased by
0.1% for the stepwise regression model. Based on these yélsalteaximal model derived
between carotenoid content and greenspectral waveband with the highest adjustédR

50%was selected as the fibesto model

6.3.1.3. Selection of the best modtgdrived from airborne multispectral data

Carotenoid content together with tlggeens pect r al waveband resul
surrogate measure of plant water stress when using-bavatl multispectral airborne data.
The general statistical model which rked in six site and speciesspecific models are

reported below:

Carotenoid content 2.262 + (0.01164)GREEN + (-0.227)(L1) + (1.699)(L2) +-¢.70)(S1) +  (6.1)

(0.083)(S2) + (0.0672KREEN(S1) + ¢0.00315)GREEN)(S2) +

(0.00792)GREEN)(L1) + (-0.0156)GREEN)(L2)

(Foss~ 9.26; o< 0.001; R = 50.1)

For E. camaldulensis Vaal Riverwhere L1=L2=0; S1=S2=0: (6.1.1)

Carotenoid content = 2.262 4(01164)GREEN

For S. lancean Vaal Riverwhere L1=L2=0; S1=0; S2=1: 6.12)

Carotenoid content = 2.345 4(01479)GREEN
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For E. camaldulensish Welkom where L1=1; L2=0; S1=S2=0:

(6.13)
Carotenoid content = 2.035 40(00372)GREEN

For S. lancean Welkom where L1=1; L2=0; S1=0; S2=1: 6.14)
Carotenoid content = 2.118 4(00687)GREEN

For E. camaldulensig;h West Wits where L1=0; L2=1; S1=S2=0: (6.15)
Carotenoid content = 3.961 4(02724)GREEN

For E. sideroxylorin West Wits where L1=0, L2=1; S1=1; S2=0: (6.16)

Carotenoid content =.739 + (0.039961:REEN

The full regression analysiglepicted by Equation (6.1) which includes a summary of the
ANOVA and estimate of parameters for the multiple linear regression nwdkistrated in
Appendix 3. Site andspeciesspecific models represented by Equations (6.1.1 to 6.1.5) are

all charactesed by negative slopegxcept for the model derived f&. sideroxylonn West

Wits mining district.

A standarésed residual plot of fitted values of carotenoid content was determinassgss
differences between measured and predicted values of carotenoid when using the model
represented by Equation (6.1). The residual plot indicated that the model adequately

represented the datand there appeared to be no distinct pattern in the @htaresiduals

appeared to be normally distributed and independent.
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Figure 6.2 Standardsed residual plot of fitted values of carotenoid content usingyteen waveband
spectral reflectance model

6.3.1.4. Validation of the best airborne multispectral data

The carotenoid contergnd greenwaveband spectral reflectance model was validasiag

the method of refitting the regression model with a subset of the dmtiag excluded for

each validation run. The validation process was repeated three times, with 10 random
samples excluded for each rufhe subsets of measured and predicted datasets for each

validation model are shown in Table 6.3.
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Table 6.3 Validation modelsised to predict carotenoid contargingairborne multispectral data
Mining Green Carotenoid Carotenoid
District Sl AT et b(.’:\xr;d measured (Y) predicted (Y)

Run 1

80 0.84257 1.3844

Vaal River E. camaldulensis | 2.198 + (0.01017)GREEN 66 1.39785 1.52678

64 1.45321 1.54712

76 1.00032 1.27216

Vaal River S. lancea 2.21 + (0.01234)GREEN 61 1.42213 1.45726

86 0.91211 1.14876

Welkom E. camaldulensis 54 1.87015 1.86012

2.196 + (0.00622)GREEN 55 170476 187256

43 1.48322 1.84723

Welkom S. lancea 2.208 + (0.00839)GREEN 55 19384 174655
Run 2

93 1.62998 0.98185

Vaal River E. camaldulensis | 2.8 + (0.01955)GREEN 75 153891 133375

Vaal River S. lancea 64 1.43171 1.43056

2.836 + (0.02196)GREEN 90 123707 08596

Welkom E. camaldulensis 54 1.87015 1.8551

2.144 + ¢0.00535)GREEN 79 177191 188185

Welkom S. lancea 2.18 + (0.00776)GREEN 42 1.64729 1.85408

) . 87 1.42534 1.61035

West Wits E. camaldulensis | 3.781 + (0.02495)GREEN 75 > 35466 19846

West Wits E. sideroxylon -0.949 + (0.04315%REEN 57 1.58582 1.51055
Run 3

83 2.01695 1.26833

Vaal River E. camaldulensis | 2.139 + (0.01049)GREEN 84 0.84653 195784

65 1.58658 1.3580

Vaal River S. lancea 2.099 + (0.0114)GREEN 63 1.61668 1.3808

86 0.91211 1.1186

43 1.82382 1.83243

Welkom S. lancea 2.047 + (0.00499)GREEN oa 126194 172764

Welkom E. camaldulensis | 2.087 + (0.00408)GREEN 49 1.77191 1.88708

i . 64 2.22451 2.27264

West Wits E. camaldulensis | 4.512 + (0.03499)GREEN % 145507 104799

T-tests were used to determine if there weifeerences between measured and predicted
values ofcarotenoidcontent The statisticaltest for Run 1was signiicant at the 5%evel
(Runl (t =-2.52, 9df, P= 0.033, r = 0.866) while thet-test for thesecond and third
validationruns werenot significant(Run 2 (t = 0.08, 3df, P = 0.944, r = 0.952) and Run 3 (t
=-0.21, 3df, P =0.847, r = 0.956)
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6.3.2 Relationships identified using airborne hyperspectraltda

6.3.2.1. Maximal models identified using airborne hyperspectral data

The maximal multiple linear regression models determined between gbased
measurements of plant water stress undertaken in August a6@5the six vegetation
spectral reflectance indicederived from airborne hyperspectral dateere ranked to
ascertain which were the better performing models (Table 6.4). Predawn leaf water potential
measurementsvhich have been identified as an important measurement of plant water stress
(Chapter 2) was also included in the airborne hyperspectral analysis. Adjustealies

which were ranked for each methadnged from a maximum of 78@2for predawn leaf

water potential with the normia&d difference water index (NDWI) and a minimum of%.2

for chlorophyll fluorescence with the (695/670) spectral reflectance ratio. Two groups of
plant water stress measurements, chlorophyll (a+b) and leaf water content, which did not

obtain adjusted Rvalues greater than 50%ere excluded from further analyses.

Table 6.4 Adjusted R values ranked in descending ordefor each maximal modedletermined
between plant water stress measurement (Y)tlamdpectral reflectancéndices(X)derived
from airborne hyperspectralata

Chlorophyll (a + b) Carotenoid (c+x) ez Leaf water content R Iegf water
) ) fluorescence (Fv/Fm) ) potential
A4 (v
Spectral | Adjusted Spectral Adjusted Spectral | Adjusted Spectral Adjusted Spectral | Adjusted
reflectance R2 for reflectance R2 for reflectance R2 for reflectance R2 for reflectance R2 for
index (nm) | maximal index (nm) maximal | index(nm) | maximal | index (nm) | maximal | index (nm) | maximal
(X) model (X) model (X) model (X) model (X) model
PSRI 45.6 PSRI 56.6 DATT 70.7 NDVI 34.3 NDWI 76.2
GNDVI 43.7 GNDVI 495 NDWI 379 R695_670 32.6 DATT 74.0
NDWI 39.2 DATT 49.2 GNDVI 30.0 GNDVI 324 GNDVI 73.7
DATT 38.2 NDWI 47.2 NDVI 22.8 DATT 32.0 NDVI 64.2
NDVI 38.0 NDVI 44.6 PSRI 8.9 PSRI 31.2 R695_670 48.8
R695_670 37.8 R695_670 404 R695_670 6.2 NDWI 30.1 PSRI 39.4

Six spectral reflectance modelshich accounted for more than 5086 the variance in the

datg were found forthe airborne hyperspectral analysis. These models included the
measurements of carotenoid content, chlorophyll fluorescence and predawn leaf water
potential with adjustedR? valuesranging from 56.6 to 76%. Potential indices highlighted

from this analysis included the PSRI, DATT, NDWI, GNDVI and NDVI.
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6.3.2.2. Model refinements using stepwise regression

Stepwise regression models resulted in slight changes to the maximal models which were
selected for predawn leaf water potential and the NDWI, DATT and NDVI. The adjR3ted
values for the six maximal anthe stepwise regression models compared in Talle 6.
ranged from 76.8 to 56%. There were no differences resulting from the stepwise regression

modeling for carotenoid content and chlorophyll fluorescence.

Table 6.5 Comparison of the maximal arlde stepwise regressiomodels derivedfrom the airbore
hyperspectral data, with tHeghest adjusted R2 values exceediféf

Carotenoid (c+x) Cilterernyl e=esenee Predawn leaf water potential
) (Fv/Fm) )
)

Spectral Adjusted R2 (%) Spectral Adjusted R2 (%) Spectral Adjusted R2 (%)
reﬂectance Maximal Stepwise reflectance Maximal Stepwise _reflectance Maximal Stepwise
index (nm) index (nm) index (nm)

model model model model model model

X (&) x)
NDWI 76.2 76.8
DATT 74.0 74.7
PSRI 56.6 56.6 DATT 70.1 70.1 GNDVI 737 737
NDVI 64.2 64.6

The DATT spectral reflectance modmdrformedwell when correlated to measurements of
both chlorophyll fluorescence and predawn leaf water poter@iatilarly, the GNDVI and

NDVI index was also well correlated to predawn leaf wgbetential. The stepwise
regression model derived between predawn leaf water potential and the NDWI with the
highest adjusted R? value of 7%8vas sel ect ed as the fAbesto

hyperspectral analysis.

6.3.2.3. Selection of the best modgrived from airborne hyperspectral data

Predawn | eaf water potenti al was selected
stress when using the airborne hyperspectral data. The general, medetd between
predawn leaf water potential and the malised difference water indexrepresented by
Equation (6.2) belowincluded the interactions of different mining sites and species

investigated in this study.
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Predawn leaf water potential = 2.43-3.15)(NDWI) + (4.34)(L1) +{3.10)(L2) + 6.2)
(-1.882)81) + (0.740)(S2) + (27.60)(NDWI)(S1)
(-0.641)(NDWI)(S2)
(F7e5~ 34.96; Ko< 0.001; B = 76.8)
For E. camaldulensis Vaal Riverwhere L1=L2=0 and S1=S2=0: 6.2.1)
Predawn leaf water potential = 2.43-3.05)(NDWI)
For S. lancedn Vaal Riverwhere L1=L2=0 and S1=0; S2=1.: 6.2.2)
Predawn leaf water potential = 3.0.73.791)(NDWI)
For E. camaldulensi;y Welkom where L1=1; L2=0 and S1=S2=0: (6.2.3)
Predawn leaf water potential = 6.77-8.05)(NDWI)
For S. lancean Welkom where L1=1; L2=0; S1=0 and S2=1: (6.2.4)
Predawn leaf water potential = 7.51-8.791)(NDWI)
For E. camaldulensigh West Wits where L1=0; L2=1 and S1=S2=0: (6.2.5)
Predawn leaf water potential-8.67 + ¢3.15)(NDWI)
For E. sideroxylorin West Wits where L1=0; L2=1; S1=1 and S2=0: (6.2.6)
Predawn leaf water potential-2.552 + (24.45)(NDWI)

Six site- and speciespecific modelsrepresented by Equations (6.2.1 to 6.28re derived

using the airborne hyperspectral data. A resiglat of fitted values of predawn leaf water
potential (Figure 6.3) was used to evaluate differences between measured and predicted
values of predawn leaf water potentials determined with the model represented by
Equation (6.2).
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Standardized residuals

£
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Fitted values of predawn leaf water potential (MPa)

Figure 6.3 Standardsed residual plot of fitted values of predawn leaf water potential spectral
reflectance model

The standarnded residual plot indicated a cluster of points towards less negative predawn
leaf water potentials, representing a typical skewed distributiordet@iled egression

analysis is illustrateth Appendix3.

6.3.2.4. Validation of the best model derived from airborne hyperspectral data

Validation exercise were undertaken to test robustness of the model derived between
predawn leaf water potential and the nalised difference water index. Table 6.6 includes a
listing of the three subsets of data used for each validation run, comprising of district and
species for which the models were valid with corresponding measurements and predictions

of predawn leaf watguotential and NDWI values.
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Table 6.6 Validation models used to predict predawn leaf watsstential using airborne
hyperspectral data

Predawn
g . . NDWI leaf Wgter Predawn Ie(.':\f
District Species Fitted Models X potential water potential
measured predicted (Y)
)
Run 1
. . 1.111 -1.698 -1.045
VaalRiver | E.camaldulensis | 5 o, (5 geynDWI) 1.083 0.832 0.943
1.115 -0.606 -1.059
1.211 -0.788 -1.444
Vaal River S. lancea 3.81+(4.339)(NDWI) 1.088 -1.184 -0.912
1.106 -1.590 -0.987
. -0.044 -0.818 -1.857
Welkom E. camaldulensis -2.02+¢3.66)(NDWI) 0.037 000 1884
Welkom S. lancea -1.23+¢4.339)(NDWI) -0.133 -0.488 -0.652
West Wits E. camaldulensis -0.67+¢3.66)(NDWI) -0.013 -0.816 -0.624
Run 2
Vaal River E. camaldulensis 1.085 -0.722 -1.040
2.55+¢3.31)(NDWI) 1127 20.632 1.180
. 1.092 -1.020 -0.925
Vaal River S. lancea 3.423+¢3.982)(NDWI) 1106 1490 0.982
. -0.044 -0.818 -1.913
Welkom E. camaldulensis -2.06+¢3.31)(NDWI) 0.083 1450 1785
0.058 -0.730 -0.901
West Wits E. camaldulensis -0.71+¢3.31)(NDWI) 0.014 -0.502 -0.755
-0.076 -0.460 -0.460
West Wits E. sideroxylon -2.353+(24.51)(NDWI) -0.004 -4.514 -2.454
Run 3
Vaal River E. camaldulensis 1.096 -0.424 -1.060
2.71+¢3.44)(NDW) 1.082 -0.838 1.012
1.225 -0.842 -1.508
Vaal River S. lancea 3.455+¢4.051)(NDWI) 1.127 -1.050 -1.110
1.106 -1.590 -1.024
-0.117 -0.512 -0.721
Welkom S. lancea -1.195+(4.051)(NDWI) 0111 0.850 0745
Welkom E. camaldulensis -1.94+¢3.44)(NDWI) -0.083 -1.450 -1.654
) . -0.031 -0.482 -0.572
West Wits E. camaldulensis -0.68+(3.44)(NDWI) 0.096 0.438 0349

T-tests for paired samplesvere used to determine if there weddferences between
measured and predicted valuespoédawn leaf watepotential The statistical tests for all

three validation runs confirmed that there were no significant differences between measured
and predicteghredawn leaf water potential (Run 1 (t = 0.34, 9df, P = 0.739, r = 0.369); Run

2 (t =0.02 9df, P = 0.983, r = 0.763) and Run 3 (t = 1.13, 9df, P = 0.288, r = 0.616))
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Pearson correlation coefficientsr Run 2 and Run $dicatel areasonably goodorrelation
between measured and predicted valuggedawn leaf water potentfat> 06).

6.4 DISCUSSION

Vegetation spectral reflectance indices, which were previously tested usinghdidnd
spectral reflectance measurements (Chapter 4) and satellite medium and high resolution
remote sensing data (Chapter 5), were successfully applied to theairboltispectral and
hyperspectral remote sensing d&averal significant spectral relationships (Fprob < 0.001)
were identified between carotenoid content, chlorophyll fluorescence and predawn leaf water
potential and various vegetation indices derivedrom airborne multispectral and
hyperspectral remote sensing d&ame common trends identified when using the airborne
multispectral and hyperspectral remote sensing data to detect spatial patterns of plant water

stress included:

-

Vegetation indices de&med to capture changes in plant pigment content performed
well when applied to both the multispectral and hyperspectral remote sensing data.
I The DATT (1999) spectral reflectance model (8§5010)/(850i1 680) is considered

to bea fairly robust index whibh was correlated to ground based measurements of

chlorophyll fluorescence and predawn leaf water potential.

-

Predawn leaf water potential measurements were found to be strongly correlated to
spectral indices derived from the visible, nedrared and shttwave infrared

region of the airborne hyperspectral data.

The greenand blue individual spectral wavebands extracted from the visible regiaheof
airborne multispectral datand which are sensitive to changes in plant pigment content were
correlatedto total carotenoid pigment content. The spectral reflectance model dierive
between carotenoid content agceenspectral waveband resulted in sike- and species
specific spectral modelsThese relationships were in accordance with several studies

repated on the sensitivities of plant pigments within the visible and infrared region of the
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spectrum (Gaussman, 1977; Lichtenthaler, 1987; Custaral, (1995); Gitelson and
Merzylak, 1996; Blackburn, 1999; Datt, 1999).

Several more useful relationships were identified between vegetation indices derived from
the airborne hyperspectral data and ground measurements of plant water stress, as compared
to the multispectral analysis discussed in section 6.3.1.3. Six potgecila reflectance

models were highlighted from the airborne hyperspectral analysis for carotenoid content,
chlorophyll fluorescence and predawn leaf water potential. Spectral reflectatices
designed to capture changes in plant pigment content (FB¥DVI, NDVI, DATT) and

changes in plant water content (NDWI) were identified as useful spectral indices resulting
from the airborne hyperspectral analysis.

It may also be concluded, upon evaluation of the multiple linear regression models, that the
airborne hyperspectral data produced several more regression models with a higher adjusted
R? values (R range 6.2- 76.26) when compared to the airborne multispectral datd (R
range 6- 50.1). These differences could be attributed to theslspectral senscacquiring

more detailed information on the plant spectral properties at a higher spatial and spectral
resolution. Furthermore, it can also be concluded that the four central wavelengths (465.88;
568.42; 664.67 and 870.53 nm) acquired from the visible rewFred region of the
spectrum using theultispectrakensor displayed a lower spectral relationship to plant water

stress.

6.5 CONCLUSIONS

From this studytican be concluded that airborne multispectral and hyperspectral remote
sensing technologies can be used to detect plant water stress for the three &pecies
camaldulensisk. sideroxylorandS. lanceawithin the Welkom,\Vaal River and West Wits
mining districts. Preference is given to hyperspectral data sources basdw omany
stronger multiple linear relationships which were derived in this sty resultedrom the
narrow bandwidth characteristics of the hyperspectral imagery. In general, there will always

be a tradeoff between multispectral and hyperspectral systemsdestwgpectral and spatial
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resolutions. High spatial and spectral resolution imagery is more expensive to acquire and
process than broastale low resolution imagery. While it may be easier to map plant water
stress more accurately from airborne imagerytaterapplications may warrant the use of
satellite data due to the higher relative costs associated with airborne systems. Furthermore,

technologies must be repeatable and cost effective for operational use.
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CHAPTER 7.

CORRELATION OF PLANT STRESS
PATTERNS TO SITE CHARACTERISTICS IN
THREE GOLD MINING DISTRICTS IN
CENTRAL SOUTH AFRICA

ABSTRACT

The objective of this study was to correlate spatial patterns of trees which were not
experiencing wintetime water stress (unstressed areas) to site characteristics such as
geology, soils, groundwater chloride and sulphate, total dissolved solids, electrical
conductivity and groundwater wat&vel within the Welkom, Vaal River and West Wits

mining districts.

The spectral reflectance model derived between predawn leaf water potentia¢ ndeth
normalised difference vegetation index using brbadd multispectral Proba Chris satellite
data vasused to map spatial patterns of unstressed trees across three mining districts. Very
high resolution (75 cm) multispectral airborne images acduseLRI in 2005 were used to
demarcate and classify vegetatidfour commonly used statistical classifying techniques
were used in the classification process which included maximum likelihood, minimum
distance, Mahalanobis distance and parallelepiped. miaeimum likelihood supervised
classification technique achieved the highest kappa coefficients and overall accuracies, and
was therefore selected as the most appropriate method for classifying vegetation and

different landcovers

Spatial maps of averageoil depth andaverage percentage clay in the topsoil and
interpolated surfaces of groundwater chloride and sulphate concentrations, total dissolved
solids, electrical conductivity, pH and groundwater table levels were created using the
kriging geostatistal interpolation techniqueSpatial interpolation is widely used for

creating continuous data from discrete or point data. Spatial interpolation has also been well
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accepted amongst GIS developers and specialists, with the inclusion of interpolation
technques in well renowned GIS software packages such as ESRI Arc Info and ArcGIS
packages. In this study ordinary kriging which is commonly used in GIS studies was applied.
The default spherical model with a variable radius was selected due to the sparse and
irregular location of the observatigoints. Randomsample analyses between stressed and
unstressedrees were extracted in order to determine whether site characteristics were

significantly different (using-tests)

The interpolated site characteristic surfaces which were significantly different from stressed
areaswere spatially linked tdreeswhich were not experiencing wintéme plant water
stress, in order to recommend and prioritise sites for the establislohduture block
plantings. Groundwatertable levels were nogignificantly different between stressed and
unstressed areas at all sitéhis implies that unstressed sites which have been identified in
each mining district do have access to groundwatengithe drier winter seaspand other
factors could be contributing to plant stre&s has been reported at the beginning of the
thesis, this research project was heavily dependent on trees growing singly, in rows or in
small groups, which experiencedwler levels of competition from neighbouring plants.
Therefore, these trees would have had a greater opportunity for extending root systems
laterally, and the link between dry season tree water stress and groundwater accessibility

could be have been influeed.

