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ABSTRACT

Deep-level gold mining in the Witwatersrand Basin Goldfields (WBG) of central South
Africa is characterised by the production of extensive unlined tailings storage facilities
(TSFs) comprising large quantities of pulverised rock and water contaminated with salts and
a wide range of other inorganic pollutants (Weiersbye et al., 2006). There are more than 200
such TSFs covering a total area of more than 400 km? (Rosner et al., 2001), and significant
contaminated “footprint” areas occur after removal and reprocessing of the original TSFs
(Chevrel et al., 2003). It is estimated that the Witwatersrand Basin contains six billion tons
of gold and uranium tailings (Chevrel et al., 2003), 430 000 tons of uranium (Council of
Geoscience, 1998; Winde, 2004a; b; ¢) and approximately 30 million tons of sulphur
(Witkowski and Weiersbye, 1998a). An estimated 105 million tons of waste per annum is
generated by the gold mining industry within the WBG (Department of Tourism, Economic
and Environmental Affairs, 2002; Chamber of Mines of South Africa, 2004).

A major environmental problem resulting from deep level mining in the WBG is the
contaminated water that seeps from TSFs into adjacent lands and groundwater. Van As
(1992) reported on the significant environmental hazards resulting from the storage of highly
pulverised pyrite rock waste in TSFs (Straker et al., 2007). Adjacent lands become polluted
through near-surface seepage, and this is enhanced by the movement of polluted
groundwater in shallow aquifers that are commonly 1-30 m below ground (Funke, 1990;
Hodgson et al., 2001; Rosner et al., 2001; Naicker et al., 2003). The impact of the mines and
the TSFs extends far beyond their localities (Cogho et al., 1990). The Vaal River catchment
receives a large proportion of the pollutants from WBG mining activities, with consequent
acidification and salinisation of surface and ground waters. Salt discharges to the Vaal River
were estimated to be 170 000 t/annum (Best, 1985), whereas discharges from the Free State
gold mines south of the 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, chromium and mercury (Coetzee et al., 2006; Winde, 2009).
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Engineering solutions to these problems are hindered by the large sizes and great extent of
TSFs, the high and indefinite costs involved, and the typically low hydraulic conductivity in
affected aquifers, which makes the “pump and treat” option impractical. An alternative
phytoremediation strategy is to establish belts or blocks of trees in strategic areas
surrounding the TSFs in order to reduce the seepage of contaminated water into adjacent
lands and groundwater bodies. The major reasons why trees are likely to have a greater
impact on seepage water than the existing grasslands that characterise the area around most
TSFs in the WBG, are that some tree species have the potential to develop very deep root
systems and to continue transpiring water throughout the year. This is in contrast to
seasonally dormant grasslands. In addition, some tree species are known 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 water. It is crucial for a
successful implementation of this strategy to know on what sites trees are able to access
mine seepage water, and consequently maintain a high year-round rate of water use. If this
access is limited, then growth and water use will be curtailed during the long winter dry

season, and control of seepage will be considerably below potential.

A primary aim of this study was to develop methodologies to discriminate between water-
stressed and non-water-stressed trees currently growing in three gold mining districts
(Welkom, Vaal River, West Wits) within the WBG. This information was required to assess
what site types are likely to support adequate tree growth and permit high rates of water use
and seepage control. The tree species selected were those most widely occurring in these
areas, and include the non-native species Eucalyptus sideroxylon A. Cunningham ex Woolls
and Eucalyptus camaldulensis Dehnhardt, as well as the indigenous species Searsia lancea
L.f. Various remote sensing technologies including leaf-level spectroscopy, satellite and
airborne remote sensing images were evaluated for their usefulness in detecting levels of
winter-time water stress. Four commonly used ground-truthing techniques (predawn leaf
water potential, leaf chlorophyll fluorescence, leaf chlorophyll and carotenoid pigment
content, and leaf water content) were used for localised measurements of plant water stress
and for ground-truthing of remotely sensed data on 75 sample sites and 15 sample sites. This

study provided a unique opportunity to test and compare the use of stress reflectance models
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derived from different remote sensing data acquired at different spatial and spectral
resolutions (i.e. multispectral and hyperspectral) for the same geographical location.