Earlier studies have reported on the surrounding lands and water systems of the Welkom,
Vaal River and West Wits mining district to show increasing salinity levels over the years
(Roos and Pieterse, 1995; Vivetrr al, 2001; Naickeet al, 2003; Wirde et al, 2004a,b,c).

An evaluation of the site characteristic data indicates that salinity levels possibly do affect
whether trees are stressed or unstressed, as these characteristics such as groundwater
chloride and sulphate concentrations, total dissmiblsolids and electrical conductivity
displayed significant differences between stressed and unstressed areas in the three mining

districts.
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Larger areas of unstressed sites were identified and are recommended for future plantings of
trees in the West W& mining region compared to smaller areas recommended in the
Welkom and Vaal River districtsThe resistivity surveys clearly highlight areas of
groundwater saturation, shallow groundwater tables in some areas, and possibly higher
salinity levels. In sug areastrees could thrive, access contaminated water seeping from
TSFs and reduce lateral flows into groundwater river systems. Also, the high salinity values
are indicative of the contaminant flows from the TSFs, where again trees could possibly
sequestecontaminants in the area and reduce lateral pollution into surrounding areas over
time.

Keywords: geostatistical interpolation, sitharacteristics, spectnaflectance model,

supervised classification, unstressed trees

7.1 INTRODUCTION

In previouschaptersspectraplant water stress relationships were investigated using various
sources of remote sensing daia leaflevel spectroscopy (Chapter 4), medium to high
resolution satellite earth observation data (Chaptearg multispectral antdypespectral
airborne remote sensing imagery (Chapter 6). Frosethgestigations iis now possible to
distinguish sites at which trees show wirtiiene water stress (stressed areas), from those
where the trees show no such water stiesgfessed areasvithin each miningdistrict.
Furthermore within each mining distrigtthe site characteristics suchs geology, soils,
salinity (Qroundwaterchloride and sulphate, total dissolved solids, electrical conductivity)
and groundwatertable level (Weiersbye,2008) which are important indistinguishing
unstressed areasidwhich are significantly different from stressed aremere investigated.

In this chaptethe methodology fomapping spatial patterns of unstresseéreasandtheir

site characteristicare recommended for future plantings in each miiistrict, to assist in

containing and reducing contaminated seepage water from the TSF
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7.2  MATERIALS AND METHODS

In this chapterspatial patterns of unstressedareas and their site characteristic&’hich

could be recommended for future block plantings were identified. High resolution
mulitispectral remote sensing imageryaswsed to classify vegetation per tree species
investigated in each mining districe. Vaal River E. camaldulensisS. lancey Welkom

(E. camaldulensisS. lancea and West WitsE. camaldulensisk. sideroxyloi Thesehigh
resolutionclassifiedvegetation maps were then ugectlip unstressed tree specimsdeled

using the spectrahodelreportedon in section 5.3.2.8e. PLWP and thegreen normased
difference vegetation index (GNDVI)To obtain a spatial distribution of site characteristics
within each mining district, a geostatistical interpolation technique was used to create raster
layersof groundwater chloride and qliate concentrations, total dissolved solids, electrical
conductivity, pH,groundwater table levgl soils and geologfor each sampling ared he
spatial distribution ofinstressedtrees wasthen correlatedo particular site characteristics
that may berecognised and used to prioritise sites for the establishment of future block

plantings

7.2.1 Vegetation classification

Very high resolution (75cm) multispectral airborne images acquired by LRBulin2005
were used to demarcate and classify vegetation across the three mining diBhests.
multispectral airborne images were selected to classify the vegetatida thegr very high
spatial resolutionallowing for spatial discrimination between diféat spectral features and
objects on the ground:he neatinfrared band was specifically used to highlight trees and
other landcover classes these districts. Regions of interest (ROIsy)hich were ground
truth in the field,were created foeach tree @ecies investigated this studyper mining
district i.e. Vaal River . camaldulensisS. lancey Welkom E. camaldulensisS. lancea
and West Wits . camaldulensisk. sideroxyloh and the three commdandcoverclasses
characteristic of the miningareas namely tailing storage facilitiesgrasslandipen
woodlandsand rivers. TheseROIs spatially represeetd the dominant spectral features of

each mining district.
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Regions of interest may be defined within the context of remote sensing as areasagen
which contain pixels of the same spectral characteristics which represent thiarsacoeer

or vegetation typeRegions of interest were selected using ground control points and high
resolution aerial photos, which were verified during field survegdertaken in 2005.
Several studies on vegetation classificatimng different sources of remote sensing data
have shown thathe performance o$tatistical classifierean varywith vegetation types
(Kruceet al, 1993; Lillesand and Kiefer, 1999; Castsau, 2004; Govendet al, 2008)

Due to this variability, four commonly used statistical classifying techniques were used in
the classification process. These techniques included maximum likelihood, minimum
distanceMahalanobis distance and parallelepigeodody, 2004; Foody and Mathur, 2006).

In remote sensing applications the term classification accuracy is used to express the degree
to which aclassified remote sensing image represents reglfgody, 20@). Accuracy
assessments are important not only for evaluating the suitadilithfferent classification
techniques but alséor providing an indication ofthe quality of map produced (Foody,

2004). Thomlinsonet al (1999) suggested an overall accuragygreater than 85% as an
indicator of superior classification. A confusion or error matrix forms the building blocks of

an accuracy assessment (Congalton and Green, 1993; Congalton, 1994; Foody, 2004). The
confusion or error matrix can be described asj@are array of numbers set out in rows and
columns which express the number of sampling units (pixels) assigned to a particular class,

relative to the actual class verified on the ground (Congalton and Green, 1993).

Accuracy assessments were used terddhe which statistical classifier productm best
classification resultsThree measures of a classification accuracy anabyigis kappa
coefficient of agreement, overall accuracy and user accunaarg used in this studyhe

kappa coefficient ofagreementis a statistical measure used to describe the accuracy of
spatial data sets (Foody, 200@pngalton and Mead, 1983). Landis and Koch (1977)
categorisedhe possible ranges of tHeppa coefficient of agreemeito three groups
where a value geger than 0.8 represents strong agreement; a value between 0.8 and 0.4

represents moderate agreement and a value below 0.4 represents poor agféemeetall
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accuracy is the number of correctly allocated classes, which is most commonly used in
vegetaton studies as a measure of how accurately a remote sensing image has been
classified The kappa coefficient of agreement and the overall accuracy (>&ffited by

Foody and Mathur (2006yvhich are two commonly used measures of a classification
accuracyanalysis,were used to select the most suitable statistical classifier for vegetation
classification in thisstudy. Theu ser 6 s accuracy indicates the
classified on the map represents the saategory or class on the grountherefore the
user6s accuracy was used to evaluate how wi

for a specific statistical classifier method.

The results of each supervised classification performed for each mining district are shown in
Tables7.1 to 7.3. The maximum likelihood supervised classification technigcigieved the
highest kappa coefficients and overall accurgcéesl was thereforeselected as the most
appropriate method for classifying vegetation and diffedantdcoversacross all three

mining districts.

Table7.1  Accuracy assessmertbthe supervised classificatiofta the Vaal River mining district

Supervised classification methodand | User Accuracy (%) | Kappa coefficient | Overall accuracy ©6)
% Ground truthing pixels

Mahalanobis distance 0.90 94.02

Searsidancea (1.03%) 48.96

Eucalyptus camaldulensiD.69%) 62.19

Grasslanddpenwoodlands (36.51%) 87.21

Tailing storage facility (41.02%) 100

River (20.76) 100

Maximum likelihood 0.99 99.35

Searsidancea 52.61

Eucalyptus camaldulensis 81.80

Grasslanddépenwoodlands 100

Tailing storage facility 99.93

River 100

Minimum distance 0.93 95.97

Searsidancea 50.31

Eucalyptus camaldulensis 67.41

Grasslanddpenwoodlands 91.56

Tailing storage facility 100

River 99.65

Parallelepiped 0.45 56.84
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Searsidancea 1.69

Eucalyptus camaldulensis 2.46

Grasslanddpenwoodlands 0

Tailing storage facility 100

River 72.52

Table7.2  Accuracy assessmentbthe supervisedassificationsfor the Welkom mining district

Supervised classification methodand
% Ground truthing pixels

User Accuracy (%)

Kappa coefficient

Overall accuracy (%)

Mahalanobis distance 0.91 94.26
Searsidancea (1.05%) 20.83

Eucalyptus camaldulensiél.3%) 37.52

Ploughed lands/veld (30.6%) 99.92

Tailing storage facility (45.2%) 99.96

Pan (dry)- (21.85%) 99.39

Maximum likelihood 0.96 97.55
Searsidancea 24.91

Eucalyptus camaldulensis 88.13

Ploughedands/veld 100

Tailing storage facility 99.99

Pan (dry) 99.88

Minimum distance 0.90 93.46
Searsidancea 22.18

Eucalyptus camaldulensis 62.71

Ploughed lands/veld 91.39

Tailing storage facility 99.96

Pan (dry) 99.95

Parallelepiped 0.47 55.96
Searsidancea 2.13

Eucalyptus camaldulensis 0

Ploughed lands/veld 0

Tailing storage facility 100

Pan(dry) 95.76

Table7.3  Accuracy assessmermtfthe supervisedassificationgor the West Wits mining district

Supervisedclassification methodsand
% Ground truthing pixels

User Accuracy (%)

Kappa coefficient

Overall accuracy (%)

Mahalanobis distance 0.86 89.97
Eucalyptus camaldulensig4.42%) 1.15

Eucalytpus sideroxyler(24.47%) 99.02

Grasslanddpenwoodlands (29.87%) 91.59

Tailing storage facility (21.10%) 100

River (20.14) 99.83

Maximum likelihood 0.94 95.58
Eucalyptus camaldulensis 1.95
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Supervisedclassification methodsand | User Accuracy (%) | Kappa coefficient | Overall accuracy (%)
% Ground truthing pixels

Eucalytpus sideroxylon 99.81

Grasslanddpenwoodlands 99.99

Tailing storage facility 99.87

River 100

Minimum distance 0.90 93.12

Eucalyptus camaldulensis 1.45

Eucalytpus sideroxylon 98.76

Grasslandépenwoodlands 99.66

Tailing storage facility 100

River 97.64

Parallelepiped 0.49 56.35

Eucalyptus camaldulensis 0.29

Eucalytpussideroxylon 0

Grasslandépenwoodlands 100

Tailing storage facility 99.98

River 100

In Table 7.3, extremelylow user accuracies were determined Eorcamaldulensisvhen

using the Mahalanobis distance, maximum likelihood and minimum distance statistical
classifiers, while parallelepiped resulted in low user accuracies for Ehathmaldulensis
andE. sideroxylon Only oneEucalyptusspecies could be mapped more accurately than the
other as shown with the maximum likelihood and minimum distance methods, while both
Eucalyptusspecies wea not classified well when applying the parallelepiped method. These
results imply that the spectretharacteristics of the twBucalyptusspeciesg. camaldulensis

and E. sideroxylon were similar in this remote sensing data set and therefore separation

during the vegetation classification process was difficult.

The maximum likelihood supervised cldgstion technique was then used to produce high
resolution vegetation maps for each tree species investigated in each mining district i.e. Vaal
River (E. camaldulensisS. lancey Welkom E. camaldulensisS. lancea and West Wits

(E. camaldulensisk. sideroxylon. These high resolution classified vegetation maps were
then used to clip unstressed tree species modelled using the spectratapodeld on in
section 5.3.2.8e. PLWP and thgyreen normased difference vegetation index (GNDVI)
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7.2.2 Mapping spatial patterns of unstressed trees

The principal aim of this study was correlate the spatial distribution whstressed treeso
particular site characteristics that may be recognised and used to prioritise sites for the
establiiment of future blockplantings. Therefore the geographic information system
workflow processing focussed on producigigatial mapsof unstressedtrees which are
illustrated in subsequent maps in thehapter It is noted that areas not categorised as

unstressed are considerdessed by the spectral reflectance model.

Several vegetation spectral reflectance models were investigated using different types of
remote sensing dat a, as shown in Chapters

which were selected from each study is shown in Tadle

Table7.4  Best perfoming spectral reflectance models derived from leaf, satellite and airborne remote
sensing data.

Type of Remote Surrogate Spectral Reference to Adjusted R?
Sensing Data Measurement of | Reflectance Ratio M odel(s) (%)
Plant Water or Index
Stress
ASD spectrometer: leaf Chlorophyll b DATT index Section 4.3.2.3 69.3
level spectral reflectanc
signatures
Satellite: multispectral Predawn leaf Green normalised Section 5.3.2.3 84.8
imagery water potential difference
vegetation index
(GNDVI)
Satellite:hyperspectral Predawn leaf Water band index  Section 5.3.3.3 90.5*
imagery water potential (WBI)
Airborne: multispectral Carotenoid GREEN Section 6.3.1.3 50.1
imagery content
Airborne: hyperspectral Predawn leaf Normalised Section 6.3.2.3 76.8
imagery water potential difference
vegetation index
(NDVI)

*model derived for the West Wits mining district

The adjustedR? values were used as a criterion for selecting a common model for mapping
spatial patterns of plant water stress across all three mining districteighest adjusted R?

value (90.5%) was obtained for the model derived betwwedawn leaf water potentia
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(PLWP) and the water band index (WBNhen using hyperspectral satellite imagery.
However, this model was derived only for the West Wits mining district and, as this study
has clearly illustrated, that reflectance models are sitel speciespecific, his model

should not be applied across the Vaal River and Welkom mining districts.

The model with the next highest adjuste#l(84.8%) wasderived between PLWP and the
green normased difference vegetation index (GNDVIsing broaeband multispectral
Proba Chrisatellite data. Six siteand speciespecific models reported on in section 5.3.2.3
resulted from this study, and were selected to map spatial pattarnstofssed treesHigh
resolution classified vegetation maps were used to clip undirésses per tree species
investigated in each mining district during the dry winter seas®ishown in Figur&.1 to
8.6.Tree plantations are rare in these mining districes)ce vegetation in the landscape is
very patchy. Sample sites used in the deiovaof the site and speciespecific models
reported in section 5.3.2.3 were selected fepamds, single trees or rows of trees and small
plot species trialgrowing in each mining districts illustrated by Figure 2.4(Chapter 2).
Therefore the spatigdatterns of unstressed treesiethare illustrated in FiguresTto 7.6
are verypatchy.Is noted though that areas not categorised as unstrassednsidered
stressed by theLWP GNDVImodel.

It is important to remember that even though the PLWP GNDb&4$ selected as the most
appropriate model to identify where trees would most likely not experience stress during the
dry seasonR.2 of 84.8%)the time of year upon which these analysis are based must be
considered in the interpretation of thesults.Plant water stress measurements undertaken
during July 2005 and August 2005 were used for grawutiing the Proba Chris imagess
discussed previously in Chapter Bhaugh a total of four Proba Chris images welanned

for acquisition for the Welkonyaal River and West Wits mining districts during July and
August 2005, only the Vaal River images were acquiathg the dry winter seaspdue to

an increased demand for Proba Chris data from various countries participating in the Tiger
initiative. Prota Chris images for Welkom were obtained during early October 2005, and for
West Wits during late November 2Q0bhese images were correlated to predawn leaf water

potential measurements undertaken during July and August 2005. However, a strong
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correlationbetween remote sensing satellite imagery and the ground truthing measurements
were still found(Rz2 of 84.8%)
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Figure 7.1 Spatial patterns of unstressétlicalyptus camaldulerssisites mapped in the Welkom
mining district using the Predawn leaf wateotential and the Green normalized
difference vegetation index derived from Proba Chris satellite imagery
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Figure 7.2 Spatial patterns of unstress&garsia lanceaites mapped in the Welkom mining district

using the Predawn leaf water potential and Geeen normalized difference vegetation

index derived from Proba Chris satellite imagery

Figure 7.1 and7.2 highlight the spatial patterns of unstressed trees mapped in the Welkom
mining district using the predawn leaf water potential and the green normalized difference
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vegetation indexIt is noted that these patterns were determined udioba Chris images
obtained during early October 2005, which could have an effect on the spatial patterns
required for the dry winter season when trees may not be accessing groundwater. The area is
also fairly flat with altitudinal difference of approximately 2.7%. Themrivetwork shown in

the map is fairly disconnected, which is common for flat areas, as the digital elevation model
which is normally used to derive river networks would have sinks, making it difficult to map
river flow paths Unstressed trees mapped do fadlow any specific river network. ThE.
camaldulensisrees are dominant on the Aelddd type Areas where irrigation centre pivots

exist were mapped, indicating that thgectral model could be sensitive to vegetation and
water present in these are&s.lanceasites were mapped predominantly on the Dol

type TheS. lanceaalso highlighted areas around the pans, which could once again be an

indication of the model being sensitive to higher water content in the soil.

Spatial patterns of unstressedcamaldulensiandS. lanceasitesweremapped in the Vaal

River mining district using theredawn leaf water potential and theegn normalized
difference vegetation index derivethe spatial patterns of unstressed trees were mapped for
Vaal Riverusing Proba Chris satellitémagerywhich was acquiredduring the dry winter
seasonHowever, as is shown is Figure37and 74 unstressed trees are sparse and are
dominant in the north west and south east areas of the map. It is surprising that spatial
patterns of unstressed trees were not identified downstream of the TSFs. Unstressed trees
mapped in the north west areas of the mining district are located along the river network.
However, it is interesting to note that there are not many unstressednappsed along the

main Vaal River channel, except for a f@wlancessites. Figurer.3 and7.4 imply that there

are very few sites where trees would access water during the drier winter months.
Alternatively these results could be affected by the lafck. camaldulensiendS. lancea
sitescurrently growing in the Vaal River mining district. Howev#rthis assumption were

accepted then the same would apply to the Welkom and West Wits mining district.
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Figure 7.3 Spatial patterns of unstresséaicalyptuscamaldulens sites mapped in the Vaal River

mining district using the Predawn leaf water potential and the Green normalized

difference vegetation index derived from Proba Chris satellite imagery.
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Figure 7.4 Spatial patterns of unstress&@karsia lanea sites mapped in the Vaal River mining

district using the Predawn leaf water potential and the Green normalized difference

vegetation index derived from Proba Chris satellite imagery
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Figure 7.5 Spatial patterns of unstressé&aicalyptus camaldulerssites mapped in the West Wits

mining district using the Predawn leaf water potential and the Green normalized

difference vegetation index derived from Proba Chris satellite imagery
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Figure 7.6 Spatial patterns of unstressé&tlcalyptus sideroxylosites mapped in the West Wits

mining district using the Predawn leaf water potential and the Green normalized

difference vegetation index derived from Proba Chris satellite imagery.

Figure7.5 and7.6 display the spatial patterns Bf camaldulensisind E. sideroxylorsites
mapped in the West Wits mining district respectively. A high mean annual rainfall is
characteristic of the region when compared to the Welkom and Vaal River mining districts.
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Furthermore, the area haslenseriver network as is clebr shown in Figure§.5 and7.6.
Unstressed sitearealso identified along the riparian zones. Unstressed trees were identified
across the West Wits mining district and also around the TSFs. It is also noted a maximum
number of unstressed sitesasvmapped in this district which also coincides with the

Eucalyptusplantations currently growing in this area.

7.2.3 Creation of spatial layers of site characteristic data

Existing site characteristic datasets were obtained for each mining district for pehioctls w
overlapped with the remote sensing data analyaesording to the acquisition periods
detailed in section 5.2.1 Measurements ofgroundwater chloride and sulphate
concentrations, total dissolved solids, electrical conductivity, grblundwater tabléevels,
soils and geology datavhich were undertaken by Africa G&mvironmental Services
(AGES), School of Animal Plant and Environmental Scier(@d2ES) at the University of
the Witwatersrand and Anglogold Ashantiere sourced from Weigsye (2008). Aditional
soils data were obtained froran Agricultural Research Councilandtype database
developed for South AfricdISCW, 1993).Landtype datafor the three miningdistricts
included the averageoil depth, depth classes pgandtype average topsoil clay percentage
and the clay content class gandtype for the soil profile(ISCW, 1993).According to the
ISCW, soil surveysused to produce thiandtype databasewvere undertakenduring the
cooler winter monthsusing standard soil gers and with samples taken to a maximum
depth of 1.2 n{ISCW, 1993)

To obtain a spatial distribution of site characteristics within each mining district, a
geostatistical interpolation technique was used to create raster layers for each sampling area
for which data were available Interpolation techniques are useful as they can be used to
predict information for any geographical location by making the assumption that spatially
distributed objects are spatially correlated and therefore would tend to diandar
characteristics (Juareg al,, 2001).
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The kriging method was selected as the most appropriate interpolation technique for this
study as it utises the statistical properties of the measured sample points, thereby
incorporating the statistical properties of the measured data in the ciatggublated
surface or raster layer. Interpolated surfaces groundwater measurements incled
groundwater chloride and sulphate concentrations, total dissolved solids, electrical
conductivity, pHandgroundwater table levelwere created within each mining district using

the ArcGIS (version 9.3, 2009) software package

A listing of all observation points whiclvere used to create the interpolatgdundwater
hydrochemistry andjroundwater table levedurfaces for each mining district shown in
Appendix 3. In the Welkom mining district, 23 observation sampling points were used to
interpolate 83.21 km? to createspatial representation gfoundwateichloride and sulphate
concentrations, electrical conductivity, @rdtotal dissolvedsolids, whileeightobservation

points were used to interpolate 51.27 km? to create a spatial representation of the
groundwatetable level Similarly, in the Vaal River and West Wits mining districts, 19 and

23 observations were used to create 92.42 km? and 64.48 km? interpolated surfaces for
groundwater chlorideand sulphate concentrations, electrical conductivity, gtd total
dissolvedsolids, whilel5 and 9 observation points were used to create 16.94 km2 and 24.71
km?2 groundwater table levesurfaces respectivelyit must be acknowledged that site
characteristic data i.e. sampling point data obtained for tlaesas, andespedally
groundwater table levelata were minimalHence thespatial extent ointerpolated surfaces

and subsequent analysgere constrainetly these datasets.

7.3 RESULTS
7.3.1 Differences between the site characteristic data of stressed and unstressed
sites

For each mining distrigtspatial patterns of stressed and unstressed sites were magipgd
the six site- and speciespecific models reported on in section 5.3.218rived between
PLWP and GNDV] using broaeband multispectraProba Chrissatellitedata As a specific

aim of ths study was to correlate the spatial distributionuottressed treedo particular
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site characteristics that may be recognised and used to prioritise sites for the establishment of
future block plantings, spatial patterns ohstressedtrees have been illustrated in
subsequent maps in thekapter and irFigures 7.1 to .B. It is noted though that areas not

categorised as unstressm@considered stressed by tReWP GNDVImodel.

In order to tesfor significant differences between site characteristic datéhtesestressed

and unstressettees a random sample of one hundred poingsselected per tree species

for each mining district for stressed and unstressed areas. Site characteristiatioforas

then extracted for the two hundred sample points (stressed and unstressed points) per mining
district. This included information on the average percent clay in the topsoil, average soil
depth, groundwatermeasurements ofhloride concentration, lectrical conductivity, pH,
sulphate concentration, total dissolved solidsnd the groundwater table levelThese
variables wereonsidereds important site characteristics for each region and for which data
were available (Weiersbye, 2006; 2008). Geoliag information system analyses were

performed usinghe ArcGIS (version 9.3, 2009) software package.

A t-test was then used to test for statistically significant differemcéise average percent
clay in the topsoil, average soil depginpundwatemeasurements afhloride concentration,
electrical conductivity, pHsulphateconcentration, total dissolved solids agbundwater
table level between stressed and unstressedsper species for each mining district using
the Genstat (11 edition, 2008 statistical software package. Results from thests are
shown in Tablsr.5, 7.6 and 77 for the Welkom, Vaal River and West Wits mining districts

respectively.

Table7.5 Comparisons (mean+standard deviatiarf)the site characteristics geology, soils, salinity
and groundwater table levebetween stressed and unstressed treesEwtalyptus
camaldulensisand Searsia lancedn the Welkom mining district. Differences between
stressed and unstressed trees per species tested usingtests (P<0.05

Mining Tree Species Site Data Plant Sample | Mean Standard | T test Degree Probability
district water size deviation of value (P)
stress freedom
(df)
Welkom | Eucalyptus Topsoil clay | Unstressed 100 10.32 2.910 -2.13 187 0.035
camaldulensis (%) Stressed 89 11.27 3.258
Soil depth Unstressed 100 1116 219.1 2.13 187 0.035
(mm)Soil Stressed 89 1044 245.4
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Mining Tree Species Site Data Plant Sample | Mean Standard | T test Degree Probability
district water size deviation of value (P)
stress freedom
(df)
depth (mm)
Chloride Unstressed 100 4811 2969 6.31 198 <0.001
(mg/l) Stressed 100 2259 2746
Electrical Unstressed 100 1252.9 714.8 6.39 198 <0.001
conductivity Stressed 100 628.5 667
(mS/cm)
pH Unstressed 100 8.244 0.1358 2.20 166 0.029
Stressed 100 8.188 0.2169
Sulphate Unstressed 100 1244.7 721.7 6.39 198 <0.001
(mg/l)
Stressed 100 614.6 671.4
Total Unstressed 100 10983 6383 6.50 198 <0.001
dissolved
solids (mg/l) Stressed 100 5325 5926
Water level Unstressed 91 6.784 1.831 -1.12 152 0.266
(mbgl)
Stressed 63 7.110 1.705
Searsidancea | Topsoil clay | Unstressed 65 15.20 0.000 9.72 152 <0.001
(%) Stressed 89 11.27 3.258
Soil depth Unstressed 65 748.3 0.000 9.72 152 <0.001
(mm) Stressed 89 1044.3 245.4
Groundwater | Unstressed 100 1439 1147 -2.76 132 0.007
chloride Stressed 100 2259 2746
(mg/1)
Electrical Unstressed 100 467.3 272.5 -2.24 131 0.027
conductivity Stressed 100 628.5 667.0
(mS/cm)
pH Unstressed 100 8.626 0.0719 19.18 120 <0.001

Stressed 100 8.188 0.2169

Groundwater | Unstressed 100 631.4 256.2 0.23 127 0.816
sulphate Stressed 100 614.6 671.4
(mgll)
Total Unstressed 100 3744 2462 -2.46 132 0.015
dissolved
solids (mg/l) Stressed 5325 5926
Water level Unstressed 98 9.958 1.700 10.36 159 <0.001
(mbgl)
Stressed 63 7.110 1.705

An analysis of themears extractedfor E. camaldulensisn the Welkom mining district
indicatead that all site variableslisted in Table7.5 were higher iunstressed sites, except for
topsoil clay (%)and groundvater table level which showed a higher mean value in the
stressedsites. However site variables which displayed significant differences between
stressed and unstressed sites for the Welkom mining distri&. fommaldulensisncluded
the average percentage clay in the tdpsaverage soil depthgroundwater chloride
concentration, electrical conductivity, pkgroundwater sulphateoncentration and total

dissolved solids.
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For S lancea sites in the Welkommining district the mean values for the average

percentage clay in the topsoil, pH, sulphate concentratiowatet level were higher for the

unstressed siteswvhile the mean values for average soil depthgroundwater chloride

concentration, electrical conductivity and total dissolved solids were higher in stséissed

Furthermore significant differenceswere foundin the site variablebetween stressed and

unstressed sites for the topsoldy (%) soil depth, groundwaterchloride concentration,

electrical conductivity, pH, total dissolved solids andgheundwater table level

Table7.6  Comparisons (mean+standard deviatiarf)the site characteristics geology, soils, salinity
and groundwater table levebetween stressed and unstressed treesEwdalyptus
camaldulensisand Searsia lancedn the Vaal Rivemmining district. Differences between
stressed and unstressed trees per species were testedtesitsg(P<0.0h

Mining Tree Species Site Data Plant Sample | Mean | Standard T Degree of | Probability

district water size deviation test freedom value (P)

stress (df)
Vaal Eucalyptus Topsoil clay Unstressed 100 16.42 1.0250 0.70 198 0.484
River camaldulensis| (%) Stressed 100 16.32 0.9518
Soil depth(mm) | Unstressed 100 423.9 50.81 - 198 0.733
0.34

Stressed 100 426.3 49.80
Groundwater Unstressed 99 362.5 34.24 1.09 197 0.276
chloride(mag/l)

Stressed 100 356.7 39.47

Electrical Unstressed 99 22912 8167 2.42 197 0.017
conductivity Stressed 100 20018 8712
(mS/cm)
pH Unstressed 99 7.552 0.2909 - 175 0.002
3.16
Stressed 100 7.664 0.2030
Groundwater Unstressed 99 1765 713.9 - 154 0.443
sulphatgmgl/l) 0.77
Stressed 100 1829 403.6
Total dissolved | Unstressed 99 3862 771.3 1.44 197 0.151
solids (mgl/l)
Stressed 100 3696 860.5
Water level Unstressed 3 4.228 0.4203 0.07 18 0.947
(mbg])
Stressed 17 4.208 0.4718
Searsia Topsoil clay Unstressed 100 16.55 0.4403 2.23 139 0.027
lancea (%) Stressed 100 16.32 0.9518
Soil depth (mm)| Unstressed 100 417.9 10.91 - 108 0.101
1.65

Stressed 100 426.3 49.80
Groundwater Unstressed 100 366.3 32.87 1.87 198 0.063
chloride(mag/l)

Stressed 100 356.7 39.47

Electrical Unstressed 100 22858 8330 2.36 198 0.019
conductivity Stressed 100 20018 8712
(mS/cm)
pH Unstressed 100 7.576 0.2810 - 180 0.012
2.55
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Mining Tree Species Site Data Plant Sample | Mean | Standard T Degree of | Probability
district water size deviation test freedom value (P)

stress (df)

Stressed 100 7.664 0.2030

Groundwater Unstressed 100 1818 916.1 - 136 0.917

sulphatgmg/l) 0.10

Stressed 100 1829 403.6

Total dissolved | Unstressed 100 3916 784.0 1.89 198 0.060
solids (mg/l) Stressed 100 3696 860.5

Water level Unstressed 6 4.713 0 2.58 21 0.017
(mbgl) Stressed 17 4.208 0.4718

Comparison of the site variables far camaldulensigreesin Vaal River indicated higher
mean values in theéopsolil clay percent groundwater chlorideconcentration, electrical
conductivity, total dissolved solids and tip@undvatertablelevel in unstressed sites; while
the average soil deptpH and groundwatesulphateconcentrations were higher in stressed
sites.However, gnificant differencewere identified for electrical conductivity and the pH

between stressed and unstredSechmaldulensisites.

For S. lanceg mean values othe average percent of clay in topsaloundwater chloride
concentration, electrical conductivity, total dissolved solidsgodndwater table levelere
higher in unstressed sites; while the mean values in average soil depth, p#tpandwater
sulphateconcentration were higher in stressed sites. Statistically significant differereces
determined in the average percent of clay in topsoil, electrical conductivity, pH and water

level of stressed and unstres&thnceasitesin Vaal River

Table7.7 Comparisons (mean+standard deviation)tlé site characteristics such as geology, soils,
salinity and groundwater table leveketween stressed and unstressed treeSuchlyptus
camaldulensis and Eucalyptus sideroxylonthe West Witsnining district. Differences
between stressed and unstressed trees per species were testedassin@P0.0h

Mining Tree Species Site Data Plant Sample | Mean | Standard T Degree | Probability
district water size deviation | test of value (P)
stress freedom

(df)

West Eucalyptuscamaldulensis Topsoil clay (%) Unstressed| 100 *same
Wits value

Stressed 100
Soil depth (mm) Unstressed| 100 *same

value
Stressed 100
Groundwater Unstressed| 100 132.2 15.22 9.36 125 <0.001
chloride(mg/l) Stressed 100 90.9 41.47
Electrical Unstressed| 100 16897 5854 4.28 166 <0.001

conductivity (mg'cm) Stressed 100 12183 9329
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Mining Tree Species Site Data Plant Sample | Mean | Standard T Degree | Probability
district water size deviation | test of value (P)
stress freedom
(df)
pH Unstressed| 100 7.315 0.0943 | -1.76 136 0.081
Stressed 100 7.355 0.2111
Groundwater Unstressed| 100 498.4 185.5 6.21 190 <0.001

sulphatgmg/l)

Stressed 100 316.3 227.4

Total dissolved solidd Unstressed| 100 954.8 324.3 6.01 198 <0.001
(mgll) Stressed 100 662.6 362.5
Groundvaterlevel Unstressed 90 11.36 2.411 -2.57 34 0.015
(mbgl) Stressed 27 13.18 3.432
Eucalyptus sideroxylon Topsoil clay (%) Unstressed| 100 *same
value

Stressed 100
Soil depth (mm) Unstressed| 100 *same
value

Stressed 100
Groundwater Unstressed| 100 137.6 13.09 10.75 118 <0.001
chloride(mag/l)

Stressed 100 90.9 41.47

Electrical Unstressed| 100 19401 5286 6.73 156 <0.001
conductivity (ng/cm) Stressed 100 12183 9329
pH Unstressed| 100 7.259 0.0758 -4.30 124 <0.001
Stressed 100 7.355 0.2111
Groundwater Unstressed| 100 558.5 146.6 8.95 169 <0.001
sulphatgmgl/l) Stressed 100 316.3 227.4
Total dissolved solid§ Unstressed| 100 1059.4 267.0 8.81 181 <0.001
(mgfl)
Stressed 100 662.6 362.5
Groundvaterlevel Unstressed| 90 11.29 2.623 -3.01 110 0.003
(mbgl)

Stressed 27 13.18 3.432

*data obtained for this area were coarse and did not vary between sites

In the West Wits mining area, higher mean values irgtbendwater chloridand sulphate
concentrations, electrical conductivity and total dissolved suola&te identified atinstressed

E. camaldulensisites while the pH and water level were higlaistressed siteSignificant
differences were found imroundwater chlorideconcentratios, electrical conductivity,
groundwater sulphateoncentratiog total dissolved solids and the water level between

stressed and unstresdedcamaldulensisites.

For E. sideroxylonsites in thewWest Wits mining distrigtthe meanvaluesfor groundwater
chlorideconcentration, electrical conductivitgroundwater sulphateoncentration and total
dissolved solids were higher imstressed sitewhile the pH and water level were higher in
stressed site3.he average percent of clay in the tapaad the average soil depth displayed

little or no variation across the stressed and unstressed Bughermore,statistically
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significant differences were also identified fgroundwater chlorideoncentration, electrical
conductivity, pH, groundwate sulphate concentration, total dissolved solids and the

groundvater level between stressed and unstreBsedlyptussideroxylonsites.

7.4  DISCUSSIONSAND RECOMMENDATIONS FOR FUTURE
PLANTINGS

A summary of the characteristics of unstressed sites which were identified within each
mining district for each tree species is shown below (Tab®). Only those site
characteristics which displayed significant differences between stressed and unanessed

wereselectedpf which their interpolated surfaces are shown in Appendix 5

Table7.8  Descriptive statistics (minimum, maximum, mean, standard deviation) of the site variables
geology, soils, salinity and groundwater table levstd to charactese unstressetlees per
speciesn each mining district.

Mmlpg Tree Species Site Data Minimum | Maximum Mean Stapdgrd
district deviation
Welkom Eucalyptus Topsoil clay (%) 8.00 8.00 8.00 8.00
camaldulensis
Soil depth (mm) 748.29 1245.40 1214.33 120.32
Groundwater chloridémg/l) 31.78 12417.88 | 4064.92 3048.11
Electrical conductivity 78.22 3081.85 1070.93 736.86
(mS/cm)
pH 7.86 8.61 8.23 0.15
Groundwater sulphatgng/l) 47.03 3056.84 1057.52 753.21
Total dissolved solids (mg/l) 729.31 27253.27 | 9286.92 6631.00
Welkom Searsidancea Topsoil clay (%) 8.6 15.19 13.90 2.61
Soil depth (mm) 748.29 1245.40 845.55 197.20
Groundwater chloridémg/l) 50.55 1452492 | 2137.32 2325.27
Electrical conductivity 82.16 3586.32 616.59 55732
(mS/cm)
pH 7.78 8.68 8.33 0.27
Total dissolved solids (mg/l) 664.07 31755.84 | 5116.94 4991.87
Groundwaer level (mbgl) 2.64 13.00 7.98 2.26
Vaal River Eucalyptus Electrical conductivity 618552 | 43253.38 | 21721.77 7056.23
camaldulensis (mS/cm)
pH 6.75 8.04 7.59 0.23
Vaal River Searsidancea Topsoil clay (%) 7.00 17.79 10.36 4.77
Electrical conductivity 618552 | 43679.29 | 21753.55 8024.30
(mS/cm)
pH 6.74 8.04 7.57 0.27
Groundwvater level (nbgl) 3.98 5.02 4.71 0.43
West Wits Eucalyptus Groundwater chloridémg/l) 24.84 21489 | 9247 36.58
camaldulensis
Eucalytpus sideroxylor| Cicctical conductivity 9972.05 | 49689.69 | 11462.43 7027.03
(mS/cm)
pH 6.51 8.44 7.35 0.19
Groundwater sulphateng/l) 20.92 1834.96 313.98 180.55
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Total dissolved solids (mg/l) 19.17 2625.17 664.10 286.92

Groundvater level (nbgl) 4.92 19.94 12.60 2.147

The interpolated site characteristic surfaces shown in Appendix 5, and listed in7I&able
abovewere spatially linked tdreeswhich were not experiencingvinter-time plant water
stress mappedusing the predawn leaf watpotentialand the geen normalized difference
vegetation index derived from Proba Chris imagery showfigaores?7.1 to 7.6. The spatial
distribution of these unstseed areas for whickite characteristic data were available
were mapped using ArcGIS (version 9.3, 20@8)d illustrated for each mining district in
Figures7.7to 7.9.

The recommended unstressed areas proposed for pl&nteadyptus camaldulenseand S,
lancea in the Welkom mining district are shown in Figuig7. Quantitative site
characteristicswhich were found to be significantly different (p <0.05; TaBlB) from
stressed sites fdE. camaldulensisincluded the average soil deptiroundwaterchloride
concentration, electrical conductivity, pklroundwater sulphateoncentration and total
dissolved solids and, fd& lancea the average % clay in the topsoil, average soil depth,
groundwater chlorideeoncentration, electrical conductivity, pHytal dissolved solids and

thegroundwater table level

The geological formations characteristic of these unstressed areas mapped within the
Welkom mining district are commonly referred to as Ecca Shales (Vegter, 1995). Two
dominant soilandtypes are found in this area, Aeddhdtype comprised of eutrophic, red
massive or weak structured soils with a high base statusthe Dc9andtype with non
calcarious soils, high clay accumulation, strongly structured soil of aeuthsh colour and

the presence of one or more of the vertic, melanic or plinthic soils (ISCW, 1993). The
natural vegetation is categead primarily as the grassland biome within the Dry Highveld
Grassland bioregion, with patchestbé Azonal Vegetation biome forming part thfe Inland

Saline Vegetation bioregion (Mucina and Rutherford, 2006).

Spatial patterns of unstressed camaldulensisand Searsia lanceasites shown in Figure

7.7extend across a relatively flat area, with an altitude ranging from 1290 to 1300 m and
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dominaed byAe40 and Dc9landtyperespectively River networks are disconnected, as is
common in relatively flat areas, were the digital elevation models used which include sinks
in the areaThe S. lanceasites also highlight the edges of the Pan, indicatiag during the

dry season trees could access water from the Paararitiereforeategoriseds unstressed

by the model.

To oltain more detailed subsurface information at selected sampling sites in the three mining
districts resistivity measurementgere acquiredby geophysical specialists from the CSIR
using an ABEM Terrameter SAS1000Geophysical tdies have shown thaesistivity
measurements have besuccessfully applied to detect subsurface lithologies, groundwater
depths, potential groundwatsources and plume contaminati¢@kerekeet al, 1998;
Salem, 2000; Tabbagdt al, 200Q. Resgtivities measurements undertakienthe Welkom
mining district a&e illustrated in Figure§.8aand 78h.

Figure7.7/ é
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Figure 7.7 A shaded selection of unstressed areas in the Welkom mining district recommended for

planting Eucalyptus camaldulensind Searsia lancedree species. The graded scale

represents the maximum (light grey) and minimum (black) values of site characteristic

data representative of these unstressed areas.
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Figure 7.8a Dankbaar Pan esistivity sampling site in the Welkom mining district, (clockwise)
arrows in the picture represent the location of trees at each samplingtisitdslock
demarcated in red repreas the resistivity sampling area; unstressed areas mapped in

green and the resistivity profile obsenaithe samplingite

The Dankbaar Pan is located on farmland within the Welkom mining district. The area is
very flat and the groundwater igported to have very high salinity concentratjdpesing
influenced by drainage pathwafi®m mining activities in the areaAn older stand of
E.camalduensisrees and scatteresl lanceatrees approximately 100m from the edge were
selected for grounttuthing measuremeniss shown in Figurg.8a The soils in the area
appear well developed and deep. The resistivity transect extends through most of the length
of the stand oEucalyptustrees. The dark blue layers have a very low resistivityia@h
indication of groundwater saturatidrom approximately 4.9 m below the surfa@s the

lower the resistivity the greater the moisture content or the higher the concentration. of salts

With salts from the Pan beingsually evident, thevery low resistiviy indicates the high
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salinity of the groundwater. Even the resistivity of the drier topsoil layers are fairly low (30

50 ohms), indicating that the shallemsoils are saline as welDkerekeet al, 1998; Salem,
2000; Tabbaglet al., 2000.

S. lancea sample site

7.56

Barbed End
wire
Maize Sampled i
field fﬁT i Barbed wire fence
Depth  Iteration S RNS error = 5.9 % l
-63.0 -31.0 1.00 3.0 ."-
e | S ——— . —— I
S.fancea i < ’ I !
site s ¢
9.5 [
15.8
Inverse Model Resistivity Sectior
1 |

unit electrode spacing 2.00 n.