The use of remote sensing to examine the spectral responses of vegetation to plant stress has
been widely described in the scientific literature. A collation of published spectral
reflectance indices provided the basis for investigating the use of hand-held remote sensing
technology to detect plant water stress, and was used as a stepping stone to further develop
spectral plant water stress relationships for specific tree species in this study. Seventy seven
spectral reflectance indices and specific individual spectral wavelengths useful for detecting
plant water stress, plant pigment content, the presence of stress related pigments in
vegetation, and changes in leaf cellular structure, were investigated using hand-held
spectroscopy. Ground-based measurements of plant water stress were taken on 75 sample
trees. In this study, the measurement 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; a reading of -0.8 MPa was used to separate stressed trees from unstressed
trees in the landscape (Cleary and Zaerr, 1984). The results of the predawn leaf water
potential measurements ranged from -0.56 to -0.68 MPa at unstressed sites, and from -0.93
to -1.78 MPa at stressed sites. A 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 WGB. 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 spectral reflectance data, and
included the interactions of district and species. The results of the multiple linear regression
models indicated that the (695/690) index, DATT index (850-710)/(850-680), near infra-red
index (710/760) and the water band (900/970) index performed well and accounted for more
than 50% of the variance in the data. The stepwise regression model derived between
chlorophyll b content and the DATT index was selected as the “best” model, having the
highest adjusted R? of 69.3%. This was shown to be the most robust model in this
application, which could be used at different locations for different species to predict

chlorophyll content at the leaf-level.
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Satellite earth observation data were acquired from two data sources for this investigation;
the Hyperion hyperspectral sensor (United States Geological Survey Earth Resources
Observation Systems) and the Proba Chris pseudo-hyperspectral 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 spectral resolution
earth observation data. Twelve 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 imagery. Ground-based measurements of plant
water stress undertaken during late July 2004 were used for ground-truthing the Hyperion
image, while measurements undertaken during July 2005 and August 2005 were used for
ground-truthing the Proba Chris images. Predawn leaf water potential measurements
undertaken for the three species, ranged from -0.42 to -0.78 MPa at unstressed sites, and -
0.95 to -4.66 MPa at stressed sites. Predawn leaf water potentials measured for E.
camaldulensis trees sampled in species trials in Vaal River were significantly different
between stressed and non stressed trees (t = 3.39, 8df, P = 0.009). In contrast, E.
camaldulensis trees sampled near a 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 (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. E. sideroxylon trees 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 (t = -2.13, 8df, P = 0.066) when
compared to stressed trees further upslope away from the water source. Multiple linear
regressions revealed that the predawn leaf water potential greenness normalised difference
vegetation index model, and the predawn leaf water potential water band index model were
the “best” surrogate measures of plant water stress when using broad band multispectral
satellite and narrow-band hyperspectral satellite data respectively. It 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 spectral resolution 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 index has the potential to be used to map spatial patterns of winter-
time plant stress for different genera/species and in different geographical locations.

Airborne remote sensing surveys were conducted to investigate the application of high
spatial resolution remote sensing data to detect plant water stress. Multispectral airborne
imagery was acquired by Land Resource International (PTY) Ltd, South Africa. Ground-
based measurements of plant water stress were carried out during July and August 2005.Four
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 near-infrared spectral bands and the normalised difference
vegetation index (NDVI) and greenness normalised difference vegetation index
(GNDVI).The results of the multispectral airborne study revealed that carotenoid content
together with the green spectral waveband resulted in the “best” surrogate measure of plant

water stress when using broad-band multispectral airborne data.

Airborne remote sensing surveys were conducted by Bar-Kal Systems Engineering Ltd,
Israel, to investigate the application of hyperspectral airborne imagery to detect plant water
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 potential with the
normalized difference water index was selected as the most appropriate model. It was
concluded, upon evaluation of the multiple linear regression models, that the airborne
hyperspectral data produced several more regression models with higher adjusted R? values
(R4 range 6.2 - 76.2%) when compared to the airborne multispectral data (R.% range 6 -
50.1).