Unit electrode spacing 2.00 m.

Figure 7.8b Boet Van DerBerg Farmresistivity sampling site in the Welkom mining district,

(clockwise) arrows in the picture represent the location of trees at each sampling site;
block demarcated in red represerhe resistivity sampling area; unstressed areas

mapped in green and the resistivity profiles observedhenfarmat theS.lanceaandE.
camaldulensisampling areas.

Sample sites on Mr. BoeVan Deg Be r g 6 swerE aaleated for comparison with the
Dankbaar Pan sampling site¥wo locations were surveyed, a site consisting of a ro& of
lanceatrees and a stand of oldércamaldulensisreesas shown irFigure7.8b. Thesesites

are characterized by reahd yellow apedals, freely drained deep soils with a high base
status. he predominant lithology group is Shale. Figut8b illustrates lower resistivity
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materials from a depth of 5m, which could be a result of deep drainage, hence saturated
conditions of the weathereshale, resulting in &lay horizon and shallow groundwate
sources.Topsoil layers (<1m) in both inverted sections are represented by much higher
resistivities compared to the deep layersually indicating drier soileere electricity is not

easily conductedThe intermediate resistivity zones (greens) probably indicate areas of
fractured shale rather than fully developed/danes.

Samplingsites selected on Mr. Bo&an DerB e r g 0 sin cbraparison to the Dankbaar
Pan sitesindicateddifferent subsurfae groundwatedepthsand soil formationaccording to
the resistivity surveysSoils in the area appear to teer, beingcharacterised by higher
resistivitiesin the topsoil layers (Figure.8b) with Shale being the predominant lithology
group. Pocketsfadarke blue areascould be an indication of subsurface wagstimated at
an approximate depth of 4.98m at thecamaldulensisite and 7.91m at th®. lancessite.

Groundwater saturation in the Dankbaar sampling area in Welkom, indicated in the resitivity
profile at an average depth of 7.91 m (Figdi@s) and theaveragegroundwater tabléevel
reportedin Table 78, confirms the presence of shallow groundwater sesir@his impks
that trees roots coul d acce s assist e cofitaimng at i v
contaminated groundwater seeping into surrounding lakidsvever, measurements of
predawn leaf water potential undertaken during the drier winteitims in 2004 and 2005,
indicate an average value df.4 to-1.5MPa, therefore characterising these trees as being
stressedAlso indicated are the high salinity levels in the aithastrated bythe high total
dissolved solids, groundwater chloride adphate concentratiomeported in Tablg.8 and
shown in Figurer.7 andis characterised by thiirly low resistivity values in Figuré&.8.a,

even in the shallower soild herefore tree plantisgcould possiblyassist in sequesing

some of the contamants present in the groundwap@oducedfrom mining activities and
therebycould alsoreduce the movement of salts or pollutant:ié@hbouringstreams and
rivers(Funke, 1990; Hodgsoet al, 2001; Rosneet al, 2001; Naickeet al, 2003.

In the Vaal River mining districttrees which are not experiencing wintgne plant water

stress, and which are recommended for planfingcamaldulenisand S. lanceg are
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illustrated in Figure7.9. Site characteristics of unstressed areas which were foubé to
significantly different from the stressed areas are also shown (p < 0.05,7T@bl€or the
recommended. camaldulensisites, these include electrical conductivity and pH, ané&for
lancea,the average % clay in the topsoil, electrical condugtiaitd pH.Groundwater table
levels were not significantly different in this area, indicating that trees during winter would
have access to water and would bethe limiting factor in the Vaal River mining district.
The results indicate that unstressezbsrwould be affected by salinity levedslected bythe

electrical conductivity of the groundwater and the pH of the groundwater.

The altitudinal gradient characteristic of the area ranges from 1280 to 138@atogical
formationsstretchingacross the recommended planting arasesclassifiedas Alluvium,
Black Reef, Chert Rich dolomite, Dolomite Sand, Karoo and Ventersdorp (Anglo Ashanti,
2005). The majotand-type characteristic in this area include Fal3, described as mesotrophic
to eutroplic soils, with minimal development usually shallow on hard or weathering rock
with or without intermittent diverse soii§SCW, 1993)

Smallerareasin theregionare represented by Bd13 and Bc23 lymes with red, yellow

and greyish soils having a highase status (ISCW, 1993), characterising many of the
unstressed sites mapped in Vaal River. The natural vegetation is categorised as the grassland
biome within the Dry Highveld Grassland bioregiarhich generally experiences mean
annual rainfall below 60@m (Mucina and Rutherford, 2006} his implies that the natural
vegetation would be able to survive and grow under average rainfall conditions with

shallower root systems compared to trees and forest plantations.

Pagel81



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

26580174 26508052 26715030 26733808 26751636  2p76ASE4  2p7ST442
N H_ \9—/"{ J L .. Recommended Eucalyptus camaldulensis
& ~ |l 8 sites in Vaal River Mining District
= 5 =
& / E: 5 | ) PRy, 2

e - m
g B 7 "j < ‘f‘:‘F/ A & Max. Min.
&x o © - =3 2 o
] = \ - ‘Q"f’f—) & Electrical conductivity 432533 6185.5

o cm

3 ,\\’i‘ - - 80 6.7
§ i 1300 Pt \ §
e 2N —ﬂ;{m\v% . € River network
8 ?/L K < : 8
2 o 1 S 2
5 (ﬁ / 7 ’ 5
g =Y / ; 1320 g
@« 13t @
& /‘/ -1 &

%’\] S 100 a?:f G 2
R N LN—_L P &
2 3] L e av Sl 2
& PV | e AN R kL I
# 26580174 265083052 26715030 26733808 26751686 2676U564 26 87440

26580174  26HOB052 2715030  2GTIIE08  GTSI6E  2pTEOSE  2p7ETA42

Recommended Rhus lancea
~ v 'r/L / ] sites in Vaal River Mining District

g P I
IR SaE [
x = o~ x
g / }”9 5 ] ) P 2

L RA02 Q‘?, Max. Min.
é ; AA? /_,_/JL? S Nf./ _ /—\\ § N -
© -4 A i | @ s . . 7.0
§ \ A \.\_\%{f /f § in topsoil

e } \5 : i
by R, # = Electrical conductivity
g eI P  p—""] 3 o 43679.2 B185.5
ol <«
E P £ PH 3.1 6.7
§ q. ,L(a\wg»f% / 5 §
4 “ &
é ;/‘Z, - e S Waterlevelm 50 30
-] ’ Yo o -
8 / /,«:ﬂ} ( N &  River network —_—
- /\/w / ‘3 & ©
2 b ; 8
ARy 4 : e 0051 2 3.4
\ £ 3 BN T
\'“-5 9 1300 ,§ £ "/ i

s ) 1300 : e -
2 ® Sy g b / G| 2 N
SrRETvw T A T WS A
i 26580174  2GAUBDSZ 2715030  pTIIB08  QGTSI6AE  2GTBUSE4 267 a4]

Figure7.9 A shaded selection of unstressed areas in the Vaal River mining district recommended for
planting Eucalyptus camaldulensiand Searsia lancedaree species. The graded scale
represents the maximum (light grey) and minimum (black) values of site charactiaiat
representative of these unstressed areas.
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Figure 7.10 Western Compleresistivity sampling site in the Vaal River mining district, (clockwise)
arrows in the picture represent the location of trees at each sampling site; block
demarcated irred represents the resistivity sampling area; unstressed areas mapped in

green and the resistivity profile observed near the tailing storage facility.

The Western Complex site is located approximately 200m from the edge of the Western
Complex TSF Figure7.10). A dirt road separates tie camaldulensisite from the TSF.

This site is characterized by a cluster of youhgcamaldulensistrees which appear
unhealthy with poor growth characteristit9owever moving away from the TSF the trees
appear healtkr with green foliage and good growth characteristics. Within this site a group
of trees were sampled within the apparent healthy vs. unhealthy clusters of trees. The healthy
trees can potentially be because of an increase in the porosity sdikhdHigher porosity

means it should be easier for the plants to gsutisurface wateiThe site is underlain by
Andesite, which is an igneous rock. Depending on the phase of deposition, the lava can vary
in composition and this affects weathering and eventpaltgsity.
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A majority of the unstressed sites mapped for the Vaal River mining distxtgnd across
Bd13 and Bc23 lantiypes with red, yellow and greyish soils having a high base status
(ISCW, 1993),low pH (minimum 6.75) and shallogroundwater table \els (an average
5.02 n) as shown in Tabl€.8 and illustrated in Figur&.10, from approximately 2.55m
below the surfaceTree plantings ithese areakighlighted in Figuréer.9 in the Vaal River
mining district, could tap into the seepage water from the surroundingwWigéls are many

in the area, and transpire greater quantities of water than the grasslands and wetlands
presently in close proximity to the TSFEvaporation fromgroundwater sources, could
result in reducedvater table depths and slewlateral flows into the neighbouring lands and
river systems such as the Vaal Rives it is known that th@npact of the mines and the
TSFs extends far beyond their localities aagesult of dust pollution and the extent of
groundwater plumes (Coghat al, 1990; Vivieret al, 2001).

In the West Wits mining districthe spatial distribution of unstressed areecommended
for planting E. camaldulensisand E. sideroxylonis shown in Figure7.11. Quantitative site
characteristics for the unstressed aredsch were found to be significantly different (p <
0.05; Table7.7) from the stressed areame also shown. These includgdoundwater
chlorideconcentration, electrical eductivity, pH,groundwater sulphatsoncentration, total

dissolved solids and tliroundwater table level

The geology in these recommended areasbban classified as Rooihoogte quartzite shale
chert brecciaTimeballHill shale, Diabase intrusivd,imeballHill ferruginous quartzite and
Hekpoort andesite agglomerate (Anglo Ashanti, 2005). Tewdtypes found in this area are
Fbl5 and Fbsdescribed as eutrophic soils with minimal development, usually shallow on
hard or weathering rock, with or without intermittent diverse soils with lime generally

present in part or most of the landscape (ISCW, 1993).
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Recommended Eucalyptus camaldulensis and Eucalyptus sideroxylon sites in We st Wits Mining District
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Figure7.11 A shaded selection of unstressed areas in the West Wits mining district recommended for
planting Eucalyptus camaldulensénd Eucalyptus siderxylotree species. The graded scale
represents the maximum (light grey) and minimum (black) values ahsitaderistic data
representative of these unstressed areas.

Spatial patterns of unstressedesmappedin the West Wit mining region extend across a
topographicagradient from 1400 to 1740 m. The aeednibitsa much denser river network

with a higher mean annual rainfall of 651 nsompared to Welkom and Vaal River,
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indicating higher water availability during the ydrseason.Two resistivity surveys
undertaken on the Deelkraal farm and onttis site just downslope from the Elandsridge
TSF in the West Wits mining distt are illustrated in FiguresI2aand 712b respectively.
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Figure7.12a  Deelkraal farmresistivity sampling site in the West Wits mining district, (clockwise)
arrows in the picture represent the location of trees at each sampling site; block
demarcated in red represents the resistivity sampling area; unstressed areas mapped in

green and theesistivity profile observedt the site

The Deelkraal Farm Site is a very interesting, sgtensistingof a stand or block oE.
sideroxylontrees whictextends to withirapproximately 10nof a little farm dam. The stand

of trees is dense, green avidually healthy along the riparian edge and at least 20m moving
upslopethrough the stand. However, very distinctly the trees begin to become lesstdense,
canopy is openieaf area, tree height and diameter decreases, leaf colour changes from bright
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dark green to yellow pale colouand the trees are visually more stressed or unhealthy. The
resistivity profile was located through the standf treesshown in Figure7.12a. Low
resistivities from the start of thgrofile near the farrdamare indicative ofvetter conditions
shown in blue.Water in the area could also be contaminated by the nearby TSFs, which
could result in saline conditions and hence low resistivities. However, aps$ihepetrees
become sparse and visually unhealthy, with drier suracelitions there isalso a very
distinctchange in the resistivity profile. The drier conditions, possiisiya result o$hallow
bedrock are reflected in the high resistivities shown in dark brown to orange on the inverse
resistivity section. From thewerse model resistivitysection it seems that there is a very
significant lateral change in geology, possibly from clayey soils to shallow bedrock overlain
by very dry sand. Therefore transformation within the stand from dense healthy trees to
sparse untathy trees could be a result of a change in geology in thigdséper weathering

and more sediment deposition in the riparian zomith the unstressed lealthy trees
accessing seepageaterfrom the dam and groundwatéiater seepage from the dam can
also lower the resistivity significantly, especially if the watesatine.A good comparison
between unstressed / visually healthy trees seen out in the field and those predicted using the

predawn leaf water potential and GNDVI moé#l this area is sbwn in Figure7.12a.

Figure7.120 é
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The site consists of rectanguiar blocks of different tree species. The site has a shght slope from stat to end (estimated elevation
difference of 1.5m).

sample sites

N

Staet End
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Figure7.12b

Elandsridgeesistivity sampling site in the West Wits mining district, (clockwise) arrows
in the picture represent the location of trees at each sampling site; block demarcated in
red represents the resistivity sampling area; unstressed areas mapped in green and the

resistivity profile observedownslope from thtiling storage facility

The trial site consists of blocks of exotic and indigenous tree species planted just downslope

from the Elandsridge TSF in the West Wits mining district. A tarred road separatealthe

from the TSF. At the bottom of the trial approximately 20m fromI#st block of trees is a

wetland areaSampling sites consisted ofi@ blocks ofE. camaldulensidreesof the same

age illustratedas the ¥ and 6" stand in Figure7.12h The resistivity profile is located
within the middle of the blocks and runs from tf#éta 6" block.
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The predominant lithology group is shale. At the top of the slope near"ttsta®d, the
medium to high resistivigs areindicative of dry sand. This isnderlain by weathered shale
with a low resistivity. The highly weathered shale l@bigh clay content and this is
reflected in the very low resistivity underlying the sand. The clay weathered shale is
underlain by fractured shale which will eventually dgainto unweathered shale. In the
inverted section yellow/browrolours could bean indication ofdry sand, blue highly
weathered clayich shale, and green fractured shdlee nfluence of contaminants from the
TSF at the top slope could affect salinitythe area, resulting in changes in salinity of the
soil water at shallow depths. The changes in resistivity of the top sandy layer, from low at
the start of the line to very high closer to the centre of the line reflect the influence of this
change in danity.

Salinity is commonly interpreted as tlvverse of resistivity. The higher salinity is reflected

as a lower resistivity zone at the top. The higher resistivity at depth (green area) along the
start of the profile can potentially be an indicatiohlower water saturation due to the
abstraction of water by the trees. The very low resistivity (strong blue band) throughout the
profile is an indication of groundwater saturation of the clay. This intensifies at the end of
the profile (8" stand) closeo the vlei orwetland indicating higher salinitgnd subsurface
saturated conditionsThese results are supported by the significant differences in salinity
conditions identified for stressed and unstressed sites in the area (Fi@@ije which
included groundwater chloride concentration, electrical conductivity, pH, groundwater

sulphate concentraticandtotal dissolved solids

Larger areas afinstressedites were identified and are recommended for future plantings of
treesin the West Wits mining regn (Figure7.11) compared temaller areasecommendd

for Welkom and Vaal Riverdistricts The West Witsareaexhibits a much denser river
network for trees toaccess water during the drier winter seasamthermore, the changing
geological formations and groundwater saturation illustrated in the resistivity surveys
(Figure7.12a and7.12b) areindicators of areas in the West Wits mining distvittere trees
could thrive, accessontaminatedvater seepingrom TSFs and reduce lateral flows into

groundwater river systemalso, the gh salinity values are indicative of the contaminant
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flows from the TSFswhere again trees coufbssiblysequester contaminanits the area

and reduce lateral pollution intarsounding areas overtime.

7.5  CONCLUSIONS

In summary the process of identifying recommended sites were trees are not experiencing
winter-time plant water stress for each species investigated per mining district was as

follows:

e High resolutionmultispectral airborne images (75 cm) were used in an attempt to
accurately classify tree species investigated in this study.

e Spatial patterns of stressed and unstressed areas were mapped using the vegetation
spectral reflectance models derived in secto8.2.3 using satellite multispectral
imagery.

e Classified vegetation maps were used to clip unstressed trees per tree species for each
mining district.

e The kriging interpolation technique was used to create interpolated surfaces of site
characteristic databtained from AGES, APES and AGA.

e Random sample analyses between stressed and unstressed trees were extracted in
order to determine whether site characteristics were significantly different (dsing t
tests)

e Interpolated site characteristic layers (Appenéix of unstressed areas, which
displayed significant differences from stressed areas, were spatially linked to trees
which were not experiencing wintéme plant water stress.

e The spatial patterns of unstressed trees have been illustrated in this chaper,
specific aim of this study was to correlate smmatial distribution of unstressed
treesto particular site characteristics that may be recognised and used to prioritise
sites for the establishment of future block plantings. It is noted that aréas no
categorised as unstressed are considered stressed by the predawn leaf water potential
and GNDVI model.
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In the Welkom mining district, two dominant solil latypes are found in this area, Ae40 and

Dc9 landtype. In the Dankbaar sampling area in Welkohe \tery low resistivity is an
indication of groundwater saturation from approximately 4.9 m below the surface
confirming the presence of shallow groundwater sources. This implies that trees roots could
access t he Arel ativel yo t & hcartainiogwcontamioates d wa t
groundwater seeping into surrounding lands. Therefore tree plantings could possibly assist in
sequestering some of the contaminants present in the groundwater produced from mining
activities and thereby could also reduce thes@moent of salts or pollutants to neighbouring
streams and rivers (Funke, 1990; Hodgsbml, 2001; Rosneet al, 2001; Naickeet al,

2003).

In the Vaal River mining district, groundwater table levels were not significantly different in
this area, inttating that trees during winter would have access to water and would not be the
limiting factor in the Vaal River mining district. However, unstressed trees could be affected
by salinity levels such as the electrical conductivity of the groundwater angHhof the
groundwater. A majority of the unstressed sites mapped for the Vaal River mining district
extend across Bd13 and Bc23 lagges with red, yellow and greyish soils having a high
base status (ISCW, 1993), low pH (minimum 6.75) and shallow grveated table levels (an

average 5.02 m).

Larger areas of unstressed sites were identified and are recommended for future plantings of
trees in the West Wits mining region compared to smaller areas recommended in the
Welkom and Vaal River districts. The Wa#/its area indicates a much denser river network,

with a higher mean annual rainfall of 651 mm compared to Welkom and Vaal River,
indicating higher water availability during the drier season. Furthermore, the changing
geological formations and groundwatgaturation illustrated in the resistivity surveys are
indicators of areas in the West Wits mining district where trees could thrive, access
contaminated water seeping from TSFs and reduce lateral flows into groundwater river
systems. Also, the high salipivalues are indicative of the contaminant flows from the
TSFs, where again trees could possibly sequester contaminants in the area and reduce lateral

pollution into surrounding areas over time.
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It is interesting to note that access to groundwater isthetlimiting factor determining
whether trees are stressed or not during the dry winter season, as this site characteristic was
not significantly different between stressed and unstressed areas at all sites. This implies that
unstressed sites which haveeheidentified in each mining district do have access to
groundwater during the drier winter season. As has been reported at the beginning of the
thesis, this research project was heavily dependent on trees growing singly, in rows or in
small groups, whichexperienced lower levels of competition from neighbouring plants.
Therefore, these trees would have had a greater opportunity for extending root systems
laterally, and the link between dry season tree water stress and groundwater accessibility

could be hag been influenced.

Earlier studies have reported on the surrounding lands and water systems of the Welkom,
Vaal River and West Wits mining district to show increasing salinity levels over the years
(Roos and Pieterse, 1995; Viver al, 2001; Naickeet al., 2003; Windeet al, 2004a,b,c).

An evaluation of the site characteristic data indicates that salinity levels possibly do affect
whether trees are stressed or unstressed, as these characteristics such as groundwater
chloride and sulphate concentratipristal dissolved solids and electrical conductivity
displayed significant differences between stressed and unstressed areas in the three mining

districts.
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CHAPTER 8.
GENERAL SYNTHESIS, CONCLUSIONS AND
RECOMMENDATIONS

8.1 LITERATURE REVIEW CONCLUDING STATEMENTS

The review undertaken in this study clearly demonstratesthigse has been extensive
research on the detection and measurement of plant water stress usingbgsrth@nd
remote sensing technologi@his review of commonly used ground basedasurements of

plant water stress and spectral reflectance indices was used as a stepping stone to further
develop spectral plant water stress relationsfgpsspecific tree species this research

study. Tke review clearly highlight that goundbasedtechniques are more suited for
localised measurements and for groutmdthing of remotely sensed dafehe issue of scale

is a major factor affecting the platform of remote sensing data to be used and the appropriate
ground based measurements to be employed in the field for verifications studies. From this
study, the measurement of predawn leaf water patehts been identified as a key
methodologyfor linking remotely sensed assessments of plant water stress to actual plant
water stress in the landscape. However, in large scale remote sensing apphghi@ns

could stretch across several kilometrpsactical approaches for ground truthing remote
sensing imagery are adviseslichasusing predawn leaf water potential measuremamts

identify the extremes in plant water stress within a region.