Exploration of relationships between vegetation indices derived from leaf-level, satellite and
airborne spectral reflectance data and ground-based measurements used as “surrogate”
measures of plant water stress, revealed that several prominent and recurring spectral

reflectance indices could be applied to identify species-specific plant water stress within the
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Welkom, Vaal River and West Wits mining districts. The models recommended for
mapping and detecting spatial patterns of plant water stress when using different sources of
remote sensing data are as follows:
e the chlorophyll b DATT spectral reflectance model when derived from leaf-level
spectral reflectance data, can be applied across all three mining districts
e the predawn 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 content green band 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 spatial and hyperspectral resolution data.

These results indicate that measurements of predawn leaf water potential and plant pigment
content have been identified as key methodologies for ground-truthing of remotely sensed

data and 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 non-destructive and rapid low-cost survey approach for identifying trees
which are experiencing long-term plant stress. Seventy two wood core samples were
extracted and analysed. Predawn leaf water potential measurements were used to classify
stressed and unstressed trees. Relative differences in radial vessel diameter, vessel frequency
and wood density were examined. Comparison 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 different for
all five comparative sampling sites (p < 0.01). In 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 water also displayed smaller
vessel diameters, indicating that the uptake of contaminants could affect the wood anatomy
of plants. Trees considered to be experiencing higher plant water stress displayed higher

vessel frequency. This preliminary study showed that plant stress does influence the wood
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anatomical characteristics (radial vessel diameter, vessel frequency and wood density) in E.
camaldulensis, E. sideroxylon and S. lancea in the three mining districts.

Spatial patterns of trees, mapped in the three gold mining districts, Welkom (27°57°S,
26°34°E) in the Free State Province, Vaal River (26°55°S, 26°40°E) located in the North
West Province, and West Wits (26°25°S, 27°21°E) located in Gauteng, which were not
experiencing winter-time water stress were correlated to site characteristics such as average
soil depth, percent clay in the topsoil, groundwater chloride and sulphate concentrations,
total dissolved solids, electrical conductivity and groundwater water level. The spectral
reflectance model derived between predawn leaf water potential and the green normalised
difference vegetation index using broad-band multispectral Proba Chris satellite data was
used to map spatial patterns of unstressed trees across the three mining districts. 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. Interpolated surfaces of groundwater chloride and sulphate concentrations, total
dissolved solids, electrical conductivity, pH and groundwater table levels were created using
the kriging geostatistical interpolation technique for each mining district. Random sample
analyses between stressed and unstressed trees were extracted in order to determine whether
site characteristics were significantly different (using t-tests). Site characteristic surfaces
which were significantly different from stressed areas were spatially linked to trees which
were not experiencing winter-time plant water stress for each tree species investigated in
each mining district. This spatial correlation was used to make recommendations and
prioritise sites for the establishment of future block plantings. Analysis of the site
characteristic 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 groundwater
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 Africa deep-level gold mining is characterised by the 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 (Weiersbye et al., 2006). Approximately 400 km? of the Witwatersrand Basin gold
fields are covered with more than 200 gold TSFs (Rosner et al., 2001) and contaminated
areas left behind after removal and reprocessing of the original TSFs (Chevrel et al., 2003).
It is estimated that the Witwatersrand Basin contains six billion tons of gold and uranium
tailings (Chevrel et 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 Africa 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 per ton 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 TSFs within the gold and uranium mining regions
of South Africa (Straker et al., 2007). Lands adjacent to such TSFs become polluted through
near-surface seepage, and this is enhanced by the movement of polluted groundwater in
shallow aquifers that are commonly 1-30 m below ground (Funke, 1990; Hodgson et al.,
2001; Rosner et al., 2001; Naicker et al., 2003). Environmental degradation spreads far
beyond the TSFs in the form of dust pollution (Van As et al., 1992) as well as seepage from
TSFs, and impacts severely on nutrient cycling in polluted soils (Witkowski and
Weiersbye,1998b; Weiersbye et al., 2006). Furthermore, TSFs are highly susceptible to

erosion as they are elevated above the ground with steep slope angles (Mizelle et al., 1996).
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Erosion losses are as much as 30 times more from the slopes of gold TSFs than from
agricultural fields, and may exceed 500 tons per hectare per year (Blight, 1991).