Remote sensing research has identified several individeatrap bands and vegetation
spectral reflectance indices which have been used to detect plant waterT$teessllation

of this information (section 3.2, Table 3.1) will be useful to researchers of several disciplines
who are actively applying remote s@mg technologies to vegetative reseaihny of these

earlier studiesas shown in section 3.2, Table 3.have focused on broad spectral
bandwidths and it is recommended that plant stress researchers further investigate the
potential of narrow hypersptal bandwidths to detect and interpret patterns of plant stress.
Furthermore, the importance of the red edbgined as the region between 690 and 740 nm

has gained increasingly more attention over the years, and is seen as one of the most
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important regons of the spectrum when investigating plant stress. It is also recommended
that the results from hyperspectral studies should be incorporated in multispectral systems
and technologies to allow for spedsatl high spectral resolution investigations to be
undertaken with reduced data volumes in a-edfsictive mannerDevelopers of remote
sensing technologies should utilise the findingthese typsof studies in order to optimise
sensor systems. Optimal hyperspectral bands which best characterisentifiegetation
classes should be incorporated into multispectral systems through sensor modifications or
spectral filters. Using this approaafesearchersvould no longer be restricted to existing
specifications, butould tailor remote sensing model us to a particular application. The
ultimate goal is to move from impracticalarge data volumes and expensive sensor
development towards practical low data volumes, high temporal resolution and cheaper
sensor developmeniMost spectral indices have beelerived for a single species with
constant leaf size and shape, leaf surface and internal structure, implying that their
usefulness varies with respect to species and site conditions. Therefore, the most commonly

used indices reported in the literaturestibe evaluated against groutmdth data.

8.2 GENERAL SYNTHESIS ON VEGETATION SPECTRAL
REFLECTANCE INDICES

Vegetation spectral reflectance indices, which were previously tested usinghdidnd
spectral reflectance measurements (Chaptaredg¢ successfullyapplied to satellite medium

and high resolution remote sensing data (Chapteant)the airborne multispectral and
hyperspectral remote sensing data. The general trends identified in the use of vegetation
spectral reflectance derived from different soaroé remote sensing data to detect plant

water stress included:

Three spectral indicesiz. 695/690 (Carter, 1994), (85010)/(850680) (Datt, 1999)
and (710/760) (Carter, 1994), derived from the red and-inéared regions of the

-

electromagnetic spetcim using leadevel spectral reflectance data (ChapterwBre
identified as useful spectral indicators of plant water stress and could be linked to

plant chlorophyll content.
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-

-

The popular water band index (900/970) (Penuetad, 1997) which was degined

to capture changes in plant water content, when derived frorelesf spectral
reflectance datawas correlated to measurements of predawn leaf water potential.
Such findings substantiate the importance of hyperspectral remote sensing research
and he use of high spectral resolution data to identifgtlsurelationships between

plant water content and narredvand spectral reflectance data.

Broadband vegetation indices, which capture changes in the visible region of the
electromagnetic spectrum and ieln are sensitive to changes in plant pigment
content performed well when applied to the medium spectral resolution remote
sensing data e.g. Proba Chris satellite data (Chapter 5). These indices included the
normalsed difference vegetation index (NDVIithe greenness nornmdd difference
vegetation index (GNDVI) and the red edge noisedl difference vegetation index
(RENDVI).

Narrowband vegetation indices which are sensitive to changes in plant water
content/plant water status and spectral changeshenréd edge region of the
spectrum performed well when applied to high spectral resolution remote sensing
data e.g. Hyperion satellite data (Chapter 5). These indices included red edge position
(REP) and plant senescence reflectance indices (PSRI).

The GNDVI, when derived using satellite remote sensing,dass considered to be

a fairly robust index and was highly correlated to chlorophyll fluorescence and
predawn leaf water potential.

GNDVI has the potential to be used to map spatial pattenwantdr-time plant stress

for different genera/species and in different geographical locations when using
satellite remote sensing data.

Predawn leaf water potential measurements were found to be strongly correlated to
spectral indices derived from high and medspactral resolution satellite data.

Two individual spectral wavebands acquired using airborne multispectral remote
sensingdata(Chapter 6)the greenandblue band which are sensitive to changes in

plant pigment content in the visible region of the spectruas related to total

carotenoid pigment content.
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-

Five vegetation spectral indices, four of which are sensitivehimges in plant
pigment conten{(8501 710)/(8501 680 (DATT, 1999), PSRI, GNDVI, NDVI),

and normased difference water index (NDWI) which captures changes in plant
watercontent,performedwell when applied t@irborne hyperspectral remote sensing
data (Chapter 6)

1 The DATT (1999) spectral reflectance mb{®507 710)/(850i 680), when derived

from airborne remote data, was considered ta li@irly robust index which was
correlated to ground based measurements of chlorophyll fluorescence and predawn
leaf water potential.

—_

Predawn leaf water potential nsemements were found to be strongly correlated to
spectralindices derivedfrom the visible, neatinfrared and shotwave infrared
region of the airborne hyperspectral data.

I The highest adjusted R? value (90.5%) was obtained for the model derived between
predawn leaf water potential (PLWP) and the water band index (WBI) when using
hyperspectral satellite imagery. However, this model was derived only for the West
Wits mining district and, as this study has clearly illustrated, that reflectance models
are sie- and speciespecific, this model should not be applied across the Vaal River
and Welkom mining districtslt is recommended future studies test this model on

other species at other sites.

8.3 CONCLUDING REMARKS

Spectral reflectance analyses undertal@rsistently identified specific spectral wavelengths
which are useful as indicators of plant water strasd could be further linked to other plant
physiological conditions. Spectral bands extracted from the visible andnfiesed regions

of the specum (550, 676, 680, 690, 695, 705, 710, 750, 760, 800, 900, 970 nm), including
the rededge region defined from 690 to 740 nm, used to derive the models for mapping
spatial patterns of plant water stress in the Welkvamgl Riverand West Wits mining
districts, were found to be important indicators of plant water stress. These results strongly
support the research undertaken by several other researchers around the globet@lrran
1990; Carter, 1993; Barett al, 1994; Filella and Penuelas 1994; Gital and Merzlyak,
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1996; Lichtenthaleet al, 1996; Blackburn, 1998b; Lelorgt al, 1998; Blackburn, 1999;
Gitelsonet al, 2002; Clayet al 2006; Fitzgeralat al 2006; Blackburn 2007; Campbel
al. 2007).

The preliminary findings that plant stredses influence the wood anatomical characteristics
specifically radial vessel diameter, vessel frequency and wood dengitycemaldulensis

E. sideroxylonand S. lanceawere shown for the three mining distric{&ppendix 6) In
general, treesxperiencing higher plant water stress displayed smaller vessel diameters when
compared to less stressed or healthy trees. These results are in accordance with studies which
indicated that water stress in plants induces a decrease in xylem vessel diameters
(Zimmerman and Milburn, 1982Zhang et al, 1988; February, 1993; February, 1994;
Februaryet al, 1995;Lovisolo and Schubert, 1998; Naideb al, 200§. However, sites

which were influenced by high levels of contaminated water also displayed snestsl v
diameters, indicating that the uptake of contaminants could affect the wood anatomy of
plants. Tees considered to be experiencing higher plant water stress displayed higher vessel

frequency.

8.4 RECOMMENDATIONS

The South African Government has ratified several international and national interventions
and frameworks includinthe Copenhagerccord (2009)to support sustainable use of our
natur al resources and pr ot ect,indudingeUstaimngr ¢ O |
and protecting our water resources and biodiversity assets in Sivicth Consideringhese

global and local pressuresfforts to reduce the movement of polluted wdterm near

surface seepage and groundwater shaldmmifersinto lands adjacentto the TSFsare
paramountRecommendations to useee belts to absorb and transpire greater quantities of
water than the grasslands and wetlands presentlpse proximity to thd SFscould reduce

water table depths and slow latezahtaminagd flows into the surrounding lands.

The geophysical surveys undertaken in the three mining districts which provided detailed

subsurface information on groundwater saturation and an indication of the salinity conditions
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confirmsthe presence dfi r e | a shalleveandysalinegroundwater sources. This would
i mply that trees roots coul d &awedusngthadhye nr e
winter seasorand assist in containing contaminated groundwater seeping into surrounding

lands.

Exploration of relationships between vegetation indices derived fronideal; satellite and

airborne spectral reflectance data and grelbires e d measur ement s use
measures of plant water stress revealed that several prominent and respeatl
reflectance indices could be applied to identify plant water stress within the Welaain,

River and West Wits mining districts. The models recommended for mapping and detecting
spatial patterns of plant water stress when using different soafaesnote sensing data

include:

Chlorophyll b DATT spectral reflectance model (section 4.3.2.3) when derived

-

from leaflevel spectral reflectancdata, could be applied across all three mining
districts.

I Predawn leaf water potential GNDVI spectral refle@nce model (section 5.3.2.3)
and predawn leaf water potential water bandindex spectral reflectance model
(section 5.3.3.3) when uslng satellite multispectral and hyperspectral remote
sensing data.

I Carotenoid contentgreen band spectral reflectance metl(section 6.3.1.3) can be
used for airborne multispectral resolution data.

Predawn leaf water potential NDVI spectral reflectance model (section 6.3.2.3) is

—_

best suited for airborne high spatial dnygberspectralesolution data.

It is evident from the proposed models that chlorophyll content, carotenoid content and
predawn | eaf water potential are important
three speciek. camaldulensisk. siderxylonandS. lanceainvestigatedn the Welkom, Vaal

River and West Wits mining districts.
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It is also recommended that future studies test the namdlisled between predawn leaf water
potential and the water band indexhich achieved théighest adjusted R? value (90.5%)
when using hypspectral satellite imagebtained for théVest Wits mining district.

Furthermore, a preliminary study also highlighted that plant stress does influence the wood
anatomical characteristics (radial vessel diameter, vessel frequency and wood deBsity) in
camaldulensisk. sideroxylorandS. lancedrees in the three mining districqgppendix 6)
Therefore it is also recommendethat a more rigorous approachising simple wood coring
technologiescould be developed to improve our understanding of-tengn manifestations

of water and contaminant stress on wood anatomy of plant®ut compromising on

biomass production.

This study has clearly demonstrated the potential of using remote seashgplbgies
together with groundased measurements to deteginter-time plant stressin E.
camaldulensiskt. sideroxylorandS. lancedrees in the Welkom, Vaal River and West Wits
mining districts Suchmethalologies could be easily transferred to othmtustries such as
agriculture in support of existing practices to spatially map and detect stress patterns in
agricultural crops. Furthermore, remote sensing based surface energy balance models which
are more readily used nowadays to simulate spatidenpat of evaporation, should be
modified to include plant stress reflectance models, to allow users to evaluate the correlation

between surface energy fluxes, evaporation and plant stress.

It is also recommended that the mining compani®&sch are AngloGld Ashanti together

with government line departments such as Department of Agriculture, Forestry and Fisheries
(DAFF) and Department Water and Environmental Affairs (DWEA3e information
generatedrom such studies to support the development of catchamestte monitoring

tools which can be used to assess the water use within a catchment on a regigtaptime
and which can assist watand mine managerashen makingdecisions regarding the water

resources within catchments. More specificadlych operational tools could then be used to

il lustrate the Aspatial 06 benefi Prgectof progr a
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APPENDIX 1:
REVIEW PAPER

Raview
Review of commonly used remote sensing and ground-based
technologies to measure plant water stress

M Govender'™, PJ Dye', IM Weiersbye', ETF Witkowski' and F Ahmed?
'Schooi of Anma), Fant and Enviranmenta) Sciences, University of fie Witwatersrand, Joianneshung, PO Wits 2080, South Afica
CEIR Natura! AR=sources and the Environment, %, Scivool of Environmental Scisnces, Unlersty of KeaZui-Nata),
Privalz Bag X0, Scodfseiie, 3200, Sowdh Africa
R=mpie sansing 505 and spadial modeing, ool of Envircamanial Sciences, Universty of KwaZuiu-Matal, Durban £041, Sowh Africs

Abstract
This seview provides as oversiew of the use of remobe sensing data, the developseent of l hcl.ulﬁu'
deteciing plant waler stress, and e usehulness of deld -'-ﬁrgm it
aof flant wikler atreas over lange arcis i ofien required for lian !nmlmdqdmhun

conscrvacion sad lind redubilintin. The use of remote mnumiluudlmurdmm data for devermmmng
spnial paiteria of plas wmm"hmmmhmmudlnmmmmm
remuie sensing teclawlngses are commnnly used 10 svestigite the speciaal responses of vegeiation oo plant fress. Earlver
snucties utilined saleapeceral seninds whach commanly callect fons i seven spectnid badds la the visible iad seisdaframed
reginn af e secommagnets: speotnom Advances in sensor and image processns iechnology over e past 3 decades now
allow fof the simultaneoes collecton of severl hundred narow speoenel hands resulidg in fore detailed s oo
daza. The availabilany of by peespectral data has bed 1o che ideseificaiion of several speceral indoes the have been showa o
tie wneful an pdeneiPang plat sivess. Such stodes huve sevealsd strosg liaear relatiomdeps berween plant plgmen concem-
mmmm{vmmuﬂ-&mmmm nﬂup-memm ‘been liaked e apeoafic bands

im the shostwave infraved (SWIE) reglon of the spect e 48 aal o sdentifying useful reflectince
mhmHﬂumlm-ﬂm ity used ground-based methods viz. predawn leaf witer poles-
tal, leat chlorophsll o leafl pigment tints ke leaf water coment ase mumma

practzal applicinon.

Keywords: laaf chlosophyll iverascancs, leaf-water contezt, plant pizmant concentrations, plant water sz,

predawn Jeaf water potential, remots sensing

Intreduction

All Eving crganisms incloding plans mead 2z adequate wap-
ply of water to ensars botk their growth end sarvival. Watss
n plants & reguired fo parmit vite] processes such as photo-
syntiesis, mespiration and moiriset upteke. Plazts absorb water
from: the wodl throwgh thedr roots, whick is then rezsported w
thadr stezs, leawes and flowers for the maiztsnance of the dif-

forant vital procaszes. Whan watar mepply is mpxffictant, plants

oy suffer watsr strass which could thez compromiss thair
grorth production, mpreduction and sarvival.

Watar stress iz plants is 2 complsx physiolegical response
to the linzited availability of water 1o 2 plazt. Whan plants
suffar from: weater stress, 2 series of harmful plant-watar i=tar-
acttons oocur, whick may disrept a pla=ts plysiclogy. Thass
tnclude 2 decreass i call water petsatial, cell turges and mala-
tive water comtent (Hsiao, 1873).

Thka aveilable waer to plazts is wenally axprossed m terms
of water potsztial Watar potantizl is commonhy ecsessad by
measuring predawn leef water potential; 2 direct measurs of

* Towlhoa ol roiidzince should be a8 d
o +3733 2605276, fa: <2733 260 5265,
el

Msoenderosiy oo za
Recuived | August 208; acvepted bn revinnd o 14 Feprerd e 2000

svailahle o welite Bop wiew, wic.oo. 7
EESN [3TE-4738 (Feiid) = Wager 54 Vol. 35 Moy 5 Oieiober 2009
28K 1ELG=T9H) [Omehing) = Warler B4 Viol. 35 M. 5 October 2009

plazt water strass. Measorements at predewn diectly avaluabe
the water starns of the plant, baczzse durizg nighs-tinss beurs
under zere transpiration, plant water potantizl squilibraies to the
avzilahle soil water (Cleary 2zd Trarr, 1584). Cleary and Faarr
(1984} mzggestad that a predavn lead water potemtial of lass than
-0.8 MPais an imndication of stressed vagutation. Indimct meas-
uremants may alse be used to detect plant water stress. The mom
commenly used techniques inchids mezmmement: of relative lead
watar coztent, plant chloropiyll pigment content and chloropkydl
Snorsscance. Cther, liss frequantly applisd measuremants nsed
i vesifyizg remote sezsizg studies inchide varizticss in trunk or
stem dianzetass or even xylem vessel cheracteristics.

Altkongh chamcterimng cavitations in xylsm vessals &
potantizlly 2 zsaful tecknigoe for undarstandimg the rasponzs to
watar siress in a pland, this methed is ttme-consoming, costhy
and mot soitable for wee over largs spatial scales. It has besz
sZown in mazy plant species that roets are mose velzemble o
cavitatton thaz stenzs, and thus root cavisetion is mone suited
to characeerise plazt water strass batoraan specias (Sparry azd
Salmndra, 1904, Alder o2 2], 1084; Hacks and Sautss, 1055,
Lintom ot ., 155E).

Raliable detection azd prediction of plazt water strass is
dasirzble for mmenoas agricaltorzl, forestry, comsarvation and
la=d rekakilitarion spplicatiozs. Various remote and grouzd-
bassd tuchnologios am available for the mesmremant of plant
wAkSE SRS,
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Bamets sensing teckmologios whick niilise spactral rafiec:-
azca data have incrsasingly been used for determining spaizal
pattarzs of plazt water stress (Yameseki azd Dillanburg, 1985
Ceccaso et al, 2001; Sims and Gapson, 2002, P esal, 2003
Jackson at al., 2004; Stimsen ot al, 2005; Chm=-Tiang ot al .
2008; Clay st al,, 2006; Do Tar atal, 2006; Eibed ot 2., 2006;
Fitzgamald &t al,, 2006; Harzis ot al. 2006; Sepuloe-Cants et
al, 2006; Campball et al, 2007, Hops atal., 20090 Izpemznt
udvamtagus of remeds sensing tecknologios inchode cost-affec-
trvanass, affictancy in displaying spatial paiterns at a vamaty of
scales, and varsarility in revealng 2 varisty of strocteral and
physiological chamctaristics of water-strassed plazts. Daspis
s weccessfol case studiss, the selsction of saitable
ramote sensing mettodologies and raSectancs algorithnes
ramains difficult, dues fo the infnence of vegsteiion drarsaty
2=d size conditic=s oo vegetation spectral misctancs.

This paper reviews the detection of plant water stmss nsing
Tamote senEing techoologiss azd ground-based techoigees
commaonly nsad fo idsztify water strazs iz plants and which zre
suttzbls for grouzd-insthing repsotuly-sansed imagery: Within
the scops of this review, o distincton s mads berwsasz the
tecznologies wied for 2cquining the remots sszsizg data, bat
rather the forns &5 on Righlighting vegetative spacoral sens-
tivities which kxve been used to detect plazt water strass. The
grouzd-based tech=igues revienwed ame based on meapsrsmemts
of predawn leaf wassr potential (Dixon, 19140 leaf chlorophyl
fluorescance (bullar, 1874}, leaf water content {Weztharlay,
1550 and lsef pigmeest concenirations (Lichtenthaler. 1587).

Detection of plant water stress using remaote
sensing

Tha zpplication of rumote sensing sechnologies for plant 2zd
szvirozmantzl sfudiss became widsspread during the 1980s
Thass studiss mada wse of low spatizl and spectral resala-
ooz (60 m o B0 = and 4 speciral bazds) multispectzal data.
Multispectral remets sensing etz commonty consist of 4 to
7 broad spectral bands iz the wisible {VIS) and mear imfrarsd
(KIE) regio=s of tt= alsctromeagnatic spectrom. Thase date-
s&is ware 2oquined wrizg zirborns. setellite and grouzd-based
spactremstars. Eazly airborze systems cozsisted of 2 multispec-
tral camara monnted on board a light mircraft. Spectronzeters ot
this tinse wars bolky, heavy instremants whick wars not sasly
transportable in the field; therafors most measTaments wans
taken m labesarories.

FBamote sensing teckoologies bave sdvanced signifi-
candy ovar the past 10 to 13 years. With the developmant of
byparspectral remots sensing tachnolegios, retaarcham bava
benefited from dgnificast improvemants m the speciral and
spatial proparties of the data, allowizg for more detatled plaz:
1zd smvitonmsztal studies. Thess techoologies acgzire many
Ionsdrads of spectral bands across the spectnam from 400 nm
1o 2 500 nm, wsizg satallite. airborne or kazd-held devices. The
Cast or Hymap airborzs imagers are sxemples of commonky
used byparspactral inzagers whick acquire high speceral and
spatial rasolution imeges. A distinct advaztage of most xis-
borne mmagers is teeir capabiliny to soquire ot keast 200 or mers
spactral bands at bess thean 3 m spatizl resobstion. Advances in
spactremstry hevs also resulted i state-of-the-ast postable fald
instramants whick allew for the cellection of hand-held Evpar-
spactmal sigmatures. The Hyparion sensor is curmeztly the only
byparspectral sarallite system roxilabls for research.