The impact of the mines and the TSFs extends far beyond their localities as a result of dust
pollution and the extent of groundwater plumes (Cogho et al., 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
catchment receives a large proportion of the pollutants from gold mining activities, with
consequent acidification and salinisation of surface and ground waters. Total pollution
discharges to the Vaal River catchment were estimated to be at a rate of 170 000 t/annum 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 (Cogho et al., 1990).

The total dissolved solid (TDS) concentrations of three plumes were reported for Welkom in
the Free State Province, at Vaal River located in the North West Province, and at West Wits
located in Gauteng, in 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 (Van Rensburg, 2001).
The Bokkamp-West Complex groundwater plume in Vaal River near Orkney was reported to
have a mean TDS concentration of 3 500 mg/l (Vivier et al., 2001) which underlies an area
of 1800 ha, and the West Wits groundwater plume near Carletonville underlies a larger area
compared to Bokkamp-West Complex groundwater plume with TDS concentrations of 1000
to 3000 mg/l (Vivier et al., 2001). These TDS concentrations indicate that this water should

not be utilised for farming or for drinking purposes.

The application of engineering solutions to the problem of the spread of contaminants is
generally impractical. Lining of TSFs to prevent rainfall infiltration and reduce seepage is
not always feasible due to the high cost of materials, probability of failure 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 come, even if their surfaces are
covered. Furthermore, due to the vast areas covered by TSFs, the method 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 (United States 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 routes in order to contain
groundwater seepage and reduce movement of pollutants to streams and rivers. The purpose
of these tree belts is 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 slowing lateral flow into the surrounding lands. The trees will also be used for pollutant
sequestration around the TSFs.

Many tree species continue transpiring water throughout the year. This is in contrast to
seasonally dormant grasslands and wetlands (Dye et al., 2005; Bell, 2006). Many tree
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 quantities 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 (Dickinson et al., 2000; Meagher et al., 2000). Such species of 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 groundwater are absorbed by the tree roots over
time (George et 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; George et al., 1999; Dickinson et al., 2000; Meagher et al., 2000).

Various species trials and block plantings have been established at different locations in the
Welkom, Vaal River and West Wits mining districts. In 2002, approximately 20 species of
indigenous and 20 species of non-native trees were planted (Weiersbye et al., 2002). There

are several existing laws 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 (CARA) regulates various activities that may have an impact
on agricultural resources, including water sources, and deals directly with the combating of
invader plants and weeds. Regulations 15 and 16 under this Act, which concern problem
plants, were amended during March 2001. CARA is currently in the process of being
revised by the Department of Agriculture Forestry and Fisheries. The amended 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 Regulation 15. Bush
encroachers, which are indigenous plants that require sound management practices to

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

Category 1 may not occur on any land or on any inland water surface in South Africa except
with written permission or in an approved bio control reserve. Category 2 are plants with the
proven potential of becoming invasive, but which nevertheless have certain beneficial
properties that warrant their continued presence in certain circumstances which includes
several species of pines, wattles, eucalyptus, that are more commonly grown for 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. Therefore, non-native tree species selected for
planting comprised mainly CARA-listed (Category 2) acacias, poplars, pines and eucalypts
(Weiersbye et al., 2002). These species were selected because of their potential for fast
growth and survival in the harsh highveld environment. The success of these plantings, and
future block plantings, depends on the trees quickly establishing 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.

There is 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 annual rainfall characteristic
of these regions, ranging from 497 to 651 mm, attempts to establish trees on unsuitable sites
which may be characterised by deep or no water tables, impenetrable soils or poor
groundwater quality could lead to considerable planting losses. Therefore, 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 fissuring 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 (Weiersbye et al., 2002).

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

containment or 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 planted close
to the TSFs to contain contaminated mine water (Weiesbye et al., 2002). It is hoped that
such information will be used to develop plans for mine closure, which are based on
appropriate geochemical and geohydrological backgrounds. As new mining operations are
commissioned and developed, in some older mines the ore-extracting activities of the mines
cease and are closed. However, from an environmental perspective, true closure 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 consequences 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 recommendation of suitable sites for future block
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plantings, where trees would most likely not experience stress during the dry season, thereby

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

The research strategy was based on 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; O’Grady et al., 1999; Timmermans and Meijerink, 1999). Several different
techniques are available 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 (Curran et al., 1990; Gitelson and Merzylak, 1996;
Lichtenthaler et al., 1996; Blackburn, 1998a; Blackburn, 1998b; Blackburn, 1999; Datt,

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

Although the main focus of the research was to measure and detect plant water stress using
remote sensing technologies with ground-truthing techniques, the influence of specific
elements, namely chloride and sulphate concentrations in the groundwater, was recognised
as important, as several studies on the surrounding lands 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; Viver et al., 2001; Naicker et al., 2003; Winde et al.,
2004a,b,c).

1.3 AIMS AND OBJECTIVES

The principal aim of this thesis was to develop an understanding and evaluate various remote
sensing technologies which could contribute to detecting trees which are not experiencing
winter-time plant water stress, potentially resulting in higher annual evapotranspiration and a
greater impact on contaminated seepage water. This could lead to identifying and prioritising
sites for the establishment of future plantings to assist in containing and reducing

contaminated seepage water from the TSFs.
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This was broken down into a series of more specific aims:

1.

Identify trees which were stressed and unstressed during the dry winter season using
four commonly used ground-based measurements of plant water stress and various
remote sensing technologies.

Evaluate different remote sensing technologies operating at different spatial and
spectral scales for predicting spatial patterns of trees not experiencing winter-time
plant water stress (unstressed trees).

Link the spatial distribution of unstressed trees to particular site characteristics 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 non-native (alien) and indigenous tree species
growing in close proximity to TSFs as stressed or unstressed, using four commonly
used ground-based measurements of plants water stress, viz. predawn leaf water
potential, relative leaf water content, chlorophyll and carotenoid pigment, and
chlorophyll fluorescence.

To acquire spectral reflectance data using hand-held spectroscopy, satellite and
airborne remote sensing data sources from both stressed and unstressed sample trees
occurring on a range of WBC gold mining sites.

To extract and derive from each remote sensing data source, the individual spectral
reflectance wavelengths and vegetation spectral reflectance indices, which have been
shown in the literature to be useful for detecting plant water stress, plant pigment
content, the presence of stress related pigments in vegetation, and changes in leaf
cellular structure.

To use multiple linear regressions to investigate spectral models for predicting plant

water stress when using indices derived from the hand-held, satellite and airborne
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remote sensing data and the four commonly used ground-based measurements of
plant water stress.

5. To evaluate and select appropriate spectral models when using earth observation data
(airborne and satellite) to map the spatial distribution of trees that were not stressed
during the dry season.

6. To link and analyse the spatial distribution of unstressed trees (groundwater linked
trees) in relation to particular site characteristics such as average soil depth, percent
clay in the topsoil, groundwater chloride and sulphate concentrations, total dissolved
solids, groundwater electrical conductivity and groundwater water level.

7. Use remote sensing and geographical information system analyses to make spatial
recommendations on a selection of sites/locations within the three mining districts
where tree plantations are likely to avoid dry season stress, potentially have higher
annual evapotranspiration 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 will not experience plant water stress during the dry winter
season (Bordiert, 1994; O’Grady et al., 1999; Timmermans and Meijerink, 1999).

Trees growing in stands or blocks (such as those saplings planted in recent years and 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 season water stress more readily than trees growing singly or in isolated rows
(Shackleton, 2002; Lawes et al., 2008; Meyer et al., 2008; Giovanni, 2009). Although
patterns of stress development in closed-canopy plantations are expected to be very
informative about the accessibility of groundwater to tree roots (Hatton et al., 1998; Dye et
al., 2001), unfortunately stands or blocks of mature trees are scarce at present in the WBG
mining areas. Thus, this research was heavily dependent on trees growing singly, in rows or
in small groups, which experienced lower levels of competition from 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 considered when interpreting the results.