In recant years, there has beez an sxpanding body of
lissrature concerning the ralationship betwesn the spactral
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Figure 1
Tywicai refieciance sensiivilies as conmoled by fead pigments,
ool structure and waler contenf (adapted from Gaussman, 1677)

rafectance propartiss of vegetation and the structeral charac-
tartstics of vegatation 2=d pizment conceztraiion iz leavas. The
spactmal chamactaristics of vegstation ars governed primarthy
by scatterizg and abserption characteristics of the leaf intar-
nal structume 2nd biochemical comstitzezts. such a5 pigmants,
water, mitrogen, cellzloss and Yigni= (Amer, 199E; Coops &2
2l., 2002, Prgments are the main determinants contrelling
the spectral respomses of leaves m the visthls wavelsngtins
{Gaussmaz, 1977}, Chlorcphyll pizment comtent, in particular,
is dimectly associated with photosyntbetic capacity and produc-
trvity (Gazsspean, 1977; Curras of al., 19582). Redooed conpez-
trations of chlorophyll are indicative of plazt stress (Curran
stzl, 1952}, On the other kand, celbzlar struchare 2zd water
comtent of lezves ar the mziz determinazts in the zear- 2zd
mid-infrarad wavalengths az shows in Fig L

A summary of mportant findmgs wnce the sarky 1980z
which Eigklights spacific regions of the slecironagoetic
spactrum and thadr ralaticz o vegetation spectiral refectazce
proparties s presented in Teble 1. Many of the sarlisr stad-
ias focused om broad spectral bazds pxck as the WIS and NIR
ragions (350 zm to 1 300 nm), wiich could ba used in veguta-
tiom studies. Blore recszt work bas kigklighted the impestance
of meww spectic narrew-band regdons such 25 the red edas
{mexizmm slope of vegetation efectencs from 690 nm to 740
noz) for predicting plant stress {Clay ot al, 2006; Frizgamald
al., 2006; Blackburz, 2007, Canxpball &2 2l,, 2007). The axts=s
of the Hteraturs is mdicative of the izmpertance of ralation-
ships batwssz plant stress 2nd both plazt chlorophyll 2nd water
comtant. Plant chicrophyll 2nd water contszt have thes bean
nsad a5 ‘warrogates’ of plant stress, uzder the assamption that
decreasss in chlorophyll and water contexnt are indicative of
plant stzess. Wumerous individazl spectral bands and vegeta-
tiom spactral raflectance izdices have besn identified for nse m
predicting plant chiarophyll contezt and water contsot.

Spectral indicators of plant chlorophyll content

In stressed vegetation. leaf chlorophyil contezt decrsasas,
thareby changing the propertion of light-abserbing pig-

mants, leading o a rednction iz the ewarall absorptios of light
{Murtha, 1582, Zarco-Tejade 2 2l., 20007 Thess changes affact
the spectral reflectancs signatores of plants through 2 redoction
iz gresz refection and a0 mcrease n red and blne refactions,
resmlfizg iz chazges iz the normal speciral reflactazca pat-
turns of plants (Murtha, 1582; Zarco-Tejada e al., 2000). Thus,

Jwvailahle on wehdte hotpwew, e g2
LHEN D3TH-47238 (Paiimty = Water B4 Vol 35 Mo 5 October 2009
IZ8H TELG=T930 {Osehing) = Waler 54 Vol 35 B 5 October 20089
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detecting changes from the zormal (uzstrassed) spactral radec-
2zcs patterns is the key to intsrpreting plazt stress.

Spacific reflectancs wavelizgths in the red 22d near infrared
ragioz of the spectrom:, nikich am sensitive to plant chlamepkydl
pigmani vamiation, bave bsan sdantifed. Refloctancs from 330 nm

T4

W lafrarad: MR

Adiddie Mgfeared; EWIR = Fhortea Infrarid

2nd 700 n= shows paxinzem sensitivity to 2 wids range of chle-
ropbryll contszts (Curman et al., 1590; Carter, 1983, Gitslson 2nd
Marzlyak, 1596; Lichiunthaler a2
thare iz litts 2preament on the optinzzm wavelangths to be mied
in the remets asssssmant of plant chloropkydl conta=:.

2l 159§, Duart, 1998 Howwwar,

Jovailabile on wesbaite Botpe wonwmn cog 2a
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Indicss have besz derived using 2 combization of specific
reflectance wavslszgtis for the mmots assessment of chloro-
phyll contemt (Crurrean ot al, 19%0; Tacquanzoud, 1593; Baret
and facqeemond, 1984; Baret ot 2l., 1994 Filolla and Pemalas,
1884 Citslson and Merzylak, 1996; Lichienthaler ot al | 1996;
Blackbarn, 1988a; Blackburs, 1998k; Lelong et all, {1088);
Blackburn, 1989; Dart, 1999; Stoze atal., 2001; Coops ot al,
2003). These indicss have besz typicelly dsrived through oor-
relztions batwssz leaf roflectazce and loaf chiorophyll contest,
and aru often developed for 2 singls species with constazs loaf
size and shapa, leaf susface 2nd izterpal stracturs (Date, 198%),
Howsvar, the ralatiozship betwesn chlorophyll content end leaf
of cenopy refectanos I5 Lot necsssaridy genaric and caution
nasds to ke taken when applyizg thess indicas ovar diffsrant
wagetation types or blensss for the prediction of plant water
szress (Coops etal., 2003).

In the rezoots assessment of plan: water strass, total chlo-
rophyll and chloropiyl a contunt v baan idemtified as key
spectral indicaters. Chloropkyll a absorbs stromgly i the rad
wavslszgths becenss of electron transittons of the chlorophydl
melecules. As the chlorophyll concentration mcreasss, there
ts 2o apparent displacenzeat iz the slope of the spectral curve
itk red wavelsngths towerds looger wrvalengths (Horler &t
al, 1883). However, m 2 stressed plant thare is 2 shift toarards
skortur warslezgtis, often reportad as the hlue siifs' (Carter,
1993}

Tks intardepezdsnca of chlorephyll o and total ckloropkyll
provids an epproprizte measurs of changes in spectrel reflact-
ance due to plant wrater stress. If the ralative proportion of
chlerophyll o wers to mereass there would be a movement of
2 red edgs w0 lomger wavelangths, izdspendent of total chlo-
rophyll content. Likewiss, 2 decrease in the relative proportion
of chlozophyll a wonld resnlt in a movement of the red sdge to
skortar wavslazgtis, aleo indopendent of total ckloropeyll coz-
tazt. However, the sffect of 2 changing M=®y _ matio
oo the red edge is liksly to be minor and bas prov Hicult to
chesrve compared to the sffect of the tetzl chlosophyll comban:
(myot and Baret, 1988). Therafors. red reSectancs 15 consd-
arsd 2 ralizhls matric for total cRloropiy]l coztent and ckazmgss
m loaf pigmemts (Herdar at al, 1983

W ke chlorophyll content is ussd 25 2 mezsum of plan:
water strass, the placsment azd shape of the spectral red edgs
ars important ndicators of plant water stress (Horder et al.,
1983, Curraz s2al, 1900, Blackburn, 1599; Blackbarn, 2007)
This mlationsiip is used fo axplain the movement of the rad
wdge to shoster werslsngths during diffsrent sxprassions of
plazt water soess, eck 25 SRORSCRODE oF stess-indeced chlo-
rosis (Collins ot al . 1963; Rock gt 2l., 1988; Milton azd Mowat,
198%; Clay at al., 200:6; Camphall et al, 2007).

Spectral indicators of plant water content

Plamt wratar conssot at the leaf and canepy scales is oftez
ustimmated nsng specifc speciral refisctancs bazds and specimal
reflactanca izdicas from neer infrared. middle merared (MIR)
and short-was infrared (SWIE) regrons of the slectromagnatic
spactrum [ Tieckar, 1980; Hunt and Rock. 198%; Gao, 1555
Farco-Tajade a2 2l., 2003; Tacksom a2 2l., 2004; Shen atal .
200%; Chap-Tiang of al, 2006).

MIR xnd MIE spectzal bezds are highly corralated to water
contszt of vegstation xod seils (Twcker, 1960; Hunt and Rock,
198%; Musick a=d Pallatiar, 1986; 1583). Spectral bazds from
thece ragions heva baan zied to delineats strossed tmes fron:
noz-strussed trees { Tecker, 1OB0; Hunt a=d Rock, 1989; Muswck

Jovailabile o weshatte hapewwane.cog 7
EE5N [MOTE-4733 (Frinl) = Water SA Val, 35 No, 3 Oginber 2009
E25H 1EMG-T95) [Ohhine) = Water 2A Vol. 35 Mo, § Ootober 2009

and Pellatier. 1586; 1982). In these ragions of the slectromag-
natic spectran, leaf water coztent 225 besn ramotsly zissssed
usizg bands 1 550 nm to 1 750 nm (Tckear, 1980, 25 well as the
ratio of spaciral bands 1 550 nmte 1 750 nm and 2 080 0o 2 350
om (Museck and Pallatier, 1986; 1988). Howswer, m labosatory
sxperimants a good relaticzship was identified barosan water
content, keaf arex, and the spectral index dertved nsmg 810

om and 1 600 oo spectral refsctanos bands (Huent and Rock,
188%). In these sxperiments MIR rdectance izcroased with
decreasizg leaf water coztent m Californiz ouk, blos spraca,
wovbezn and swestgum (Eunt and Bock, 1988

Iz the SWIE mgion (1 400 zm to 2 500 nm), Seld meas-
uremisnts hevs shown sgnificazt changes to this region of the
spectrum resulting from changes in tha water contsat of plants
{Tocker, 1980; Caccato atal . 2001} Several ralationchips have
bean identified betwesn specific spectral bands in the SWIE
region 2nd different grouzd-based msasarsments of plant wassr
siress such 25 relative waber contezt, leaf water potaztial, sto-
matal condurtance, and cell wall alasticity (Foutry 2zd Barat.
1857, Po st al,, 2003 Iz particular, Foutry and Barst (1597)
ruposted that the spectral wavelengrhs at | 530 nm znd 1 720
LI are most appoepriate for assesEng plant wanks contat o
both weody and barbaceous plant species.

Several spacimal indicss have besz derived to detact
changes in plamt water conts=t for the remode assessment of
plant watar strass. The sensitivity of such spectral izdices to
changes in plamt water contsst is influenced by the mternal leaf
strzctume. Themfors, soma spectral mdices may not be suitzble
for ths detectioz of bow or moderate levels of plant water strass
{Exel ot al, 200€). Too spectral indices that heve besa suc-
cassfully nsed are the zormalised differance watar izdax (Gae,
18%5) azd water band index {Pamalas et 2l., 1557

The norozelised differsnce water mdex (Gao, 1995 15
commenly nsed and acceptad ag 2z accurats astimate of plans
watar contezt. This index cozsists of the ratic of the diffarsnce
batwesz refectance measured at 260 om and 1 240 zm, azd the
s of misctanrs measured 2t $50 nz and 1 240 oo respac-
tivaly (o, 1993). At these narmowband wavelengths, veguta-
tion canopiss have similer radixtion-scattering propartiss, bt
shightly differset Liquid water absorpdics proparties. Therafors,
thiz izdsx has besn succassfully applied to reozotely datec:
plant water contezt for various tee species (Geo, 1957, fackson
ut al. 200<; Stimson ot 2l., 2005; Eizel ot al, 2006).

The weater band i=dex is derived from: the ratio of raSoect-
ance maasured a1 300 ooy 2=d 70 =m (Peamelas ot al | 1995).
This spacizal indax k25 besn corrslated with ground-bassed
maasmremants of plant water comtent 21 both ke lsaf and
canopy scales. It i, however, more sensitive to leaf water coz-
teat than the water content of the wiols plant. This is advanta-
geous izm agriculiural applications, whers leaf water contezt
changes more noticsably iz responss to dronght conditions than
the water comtent of the sotirs plant folizgs (Champagoe & al.,
2003

Factors affecting spectral reflectance from leaf
to canopy scales

Tha Yevals of spactral reflectance from a plazt leaf or canopy
are deternrized by & veristy of factors. The factoms that play

a role iz the spectral reflectance from 2 plant Liad or canopy
mclude: speciss, site, 2gs or matarity of plants o folizgs, zatm-
nt starus, 2=d leaf oriencaticn, sffects of variabls irradianca,
wariable backgrou=d, and the geomatrical xrrangemaz: of the
ehbject/ncans, sansar, and surfacs, ormeiaiion of the ground
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surfacs in relation to the location of the suz 2nd remoss sensing
davice 1=d matsoralogical cozditions (Asmer, 199E; Coops a2
al, 2003). Thatr individnal or combized sffocts are ralavast for
mezsumsmezts witk grouzd-based Sald spectrometars. airborze
2zd satallits renzote sensing tecknologies.

Bamote sensors diffar extezsivaly in thedr ebility to dis-
criminabs targets. Spatial resoletion veries from loss than a
matre to several kilomatres, with some modals requirmg izput
parametars from varicss data sources with diffsrant spatial
masclutions {Chem, 15%%). Farthermers, vegetation covar czn be
spatially Rigkly batarogezaons, and varizhilicy within a pixel is
likaly to mtroduce nncartainties when processizg and applving
Tamate sensing imagery ot diffarent spatial rezohrions (fizng at
al, 2008}

Spectral data collected at ths leaf scals wmally comtaim the
lsast amount of varizbility and are mest szaily correlzted to
grouzd-truthing expesimazts at the sams spatial scale. Ground-
truthing in confznction with ramese sensing sarveys is oftez
undartzken ot the leaf scals, dus to the complaxdty of ground-
truthing at larges spatial scales, and the difficulty in accounting
fior the significant wariakility in canepy reflectance. Tharsfoss,
spactral features and Tel stionships wiich have besz identiSed
21 the leaf scale in such studiss have often also besn applisd
pezsrically at cancpy and Lazdscape scales (Mohammed ot al,
1597, Dat, 198%; Zarco-Tajada at al., 2000; Coops et al, 2003)

Diaspite the dificalry in reproducing canopy reflectancs,
artempss havs basn mads by stacking lezves oz top of sach other
fior balow-canopy spactral mezsmrsments (Slackburn, 1998; Datt,
15%9; Coops ot 21, 2003). The disadventage of the kaf-rtaciking
method is that # 15 u=able bo represent the absobets radation
intarzcticos whick occur at tes canopy scale It also fails to
raplicate, for axampls, canopy architectums, leef angle distriba-
tion, the reSsctance of trunks and branckes, azd the coztribe-
tion of the wider cazopy outsde of the mstromant field of viewr.
Thus. %5 wes 15 heited. T dess, bowaver, assist 1= coztrollng the
impact of varizbles such 2z backgroend refleciancs, irradiation
Jevals and sun-target-sszsor geometry whick do affect spectral
rafigctance measursments of the cazopy scale.

Thas ramoval of atmespharic zod backgronnd fnterfarsnces
is macassary when procassing rnsote sensing data. Warious
types of calibration modals can b 2pplied depsnding upon the
quantity znd gualicy of calibration data recosded durmg the
Tamobe sEnEinE acquisition surveys. Alteroatively, the remeval
of atmespheric and backgronnd intsrfarsnces conld be omitsed
whan vegstation spactral reflectance indices, whick account
for diffsrances in simospheric 2nd backgroend affects, wers
2ppliad in sparsely vegetated anvircoments (Fiznnico, 2004)
Furtharzoors, the magnituds of atmespheric and background
intacfarsmoss is graater as spatial rasolwtics decreases from
grouzd to stand 2zd conopy bevals; and spectral resolotion
increases from multrspaciral fo byparspactral data.

Detection of plant water stress using ground-
based measurements

Simpls and quick gronnd-truthing metheds which wtilizs part-
abls insiremants ars zeaded for the measurement of plaz: watar
strass. Commonty used techoiques address aspects of the plant
watsr status and plant pigozezt conceniation

Pradawn laal water potential

Prodawz leaf water potentizl measzrsznents, often mndertzken
witk 2 pressure chambar, are nsafil for determining plant watar

746

strass. At pradean, xylim water potsmtial has equilibrated with
sotl wetar petamial after 2 might of negligibls transpdration. At
this time, plant waser potantial is neoally at its mintmem for the
day (Cleary and Zeaar, 1984,

Tha pressure ckambaer is most commoezly wsed for ssbmar-
izg leaf water potentizl, kaving the advantags of mmplicicy,
raliability, instant meons mexmmmests, ow capital cost and
porizbility (Scholander at al . 196%; Boyar, 198%; Extchie and
Hizckley, 1975 The squipment dsxigs has not changed sig-
nificanthy over the past 4 decades since Scholazder 1 2l. (1565)
usad this techziqus to mearars the water ralaticns of tress and
shrobs. Meamal operatioz is stzll reguired, thersfore this teck-
niqne is cozsidared slow azd tima-cozmming for amy commar-
cizl or oparational applications (Jozas, 2004)

Mezsuremeant of predawn Jead water petsmtial has gained
wids acoapiance amesg ressarchars. It i commezly wsed 25
2 plznt watsr stress indicator (Arazde & zl., 2005; Mortes et
al., 200%; Intriglinle azd Castel, 2006; Pellagrine acal., 20063
and kas also ke used to describe the water staras of diffszent
spaciss within a habatat (Scheolander s2al., 1965, Lamoor 2=d
Witkowski, 19873). Predean leaf water potantials bave beaz
shown to differ among species m the s2me hebitas (Witkowski
&t zl., 1952; Lamont and Witkowski, 1995 withiz 2 species
veross diffarent habitars, and writk leof age (Witcowsks ot al,
1987} and within a specias across diffarent plazt sizes (Lemo=:
&t zl.,, 1854). Typical plant water potentizl measzrsments of
unstressed plants range from -0.1F MP2 for plazts wnder sabz-
rated sod conditions azd low atmospheric demazd {Cleary and
Zparr, 1984) to -2.0 MPa for “tank’ plants such as caches, whick
cam store wabar (Scholazdar at 2l, 1963). Comversaly, stressed
plants such as czeesote bush and foniper growing in mers
arid regicms could ackisve plant watsr potentizls of -8.0 MPa
{Scholander et al, 1965), while for desart plants 2 caz be much
higher. Predawn kaf water posemtial measumsments have also
besn successfally nsed in agriczltoral applicatioss to svalozte
plant water stress. Such applications kave mohided astimates of
transpimation of wodl watsr and assessments of cop water siress
resnltizg from drrigatics scheduling of grapevize Seld sites and
frust orchards (Intrigliclo end Castal. 2004; Pallsgrino & 2l.,
2008} Pradaw= leaf water potentizls kxve alss basn couplad
with stem watsr potential measurements a=d fuctuations iz
trunk diamesers to quantify watss stress of young almoezd trees
for irrigation managemest (Wortss et al., 20075

Despite the wide application of predawn pressm chambar
maasurements, mumerons snrces of srror azd measursment
problanss bave besn identified (Ritckis and Hencklay, 19753
Thess need to be minimised in exder to szsure accurate raad-
izgs, and can be groupsd fobo 4 categories, Vi spesd of mezs-
uremsnt in the fald; approprizte salection zod processing of
samples; reduction in pressursation problams with the cham-
ber; and commact sdsmitfication of the and pommt.

In the fiald. spesd of measurement 15 of major Importazca.
Mleisture loss betwesn tinss of sezopling azd measurement
must be mizizised (Fitchis and Hizckley, 1575 Tumnar, 15983
Camphball, 1980 Heiae, 19%0; Smitk a=d Prichard, 2003).
Mozsurapzezts should taks place dirscthy after axciston of
tha plant sameple. If this is not possible, samples should ba
snclosed m plastic bags immediztely afer curting and stosed
iz 2 cool dark place uztil reguired. Howsnar, if tme-delays
ocor betwrsen predaws semplizg aod actez] measarsments,
this could result in imaceurate meesnremants (Clear and Zaarr,
19E4; Tor=er, 19BE).

Great care skonld be taken im selecting and processizg
samples. It & ismpestent to standardise the sampling process

Sovailabile on websde hotpolwaw,wic oo 2
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with ruspact to leaf zgs azd developms=t stages whan paki=g

a comparises betwesn plant spacies (Witkowski atal | 1997
Damaged szmples {crushed leaf peticls or torn keaf blades) and
re-cuttizg of sampls stems (Scholazdar et al., 1967), lead to

a break iz the ezsion in the xylen water, and showld thus ba
wvoidad (Clsar and Zaare, 1984; Turner, 155E). Furtharesors, tha
portion of the leaf or stem sxtarzal to the ssal i the pressurs
chamber umit must ba mrizinvized to reduce swclsion srrors
(bliller and Hansen, 1575 Heiao, 18500

Sevenal teckmical guidalizes must be adkered %o iz ardar to
reduce pressurisation problems withiz the chamber. Failume to
achisve pressurs sguibibrram should be addressed by ensaring
thas the ssal nsed i the pressure chamber is mads of rebbar
thas is sufficiently slxstic to 811 the mdentaticns of irmegalarky
skapad petioles, but oot so soft that it disintegrates undar
prossmre. For vary irregular petiolss, & quick-settizg sdicon
compouzd caz bensad. Howerar, tiis slows dewn the zomber
of lnzvss that caz be measured (Tarner, 1988). High-pressurs
greasae or a sdicon adhesive compouzd should be used on
tha stopper to prevens of reducs lakags and to prevent lad
damzgs. Studiss on the optimal rates of pressurisation of the
chamber and the effacts of rapid pressrs azd heat build-up
within tha chamber have shown that fast rates of presserisa-
tion can lead £ beth uzdersstimates or oversstimates of water
potemtizl depending om the gradients of water potsztial in the
sampls (Waring and Cleary, 1867, Bluz et 2l., 1573 Tymee and
Daizty, 1973; Turmar, 1981). Therefore, Turner (1961} suggestsed
an averygs prassurisation rate of 0025 MPa-st. Fortharesore,
cartion muzst be faken iz the use of the compressed gas wrtkin
e prassure chamber, Prassure-ralezss valves protect the
pressmre ganges and also belp prevent over-pressarisation of
tha chambar (Turner, 1988). A binocular microscope or safety
ghsses shonld be nsed to protect the operator’s eyes if any
maerizl s forcad out through the ssal during pressursation
(Turoar, 19EE)

Correct identificetion of the sndpoin:, when the xylen: szp
Jrast retarns to the cut sarface of the xylem, is critical for aooe-
rete estinzation of the water poteztial (Bitchie and Hincklay,
L1975, Tarnar, 1988; Camphbell, 19%0; Hizo, 1950; Smith and
Prichard, 2003 Uss of a binocoler microscops or mageifying
glass ey be DecessaTy to minimise peor szdpeint recognition.

Fisld squipman: reguired for leat weter potetial mezsuze-
mazts s relativaly sasy to set up witkin a specific location, but
can ba combersomss wiez thare are many mampla sites which
ars mot in closs preximicy to sach other When accoanting for
s timoe reguined for setting up of the instrument, gatherizg of
samples and the actual mezsurament at predaws, only 2 limited
mumbsr of meararsments is possible within this timeframe.
Tharufors, from a prectical view point this metkod wonld be
mors appropriate for lecalised mwasaremants, as conzparsd to
lazge-scale measarszosnts.

Leal chlorophyll fluorascencs

Orvar tie past decads, chlozophyll flucrescance kinetics has
baan used more axtezsivaly to provids considerabls informme-
tion o= the organisation and fonction of the photesy=thetic
apparatas (Govizdjes #t al., 198]). Infermation is gathered mors
readily and repeztedly outside the leboratory nsing portabls
optical systanus and comapact chlorophyil fzorsscazcs metors.
Tk functioning of ths photosyethetic apparatus is depesd-
ant on the process of photosyothesds, whemeby gkt snsrmy
i3 absorbed and comverted mbo organic compousds. Several
anmvironmental factors, izcloding water, light and muirismts,

Sovailabile i welte hmp . Wi 062
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affsct this procass and meay lead to plant stress. Thersdfors,

the photosymthatic apparatus has besn moogzised as being a
good indicabor of stress azd stress adaptatios of a plant and i
associated with the meavarsmsnt of chlorophyll fnorsscezcs
(Salishury and Ross, 1952 Strasser and Tsmeilli-Michasl, 2001
Straszer at 2l 2000} Alzo, bacazsa changes m chlosophyll
Suorescencs may occur bafors azy physical sigzs of Hswos or
chlorophyll deterioratic are memifested in the plan:, stress can
b datecsed bafors the onset of physical damage (Lichtenthalar
atal. 2007

Chlarophyil Soorescencs mersuremants can be described
wsizg the typical phases of 2 temporary uemscance sig=al
or transie=t. During a typical Auorsscance razsiant, the Suo-
rescence rises mapdly fom 2 ground stete, O for F) mitial or
mizizmzl Suorescencs, whez all dlectron acceptors ars fally
oxidised, or opsn, to 2 maximum lewal, F {or ), whan all
alectrom accaprors ars Rigkly reduced. or chosed xnd are nnakle
to sccapt and trazsfer alectrozs (Rolznde a=d Lictls, 2003)
Warious parrmsters mepresentizg subssquent phases o2 typi-
czl Sunrescencs transiEst can yield information oo bow stess
affects the fonctioning of the photosymthetic system (Strassar st
al. 2001; Felande a=d Littla, 2003). Photochemical sfficiancy
I5 & comminn paramsier nsad to asrass the affect of azvirom-
memtal stresses on the photosyethetic mechanism (Sirasser
and Tsmilli-Michasl, 2001). Ths photochenzicel afficiency
of Photesystem II (PSID) & estimated by FF_, which i tha
ratio of variable Snorescencs (F) to maximum Snemscance
(F_). Most haalthy plasts axkibit F/F_ valoes of around 0B
{Pederson et al., 2000}

1= mest studias oo the applications of chlorophyll Sucres-
cence, the F/F_ ratio is usad 25 an indicator of water smass
(Fovindjee et 2L, 198]; Havenx and Lennows, 1983 ﬂlg:nm.
18%0; Vaz Rensbarg et al, 1996; Van der Masche ac 21, 1987,
Lz a=d Zhang, 199%; Petursox ot al., 2001; Belazdo and Littls,
2003; Cifre et al., 200%). In thess stodies, it bas besz wall docz-
mamted that at the ckloroplest level, the fuzctios of the thyla-
keid mambrane is ssnsitive te szvioemantal stress (Oquist,
1887 Stodes which have fornsed oz desp-rootad axotic
traa specias have magested that 2 decreass m FF_ iz dua to
drenght-ind=cad fnjury o the thylakedd stroctores affectng
plotosynthetic slectzon transpor: (Van Bensherg st al, 15546
Vao der Meschrez 2l 198 azd Zhang, 1989). These resulis
imdicated that F (F_ of drought-stressed treas was lownr thazn
the comtrel tmees, aspecially in the mors drozght-iztelarant
traas. Van Remsberg ot al. (1996) fouzd that the decrsass m
FF_was dus largaly fo an incrsass in 7, an indicaticon of
permansnt damage to the PSIL PSII appsears o be particulasly
vazEitive to 2 mumber of stress factom including freering tanz-
pasatures and dromgkt (Oquist and Wass, 1988). Rolando a=d
Lattle {2003) also showad 2 decrezse in F,(F of weler-stressed
Encalyptus grawdis seedlings, resulting from a riss in 7 and a
decrease in . Siznce this ratio i a reflection of the mexizmm
vield of primary photeckemistey, FF_ is alio used 25 an mdi-
cator of tes o sedling vigonr.

TWater strass leads fo several other chazgss iz the phedo-
synthetic apparabes of plazts. Low water pota=tial kas been
observed to causs a decrezse in the quastum yield of O,
svolation iz chloroplasts azd lezves from sundewsr plants;

2 decrsass in the ability of the coupling factor isclatsd from
spinach leavas to hizd fnorsccazt muclootides: 2=d » decraass
tm tis matio of the maximum to the mizizme: fvorssezca in
the rad alges Porplyrs sanjwanesis (Govindjes st 2, 19E1).
Datz presszted on the relaticzship between maximum to mini-
o fucrescance ratios and the water potential of leaves of

|
e
=1

Page233




ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

Wertum oleander, diriplex rrigrgularis and Tolmies mewsien,
suggest that weter strass blocks electron Sow to the reaction
cantrs chlorophyll @ of PED (Govindjss &t al. (12E1). Itwas
clear from: the sa results that the ratic of maximu=n to minimum
fiuverascance decrsases from a kigh wakze of 4.0 in wall-wratared
Kerium oleander plants {water potemtial -0.8 MPa) to a bear
valus of 11 in a seversly soressed plazt (water potsmiizl -3 5
WPz). [o all casss sxamined, the ratic decreased as the water
potantial decrezsed. Becaunse of these results. Sovmdjes &1 2l
{1981} concludad that water stress inhibdted alectroz flow of
Pill in the 3 species sxamined, and that this ratic ssrves as 2
qualitative indicasor of leaf watss potentizl.

Tha uss of chlorophyll frarsscemcs ratios as an index of
plant water stress kes gaized increzsing accepiancs in recext
years, and is commonly maasarsd nsing hazd-held relatialy
low-cost portabls instremants whick are simpls, rapsd 2nd nen-
dastroctive (Peterson et 2l., 2001; Strasser o2 2l., 2001; Strasser
2=d Temilli-MicEaal, 2001; Rolando a=d Lirtls, 2003; Cifre
atal, 200% Lichtenthalar st al, 2007). With t2s develepmant
of am intarnz] satarating Light sourca in postabls fiald fuemas-
cance maters, chlerephyll incmscances measarsments caz now
be nnderteken #t any tizme of the day, from shaded or sznlit
5 .
{Eloropkyll Sucmescence mezsurdmants can b mied o
comjuzction with otber technigees 25 2 ralativaly quick mitial
scTeaning method for assassing plant stress witkin a locakisad
amea. Tham have alse bz sgmificant advances in the applica-
ooz of ckloropkyll ucmescence 21 larger spatizl scalss ovar the
past dacadae, allowizg for spatial detection of chlesephyll flue-
TeSCALCe PArameters nsing laser-based Soorometers (Ounis st
al, 2001; Cifre etal, 2005). Suck tochnological improvamsmts
in chlorophyll Snorescencs mssuremants would complemant
the ground-truthizg of remots sezsizg imagsry. Howarar, fuz-
ther izvestigations ars zeeded to esteblish s applicability for
differazt crops wnder diffarent cozditions (Cifre &t 21, 2005).
A dizadventags iz that thase mstrumaents havs not yat besz
dasigmed for commercal or operational nss.

Chlorophyll and carotenold plgment concentration

Plant pigmant cozcantrations vary with spacias. scosyps azd
phenology. 2nd ars also affected by masoz and varens kinds
of matumal azd antiropegenic stresses (Gilson and Mamzaylek,
1537). Healthy plants, those capabls of maximum groarth, 2re
pazamally axpactad to bave higher cxlerepkyll pigment concen-
trations than unbaalthy plazts. Eednced chlorophyll conceztra-
ipoms are ofiten associzted with siressed plants, with varistio=s
in otal cEloropkyll to carotencid ratios nsed as stess indicators
(Watto st al., 2005 Lichtezthalar ot al, 2007). Carctenctds play
2z inzport 2ot role in protecting the photesynthetic appamins,
1zd regulara the flow of ezergy izto and out of the photeryz-
thatic sysiem (Sms a=d Gamen, 2002; Matio et al . 2003). Two
comamzonly used approacies havs been adopted to guamiify
chlorophyll and carctezoid pigomest concenirations in plants,
viz. comventional chamicel mathods and Seld chlorophyll
maters. Convantioze] chemical methods of pigmant quansi-
ficatiom require destrzctive samplmg and fime-consming
lzboratory analysss, whersas ckloropy]l medars ars sizopls,
portabls field fnstruments which pesmit rapid zon-destructive
IMEEIUISEESE

Cozvsationz] analytical chemsistry metheds wsed for
sstmmating chlorophyll and carotezoid pigme=? concemirations
27w s@an to be mest accarats, provided that correct sanpling
2zd labomatery procedures are followsd. Thess methods maks

T4k

ns% of spectrophofomatry to estimate pigment concantratiozs
iz plant axtractiozs from the linsar absorption charactamistics
of thew pigmezts in pelar extractants ot specific wavelizgths.
Consztrations are caloulated sekimg cogmisancs of the axtract-
ant and the spactfic sxtinction coafficiazts a5 dascribad in
Lichtanthaler {1527}, Two precantio=s ars racommandsd when
sampling 2nd durizg laberatory analysis: rapid zod efficiez:
collsction of samzples whick must be mmedatsly frozez using
ligmid mitrogen to pravez: pigment deterioration, and mini-

mal bosz of pigment durizg laboratory extraction and dikotion.
proceduses in order to reducs the variabdicy of the mesalts. If
the researck is teking place iz remots arees, liguid nitrogen can
be substituted with sufficient dry ics or ice packs (Curman et al.,
1380 Dract. 159E; Pizkard ot al | 2006).

Chlorophyll matars ars portebls fisld instrzmants that allow
for mon-destructive repetttive samplmg; they bave successfelly
‘besn used to estimate the chlorophyll context of mazy plant
spaciss (Schapar and Chacke, 1551; Metto ot al, 20073; Pinkard
&t zl, 2006). A chlorophyll izdix derieed from taro peak
reflectance wavalangths, 530 zm and 240 =m, is msed to asti-
mats the shsarved chlorophyll content in 2 sampls. Howerar,
several factors wach as diffarsmt plazt species. leaf weight,
lsaf ags and growizg condittons mey affect the relationship
‘betwaen the ckloropkyll index and acroal chlorophyll concen-
tration. Thersfore, calibration curves 2me required for mamy
spaciss, site and axparimeetal conditions (Pinkasd a2 al., 2006).

Leaf-watar contant

FRalative leef water content is en izdirect and gross estimats

of tha changws in the water coztent in kaves (Canzy and
Huang, 2006} Maost water in leaves resides in mesopiy]l calls.
Velomatric changes m thess calls ecour as the balance shifis
betwaen the rats of evapention from lezves aod the rats of
water supply to the leaves. Volumetric changes in the lezves of
plants xffact many imtar=al plant conditiozs such ax tension m
tha call walls. sxchangs of water 2nd carbon dioxide across call
menbranss, esmetic pres s of vacucks coztents, call and tis-
sus forgoer, call-to-call contact and trazsport of water

Mezsurements of the relative water contez: of leaf tissus
11 commonly nsed to asrars the watar statas of plants (Barrs
and Weatkerday, 1962; Catsky, 196%; Turner, 1981; Taby, 1985,
Yamaseki and Dillenbusg, 159%; Shen et al, 2003; Canzy and
Huzng, 200€). Balative leaf water contant is expressed 2s the
Tatic of thres waight detsrminations wz. fresh waight: drv
waight a=d turgid waight of the leaf srmpla. It is calcalated
25 the ratio of fresh weight minus dry wedght fo torgsd weight
minus dry watght

Iz is mportant that samplizg procedurss are maeticaless
to pravant svaporative losses of water from the leaf samples
(Barm azd Woatharlay, 1962; Catsicy, 1968; Turzer, 1881; Joly,
198%; Yanasaki a=d Dillanberg, 1998; Shan st 2., 2005; Canmy
and Fuang, 2008). Sap=ples mast be storad immediately in
plastic bags azd kept n 2 cool, dark place to reduce meodstare
loss prior to fresh weight measoremants. Farthermers, the
validity of relative weter content measuramssms depends on the
precizios of the thres wwight determmairons:; 2 raliabls astmats
of turgid weight being the most critical (Faly, 1985).

A typical watss abserption curvs for a leaf shows a high
izitia] rate of 2bsorptiez, followed by 2 prolonged period of
slowr absorption (Yamasaki and Dillezburg, 1959, Ths amouz:
of water muitally absorbed has bean compronly interpreted as
‘being the amennt of watsr zesded o compensate for the water
defice: of the plazt tiswzs. Further water sbsorption is driven

Sovailabile on websdie hotpowaw,wic oo 7
LEEN 03784734 (Frim) = Waler SA Vol 35 Mo, 5 Oeiober 2009
[S5H 1ELG=T950{Cheling) = Water 84 %l 35 Mo, 5 Ocoober 2004
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by call sxpansion, 5o that mass chazges ocoarring durizg
this phase ars zot wsed iz the estinzation of the relative water
contszt of the sample. Themefors, 2z accurate mersuremant of
rargid waight should be determined 2t tha and of the first initial
phass of watar absorption (Yam:acaki and Dillankerg, 1969,

Water absorption pemiods nswally rcommandsd for cozd-
s range from 12 1o 48 hours, which is pack longaer then the
4 heur paricd uraally reguired for mest broad leaved plaots
{Yanzzseki azd Dillenberg, 1999). To reduce water absorption
parteds, smaller leef disks which absorb water mors guickly
ars compsonly used instead of larger whaols lexves (Barms and
Waatkarlay, 1962). This mathod many howsver, also allow moms
watar izfilization threugh miercallular spaces, thamaby mewalt-
Ing iz 2 greassr watsr absorption per umit of leaf macs, when
comparad 1o ahsorption in whols leave {Barrs azd Waatkazlay,
10€2; Taly, 1987}

Measurizg the relative leaf water contezt of plants &z 2
§ & Vet {Ne-CODFInKizE process. COmparative measure-
mszts batwesz strassed and unstressed plazts shonld be undas-
taksz during the mor=izg when differunces m waisr potaztials
batwsan plants are greatest (Claary and Zaser, 1884). Dus to
thase tims constrzizts this mathod s most approprizts for lecal-
tzad ground-trotking mezsuranzezts

Comparison of ground-based measurement
techniques for measuring plant water stress

It bas besz suggssted m this seview that all 4 ground-tased
IsasarEmants, Wz predawn leaf water potsztials, chliomophyll
fhorescencs. chlorophyll and carotszoid pigmazt concentra-
tions 2=d leaf water coztunt can be wsed succassfully to meas-
ure or assess plazt water stress. Howsvsr, these 4 matheds ars
ot sustable for large spatial scals sampling, and wonld b5 most

usefnl for localised sindiss or for localised ground-truthing of
remote sensing applications. Samplizg protocols for ground-
truthing spplicaticns are depsndsat wpon the spatizl scales at
which the remots sensing studies are being nodertzken, v
laaf, canopy, stand or landscapa scals and, kezce mampla sizes
will diffar accordingly. A sumpary of some of the advantages
and disadventages of sach ground-based methed is listed m
Tl 2.

Thass 4 grownd-bassd mezmmmeazts vary in their practi-
cal use 2z wall a5 i the physiclogical procasses msasmred.
Diffarences in thess methods as wall 25 the processes maas-
urad may ba affacted by diffarsmt sources of variabilisy, which
im tarn may affect the strazgiz of the relatieaship to specizal
mdicas (Gtimsom et al, 2007). As a result, srozg ralatiomships
may xist batwrasn certain grewnd msasmremants and spectral
mdicas, whils othars mzy ba poorar for 2 spacific plant spe-
cies. For sxzxpls the weter band mdex derrved by Geo (1555
focussd oo water consst of vegetation and cheredors could be
mare stromgly cormalated to kaf water contant measursments
than plazt prement conceztrations and vice versa.

Ciffarent grouzd-based measaremants of plant wasr stress
may be prefarred depending upez the resserch cozditions undar
which » particzlar method ts baizg applisd. For amborne and
satallite remon seosing vegstation studiss, ground-truthizg
techmigues which are cost g, affictezt and reliable and
can ba applied owar localised grownd-truthizg regions withim 2
rezsonabls time-frame of acquirmg the renzote sensizg imagss
weuld be prefizred. Under such researck cozditions meamars-
mants of chlorophyll foorescencs or keef water contezt wonld
ke meors mited. Oz tha other hand, meamromezts of prodaws=
leaf watar potsztial ar ckloropiy]l pigreent concantrarions
could be ussd for smaller-scale iztensive sampling. Howsvar,
szould costs be constraining factor praduwn leaf watsr

Tabla 2
Advantages and dissdvantages of 4 ground-based methods for measuring plant water stress

freorssance

Ground-bacad Advantagec Dis-advaniagec
mettiod for
measuring plant
water ctrece
Pradewn leaf wasr | Sinzple, ralizble, tnstzntanscus meawarsment, low capital Slow azd ime-cezmmizg for landscaps-
posamtial cost, portahble, dirsct indication of plant water stress scale mozsuramszts; not soiteble for wee over
All parts of plant =i predawn should be 2t sanse wabsr large spatial scales; can be cumbersoms when
potemtial, semplizg sifes ars ot n close proximity to
sach other; destructive sampling.
Pra-dowz samplizg is incoziezient
Lozfchlorophyll | Hand-hald portabde. lightaraight Sield izstrumeents, sizpla, Kot designed for use over large spatial scales.

rapid zon-destructive semplizg, relatrvaly low capital cost.
imternal saturacizg light source pressot m lates: models,
ms3sarsment: c2z be taken at azy tims of the day, techool-
ogy advence: for remote sezcizg applications nsing lasas-

mEATIrsmenes

bassd Sucremsters.
Chlozophyll 2zd 2. Conventional analytical chemistry matkods Problem in keepizg lezves frash to zvedd
carotenoid pigment | Foundations iz well-ressarched methedologies of ckloropkyll degradation.
ooncenirations spactrophotomatry. Dastroctive sampling. fime consming
Calihration requirsd to obtaiz acmal chlars-
b. Chlorophyil mater phyil concentrations for &iffarant spacins and
Simple, pomtable, noz-destroctive sexapling., allews for szviroomants.
repetied mearirsment oo the sams sazple over tma,
instanianens WeAsLTEREnL
Loafwatsr coztent | Sinzple, no capital costs, Low prectien amabyrical Walidity depandszt on precizion of wight

detarminarions, Sme-cozsuming, destructive

samplizg

Jovailabile i weshette hape wwane.cog 7
E2EH [ETE-4T38 (Paint) = Water A Vol 35 Ma, 5 Ooiober 2009
E25H 1EMG-7950) [Ohhins) = Water BA Vol. 35 Mo, § October 2004
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potantial measmremezts would be profizmed over laboratory
azalysas of plant chlerephyll pigmant comcaztrations.

In summary & is recoexma=dsd that 2 more complets bat
practical appreach to 2ssessing plant wates stress 5 adepied.
At Inzst oo grouzd-based techoiges such as plazt pigment
concetrations, chlorophyll Suerescencs or ralative leaf water
content should ba used for localisad grouzd-trothing meesmrs-
mants to identify gradients in plant water siress, followsd by
intszsive predaws leaf water potentizl meaparsments 2long
thess gradisnts to idsotify the extrames o plazt water soass.