1.4 HYPOTHESES

The two hypotheses proposed for this research study were:

= Trees with access to contaminated groundwater plumes will exhibit certain
physiological and structural differences to trees with no access to such groundwater.
It was hypothesised that trees with no access to groundwater, those which are
considered to be experiencing dry season water stress, will exhibit different spectral
reflectance characteristics with lower predawn leaf water potentials (more negative),
lower relative leaf water content, lower leaf chlorophyll content, lower leaf
chlorophyll fluorescence and reduced xylem vessel diameters.

= It was also hypothesised 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 thesis has been partitioned into reviews and research

chapters, which will be submitted to accredited journals for publication.

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

and hypotheses are presented.

Chapter 2 describes the tree species and study areas selected for this study.

Chapters 3 to 6 present the content of individual research papers. These chapters, together

with chapter 7, comprise the core of this study.
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Chapter 3 is a review of ground-based and remote sensing-based methods to detect plant

water stress in plants.

Chapter 4 reports on the potential of hand-held spectroscopy as a tool for identifying plant
water stress at the leaf-level. The results of the hand-held spectrometry measurements and
ground-truthing used to interpret leaf spectral reflectance characteristics are presented and

discussed in this chapter.

Chapters 5 provides a broader evaluation of satellite remote sensing technologies to detect
patterns of winter-time plant water stress, together with the results of concurrent ground-

truthing measurements.

Chapters 6 reports on the multispectral and hyperspectral airborne investigations which were

undertaken to detect and map spatial patterns of winter-time plant water stress.

Chapter 7 presents the analysis of spatial patterns of trees not experiencing winter-time plant
stress inferred from remote sensing investigations to site characteristics in the WBG mining
environments. This chapter includes recommendations on which sites are most suitable for
tree establishment around TSFs to reduce contaminated groundwater table levels and

seepage.

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

concluding remarks, and recommendations relating to the research.

References associated with each chapter are listed after chapter 8.

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

resulting from plant stress are presented and discussed in Appendix 6.

Page 18



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

CHAPTER 2.
TREE SPECIES SELECTION AND
STUDYAREAS

2.1 INTRODUCTION

In this research, tree species were selected for sampling in the AngloGold Ashanti mining
districts in the Gauteng, North-West and Free State Provinces. Within each mining district,
sampling sites were selected for ground-based measurements of plant water stress and

remote sensing 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 environments. Tree plantations or large stands of mature trees are scarce in the
WBG mining areas. Therefore, stands or blocks of trees within the study areas districts are
limited, with some clumps or rows of indigenous and non-native tree species growing in

close proximity to TSFs.

Research studies on the indigenous and non-native tree species appropriate for the 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 geohydrological trials in the Mine
Woodlands Project. Indigenous species were preferred compared to non-native and invasive
plant species. However, research suggests that certain non-native species, particularly
Eucalyptus and Pinus species, transpire larger quantities of water than indigenous species
(Dye, 2002; Whitehead and Beadle, 2004).

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

project, which included: plant availability, easy establishment and ability to stabilise 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 invasive 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 Witkowski, 1998a; Weiersbye et al., 2006). The non-native tree species
Eucalyptus sideroxylon A. Cunningham ex Woolls, Eucalyptus camaldulensis Dehnhardt,
and the indigenous species Searsia lancea L.f., which are relatively common throughout
these mining areas, and which have displayed good survivorship to many of the factors listed

above, were selected for this study.

E. camaldulensis and E. sideroxylon are native to Australia, but have been distributed
throughout the world, including countries in southern Africa such as Angola, Botswana,
Lesotho, Malawi, Mozambique, Zimbabwe and South Africa (Poynton, 1979). Eucalypts, in
general, are adapted to a wide range of climates occurring naturally from latitude 7° 00°N to
43° 39°S and from sea level to about 1 800 m (Poynton, 1979). They grow in regions where
rain falls only during the warmer months, to 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 areas, where rainfall averages 3 000 mm or more per year, as
well as in semi-desert regions in which less than one tenth of such mean annual rainfall is

expected (Poynton, 1979).