Concluding remarks

This mevisw denonsizates that there bas besn extensive
resarck on the detection and measuremsst of plant water
strass msing grouzd-bassd and remots sensing technologiss.
Ground-kazed tachniques are more eited for localized meas-
uremazts and for grouzd-truthing of remotely sezsad data
Banzots ssmsing research has identified several mdnridual
spacrzl bazds and vegetation spectral reflectance izdices
which have besn zsed to detect plant water stress. hlamy of
tha sarlier studies kavs focused on broad spectral bandwidths
a=d it 15 recommezded that plant stress resserchars utilise
the spectral findings to further izvestigats the potextial of
narrow bypenspactral bazdwidtks to detect and iztarpra:
patterns of plant stress. Furthsrmens, the importance of the
rad edge defined 2z the regiom betwesn 650 and 740 zm has
prized imereasizgly mors atteztion over the years, and is seen
23 ooe of the most important regiozs of the spectron: whan
investigating plant stress. It & also mcommended that the
rasults from bypsrspectrel stedies should be mcorporated iz
multispeciral techzolegios thromgh modified imaging sys-
tams or spactral Slters to allow for specialisad high spactral
rasoluiion mmvestigations to be nodertaken with rednced data
volumes in 2 cost-sffective manoar. Mos? speciral indices
bave besn derived for a single species with constazt lsaf size
azd skapae, lsaf surface and interoal structume, implyvizg that
thair ussfizlnesss varies with respect to specics azd site condi-
teoms. Tharafore, the most commenly nssed izdicas rapomted m
the literaturs must be svaluated againss ground-trotking data.
Ground-truthing of remeds sensizg datz is oot ao easy task
sspacially when cozsidaring differsst temporal azd spatil
scales. Depanding npon the scale ar whizk an tovestization i
beizg nzdartakem, it is recommended that 2 practical approack
to assessizg plant water stress is adopied through the uie

of 2t least oze greund-besed meesursment, viz, plant pig-
mant concentraisons, chloropkyll fzorescence or relative leef
water content fo identify gradients tn plant strass. 2nd to then
nndirtake predawn leaf water potential measzremazis along
this gradisot. spacifically to identify the sxtrames tn plant
WAHT GIREE.
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APPENDIX 2:
PROTOCOLS FOR GROUNEBASED MEASUREMENTS
OF PLANT WATER STRESS

A. Predawn leaf water potential measurements

1. Setup up a pressure chamber system with a compressed air cylinder.

2. Ensure enough light is available (torches, langmst lights) for predawn measurements.
Have field notes and pen ready to take readings.

3. Use labelled plastic bags to collect leaf samples from individual sample trees. Immediately
seal with a loose top knot to prevent moisture loss from leaves.

4. The rate rgulator should be set to exhaust during setup. This regulator closes clockwise and
opens antclockwise.

5. Use a sharp razor blade to cut a leaf with a long stalk. Only cut once, or use another leaf
stalk.

6. Take out chamber and secure leaf stalk through rubleg withprestik.Place in chamber.
Replace the chamber and ensure it is properly fastened. During measuitmertise is
created from aiescapingthis indicates that there is a leak in the seal between the leaf stalk
and theprestikaround the riaber bung. If this is the case, the procedure should-b&red
from the beginning and a new sampled must prepared.

7. The first gauge should read approximately 17 MPa from the cylinder.

8. The second gauge should read approximately 2 to 3 MPa, which altowsahe hose and
chamber.

9. Use a magnifying glass to carefully watch the tip of the stalk. As soon as the first droplet of
water appears at the tip of the stalk, a reading must be taken. Record all readings in a field

book or in field notes.

Page239



ASSESSING GROUNDWATER ACCESS BY TREES GROWING ABOVE CONTAMINATED
GROUNDWATER PLUMES ORIGINATING FROM GOLD TAILINGS STORAGE FACILITIES

B. Analyical measurement of leaf chlorophyll pigment content

Collection of leaf samples:

1.

In preparatiorfor the field sampling, ensure that a cooler box with sufficient ice packs and
ice is onhand to keep leaf samples frozen.

Label ziplock plastic bags using@ermanent marker and labels.

Collect leaf samples from each sample tree (at least 25 to 30 leaves) to ensure enough leaf
material for 5 replicate analyses.

Immediately remove air from bag and seal properly.

Place labelled sample bag into cooler box taiemshat sample is frozen quickly to prevent
chlorophyll degradation.

To prevent mixing of sample bags, staple samples bags from the same site and same tree
species immediately together.

On return to the laboratory ensure that all sample bags are traddferm cooler box into a

deepfreezer and are kept frozen until laboratory analysis.

Laboratory analysis:

In the laboratory ensumainimal unnatural light and draw blinds if necessary.

Using a sharp pair of scissprsit 2 to 3 leaves into fine pieces.

Clean, dry and label 25 centrifuge test tubes representing 5 samples of 5 replications each.
Place test tubmto a test tube rack.

Measure 0.1g of the finely cut leaf sample into labelled test tube using a fine weighing
balance.

Add 5ml of 100% methanobteach sample using a bottle dispenser.

Dissolve leaf sample in methanol usigultra turax for 1minute.

Add another 5ml of 100% methanol to each sample using a bottle dispenser, increasing the
total volume to 10ml.

Centrifuge the test tubes at a speddr@ minute

Using a finette pipette dispense 2ml of supernatant from each centrifuged test tube into

cuvette. Dilute with 2ml of methanol.

10. Read the samples through a spectrophotometer calibrated at 665.2 nm, 652.4 nm and 470 nm.

11. Relative pigment contés can be estimated using the equations developedchtenthaler

(1987):
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Chlorophyl a=16.72€.6652 >-9.16€.6524

Chlorophyl b =34.09€.6524 3-15.28€.6652_

Chlorophyl a+b=1.44€.6652 3-24.93€.6524

Carotenoik+c =

€000+ A470-1.63Fhlorophyl a 410496 Fhlorophylb ]
221

C. Leaf chlorophyll fluorescence measurements using fluoresoestee

10.

Connect the PAR clip with the external illuminator which has a long silver cable. Ensure that
the illuminator is pointing downward, and that the illuminator and PAR clip align in order to
tighten the screws. To the PAR clip, connect the lamp jack. Cotime®AR clip cable to

the fluorescence meter accessory jack.

Connect the long silver cable to the front panel of the fluorescence meter. Line up the plug
ins so that they do not cross over (2 at the top: left a detector connector, right a actinic
connecto) and (bottom right saturation connector and left small trigger connector).

Power the fluorescence meter on only when all components are connected properly.

Use the selection wheel on front panel to navigate between the available measurement
options.

Sd the system test mode to the yield option. Use the test setup key to setup the parameters
for measurements and the default yield mode parameter dataset to begin measurements.

Set the run data screen model to daogpand ensure that the number of sampled the file

number is 1 when starting measurements.

When the connection and setup is complete begin the sample readings. Try to select samples
leaves from different areas of the tree, with at least 5 replicates per sample tree.

Al ways pr es stabtusing thé optoa enuthie drént panel rather than the trigger
switch on the PAR clip, as the trigger switch is quite sensitive and sometimes does not work.
Only up to 25 readings can be stored on the fluorescence meter before the internal program
beginsto overwrite readings starting from the beginning (i.e. first reading). Therefore a
maximum of 5 trees should be sampled (5 trees at 5 replicates each) before downloading the
readings onto a floppy disk and thereafter to a laptop. Do not download trace dat

I n order to export data to floppy disc all

export to floppy disc.
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11.

To ensure that there is sufficient power for field measurements, the fluorescence meter and
laptop batteries must be charged eachiene The fluorescence meter charger plugs into
bottom of the meter and should charge all through the night.

D. Field based measurements of relative leaf water content

o g~ w D

10.
11.

12.
13.
14.

15.

16.
17.
18.
19.

Collect leaf samples per sample tree and immediately store in plastic bags ticltlydig
prevent moisture loss.

To obtain a representative sample, collect leaves from midway and upper regions of the tree.
Set up a field scale ata@belledspecimen containers.

Calibrate the scale using an empty specimen container.

Prepare 5 replicatesif each sample tree.

Gather a stack of leaves from each sample tree. Trim of the tips and stalks using a sharp
scissors. Cut through the stack of leaves, approximately 2 equal horizontal halves. Overlay 2
halves and cut approximately 1x1cm leaf discs sptecimen containers.

Adjust each filled specimen container to 3g. Therefore the fresh weight (FW) of every
sample should be 3g.

Top up each specimen container with water and seal tightly.

Allow the leaf discs/pieces to be immersed in water overnight.

Drain the water from each specimen container carefully to avoid any loss of leaf material.

Blot excess water from specimen container by hold a piece of paper towel over the top of the
container and shaking a few times. Once again ensure that no leaf matesal i

Setup scale and appropriately ldbdlsmall brown paper bags.

Calibrate the field scale using an empty small brown paper bag.

Empty leaf discs from specimen container into small brown paper bag. Use a tweezer if
necessary to remove leaf discs fremecimen container and place in brown paper bag.
Ensure that no leaf material is lost.

Weigh bag with leaf discs to obtain turgid weight (TW). Record results in field notes for
each sample site, sample tree and replicate readings.

Carefully fold the opemig of the bag a few times to ensure that no leaf material can be lost.
Peg or clip all replicate bags from the same sample tree together using paper clips.

Store in box.

On return from field trip, immediately place all sample bags into a dryer/oven a&géées

Celsius for 24 hours.
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20. Setup field scale.

21. Reweigh each sample bag for the dry weight (DW), and record results in the field notes.

22. Calculate the relative leaf water content of the leaves (RWC) using the formulae: RWC =
(FW-DW)/(TW-DW).
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APPENDIX 3:
RESULTS OF THE COMPLETE REGRESSION
ANALYSIS

Chapter 4 (Section 4.3.2.3) Selection of the best model

Regression analysis

Response variate: Chlb

Fitted termsConstant + Datt + Species + Datt.Species
Summary of analysis

Source d.f. S.S. m.s. V.I. F pr.
Regression 5 37.99 7.5985 34.34 <.001
Residual 69 15.27 0.2213
Total 74 53.26 0.7197

Percentage variance accounted for 69.3
Standard error of observations is estimated to be 0.470.
Estimates of parameters

Parameter estimate s.e. t(69) t pr.
Constant -1.449 0.461 -3.14  0.002
Datt 4.600 0.693 6.64 <.001
Species E_sider 2.82 1.54 1.83 0.071
SpeciesSearsidancea -1.90 1.16 -1.63  0.107
Datt.Species E_sider -4.31 2.25 -1.92  0.059
Datt.SpecieSearsidancea 3.80 1.62 235 0022
Parameters for factors are differences compared with the reference level:

Factor Reference level

Species E_camal

Chapter 5 (Section B3.3.3 Selection of the best model when using the Hyperion data

Regression analysis
Response variat€LWP_2005
Fitted terms: Constant, WBI
Summary of analysis

Source d.f. S.S. m.s. V.I. F pr.
Regression 1 57.875 57.8745 182.07 <.001
Residual 18 5.722 0.3179
Total 19 63.596 3.3472

Percentage variance accounted for 90.5
Standard error afbservations is estimated to be 0.564.
Estimates of parameters

Parameter estimate s.e. t(18) t pr.
Constant 20.97 1.68 1251 <.001
WBI -22.77 1.69 -13.49 <.001

Chapter 5 (Section 83.3.3 Selection of the best model when using the Proba Chris data
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Regression analysis

Response variate: PLWP

Fitted termsConstant + GNDVI + Species + GNDVI.Species + District + GNDVI.District
Summary of analysis

Source d.f. S.S. m.s. V.I. F pr.
Regression 9 70.74 7.8596 46.73 <.001
Residual 65 10.93 0.1682
Total 74 81.67 1.1036

Percentage variance accounted for 84.8
Standard error of observations is estimated to be 0.410.
Estimates of parameters

Parameter estimate s.e. t(65) tpr.
Constant -4.169 0.627 -6.65 <.001
GNDVI 28.22 5.69 496 <.001
Species E_sider 5.025 0.560 8.97 <.001
Species R_lancea 2.798 0.621 450 <.001
GNDVI.Species E_sider -60.29 4.43 -13.60 <.001
GNDVI.Species R_lancea -23.54 5.34 -441 <.001
District Welkom 0.690 0.384 1.79 0.077
District West Wits 3.239 0.697 465 <.001
GNDVI.District Welkom -13.58 3.87 -3.51 <.001
GNDVI.District West Wits -25.39 6.11 -4.16 <.001
Parameters for factors are differences compared with the reference level:

Factor Reference level

Species E_camal

District Vaal River

Chapter 6 (Section 8.1.3 Selection of the best model when using the multispectral airborne
imagery

Regression analysis

Response variat€xc_J2005

Fitted termsConstant +GREEN+ District + Species GREENSpecies \:REENDistrict
Summary ofanalysis

Source d.f. S.S. m.s. V.I. F pr.
Regression 9 6.909 0.76763 9.26 <.001
Residual 65 5.391 0.08294
Total 74 12.300 0.16621

Percentage variance accounted for 50.1
Standard error of observations is estimated to be 0.288.
Estimates oparameters

Parameter estimate s.e. t(65) tpr.

Constant 2.262 0.474 478 <.001
GREEN -0.01164 0.00637 -1.83  0.072
District Welkom -0.227 0.557 -0.41 0.684
District WestWits 1.699 0.747 228 0.026
Species E_sider -4.70 1.60 -2.94  0.005
SpeciesSearsidancea 0.083 0.435 0.19 0.850
GREENSpecies E_sider 0.0672 0.0246 2.73 0.008
GREENSpeciesSearsidancea -0.00315 0.00648 -0.49 0.628
GREENDistrict Welkom 0.00792 0.00858 0.92 0.359
GREENDistrict West Wits -0.0156 0.0100 -1.55 0.126

Parameters for factors are differences compared with the reference level:
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Factor Reference level
District Vaal River
Species E_camal

Chapter 6 (Sectior.3.2.3 Selection of the best model when using the hyperspectral airborne
imagery

Regression analysis

Response variate: PLWP

Fitted termsConstant + NDWI + District + Species + NDWI.Species
Summary of analysis

Source d.f. S.S. m.s. A F pr.
Regression 7 64.52 9.2177 3496 <.001
Residual 65 17.14 0.2637
Total 72 81.66 1.1342

Percentage variance accounted for 76.8
Standard error of observations is estimated to be 0.513.
Estimates of parameters

Parameter estimate s.e. t(65) t pr.
Constant 2.43 1.60 152 0.134
NDWI -3.15 1.42 -2.22  0.030
District Welkom -4.34 1.67 -2.59 0.012
District West Wits -3.10 1.65 -1.88  0.065
Species E_sider -1.882 0.215 -8.75 <.001
SpeciesSearsidancea 0.740 0.237 3.12 0.003
NDW!I.Speies E_sider 27.60 2.68 10.31 <.001
NDW!I.SpeciesSearsidancea -0.641 0.261 -2.46  0.017
Parameters for factors are differences compared with the reference level:

Factor Reference level

District Vaal River

Species E_camal
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APPENDIX 4:
OBSERVATION POINTS USED TO CREATE
INTERPOLATED HYDROCHEMISTRY SURFACES

Mining District | Name of observation point| Latitude (dd) | Longitude (dd)
Welkom bh73 -27.94712571| 26.57987594
Welkom bh74 -27.94502646| 26.57511145
Welkom bh75 -27.94113123| 26.57861099
Welkom bh78 -27.96454273| 26.56343765
Welkom bh92 -27.98600952| 26.52464388
Welkom bh93 -27.98652955| 26.52633130
Welkom bho4 -27.98327699| 26.54610434
Welkom bh9os -27.95507676| 26.50929215
Welkom bh109 -27.97736463| 26.54228126
Welkom bh110 -27.97254722| 26.54587331
Welkom bh119 -27.96134985| 26.56637073
Welkom bh126 -27.95689550| 26.52966739
Welkom bh127 -27.93926994| 26.51326971
Welkom bh128 -27.94730044| 26.50533190
Welkom bh201 -27.98262052| 26.53124218
Welkom bh56 -28.00774701| 26.52368667
Welkom bh58 -27.98101911| 26.56553719
Welkom bh81 -28.00696112| 26.52309097
Welkom bh82 -28.00697127| 26.52243724
Welkom bh83 -28.00671447| 26.52285968
Welkom bh84 -28.00547934| 26.52234234
Welkom bh204 -27.99014180| 26.56116833
Welkom bh51 -27.94947389| 26.48361745
Vaal River Vr37 -26.92287821| 26.67782905
Vaal River Vr03 -26.92562565| 26.68558976
Vaal River Vr02 -26.91989294| 26.78292698
Vaal River Gno01 -26.95059599| 26.77488036
Vaal River Gn02 -26.95642114| 26.77078500
Vaal River Gno03 -26.94942064| 26.78056866
Vaal River K02 -26.98022332| 26.73580516
Vaal River VrmO06 -26.99057443| 26.77224713
Vaal River VrmO07 -26.98675748| 26.77544161
Vaal River Vr27 -26.96361443| 26.71177468
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Mining District

Name of observation point

Latitude (dd)

Longitude (dd)

Vaal River NT-BH1 -26.93124939| 26.69361699
Vaal River NT-BH3 -26.93325145| 26.70134441
Vaal River NT-BH2 -26.93118708| 26.69364344
Vaal River NT-BH4 -26.93610977| 26.69728388
Vaal River WP-BH3 -26.95521700| 26.68548500
Vaal River WP-BH6 -26.96417800| 26.70493900
Vaal River WP-BH4 -26.94230200| 26.70465300
Vaal River WP-BH5 -26.95043800| 26.69450400
Vaal River WP-BH2 -26.95523400| 26.68557100
West Wits MBH2 -26.42609800( 27.35851100
West Wits MBH3 -26.42368000| 27.36531000
West Wits MBH4 -26.42217300| 27.37186100
West Wits MBH5 -26.41581600| 27.38312700
West Wits MBH6 -26.41332100| 27.40116000
West Wits MBH7 -26.41975600| 27.40464100
West Wits MBH8 -26.41108900| 27.40535200
West Wits MBH9 -26.41060400| 27.42302100
West Wits MBH10 -26.43405700| 27.43711100
West Wits MBH11 -26.45659300| 27.42258700
West Wits MBH12 -26.45795800| 27.41582400
West Wits MBH13 -26.44828800| 27.40448000
West Wits MBH14 -26.46574400| 27.36629600
West Wits MBH15 -26.47091000| 27.36722000
West Wits MBH16 -26.47185300| 27.36266400
West Wits MBH17 -26.47029500| 27.35321700
West Wits MBH18 -26.44041500| 27.36143300
West Wits MBH23 -26.44630351| 27.40695213
West Wits MBH24 -26.44826800| 27.40819900
West Wits MBH25 -26.44800200| 27.40664400
West Wits MBH26 -26.44760200| 27.40760500
West Wits MBH27 -26.41624200| 27.39261000
West Wits MBH28 -26.41992500| 27.39560000
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Observation points used to create interpolagedundwater table levedurfaces

Mining District | Name of observation point| Latitude (dd) | Longitude (dd)
Welkom bh73 -27.94712571| 26.57987594
Welkom bh74 -27.94502646| 26.57511145
Welkom bh75 -27.94113123| 26.57861099
Welkom bh78 -27.96454273| 26.56343765
Welkom bho4 -27.98327699| 26.54610434
Welkom bh119 -27.96134985| 26.56637073
Welkom bh126 -27.95689550| 26.52966739
Welkom bh51 -27.94947389| 26.48361745
Vaal River VR27 -26.96361443| 26.71177468
Vaal River VR29 -26.95612853| 26.71343638
Vaal River VR28 -26.95024517| 26.71508254
Vaal River VR31 -26.92474137| 26.70086930
Vaal River VR32 -26.92158728| 26.70744020
Vaal River VRM27 -26.95304423| 26.68548188
Vaal River VRM26 -26.95306085| 26.68556814
Vaal River VRM25 -26.94826584| 26.69450149
Vaal River VRM24 -26.93610977| 26.69728388
Vaal River VRM23 -26.93124939| 26.69361699
Vaal River VRM21 -26.93118708| 26.69364344
Vaal River VRM20 -26.93325145| 26.70134441
Vaal River VRM19 -26.94013022| 26.70465018
Vaal River VRM13 -26.96294360| 26.70111173
Vaal River VRM12 -26.95984606| 26.68301626
West Wits MB38 -26.43406100| 27.34206576
West Wits MB36 -26.43990507| 27.35589822
West Wits MB31 -26.42429357| 27.37204080
West Wits MB18 -26.43827353| 27.36143224
West Wits MBO08 -26.40894501| 27.40535864
West Wits MBO06 -26.41118354| 27.40116140
West Wits MBO05 -26.41367920| 27.38313138
West Wits MBO04 -26.42003194| 27.37186118
West Wits MBO3 -26.42154029| 27.36531547
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APPENDIX 5:
INTERPOLATED SURFACES USED TO
CHARACTERISE UNDSTRESSED SITES IN EACH
MINING DISTRICT
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Figure A1 Interpolated surfaces of average soil depth and chloride concentrations in the Welkom

mining district.
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Figure A2 Interpolated surfaces of electricabnductivity and pH in the Welkom mining district.
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