S. lancea is indigenous to Zambia, Zimbabwe, Swaziland and parts of South Africa. This
species has adapted to the lower rainfall regions of southern Africa (Venter and Venter,
1996). It grows in the Western Cape Province, with a mean annual rainfall of 348 mm, as
well in the Free State Province, with a mean annual rainfall of 532 mm (Schulze et al.,
1997). S. lancea is 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 species E. camaldulensis, E. sideroxylon and S. lancea

chosen for this study are known to generally grow well on sites that are in close proximity to
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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 eucalyptus species are fast growing, and

are highly tolerant of arid or infertile sites, and acidic or saline soils (Poynton, 1979). S.

lancea is also characterised as being hardy, frost resistant and is also highly adaptable to

poorly drained soil conditions. Table 2.1 provides a list of the characteristics of the three

species as reported by Poynton (1979) and by Venter and Venter (1996).

Table 2.1

Venter and Venter, 1996).

Characteristics of the tree species sampled in this study. (Compiled from Poynton, 1979;

Characteristic

Tree Species

Eucalyptus camaldulensis

Eucalyptus sideroxylon

Searsia lancea

Common name

River red gum

Red ironbark

African sumac or Karee

Family

Myrtaceae

Myrtaceae

Anacardiaceae

Deciduous/ Evergreen

Evergreen

Evergreen

Evergreen

Form

Tall, single stemmed

Tall, single stemmed

Round, single or multi-
stemmed, dense canopy when
young

Leaf shape and colour

Lance shaped, simple 250 mm
long, blue grey colour

Lance shaped, simple,
dull greyish colour

Trifoliate (compound with 3
leaflets), lance shaped leaflets,
dark green above and pale

green below
Membranous, thick and Membranous, thick and
Leaf texture Leathery
leathery leathery
Mature tree height (m) 30-40 10-30 7
Non-native/Indigenous Non-native Non-native Indigenous
Wood type Hard Very hard Hard
Smooth bark, white or greyish
Bark tvoe in colour, except at the trunk Hard furrowed bark, dark Coarse textured bark, dark
P base where often the bark is brown to black colour grey or brown colour

rough

2.3  MINING DISTRICTS

The three gold mining districts located in central and north-western South Africa
investigated in this study include Welkom (27°57°S, 26°34°E) in the Free State Province,
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Vaal River (26°55°S, 26°40°E) located in the North West Province, and West Wits (26°25°S,
27°21°E) located in Gauteng (Figure 2.1).

60 0 60 120" Kilometers

Figure 2.1  Geographical location of the mining districts selected for the study demarcated in red, in
relation to South Africa.

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

of these districts, is listed 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 .
. Geographical . Mean Annual . . Dominant . .
Mining . Altitude Annual Maximum Minimum . Dominant Dominant .
. Coordinates . Temperature Vegetation . : . Geology Soils
District (dm) Range Rainfall C) Temperature Temperature Type Biomes Bioregions
(m) (mm) (%) (%)
Vaal-Vet L
Sandy eutrophic soils
. Dry Highveld with a high base
Grassland;
27957°S 1258 - Western Eree Grassland Grassland status and, non
Welkom L, 497 16 38.7 -10 Biome; Azonal Bioregion; Ecca shales 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
Vaal-Vet .
Sandy Chert rich e;::(i?:;;?g
. 26°55°S, 1481 - Grassland; Grassland Dry Highveld dolomite shallow and often
Vaal River , 573 17 359 -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 18 347 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 flat. A distinct rainfall gradient is apparent
across the three districts (Mucina and Rutherford, 2006). Mean annual rainfall, estimated
over a 30-year period for Welkom, Vaal River and West Wits, ranges from 497 to 651 mm
(South African Weather Service, 2006), with high inter-annual variability (25-30%) and high
evapotranspiration potentials, between 2-2.5 times higher than the rainfall (Lynch and
Schulze, 2006).

The mining districts are classified according to three dominant biomes viz. grassland,
savanna and azonal 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 to these areas, given the low annual rainfall and cold winter temperatures. However,
some small stands, rows and isolated trees do exist along some water courses, farm

boundaries and in 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, chert-rich dolomite and shale, as shown in Figure 2.2 (AngloGold
Ashanti, 2004).
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Alfuvi L Diabase - Intrusive

| Black Reef Eccles - Dolomite, chert
SRETE Rian Colovnive Roolhcogte - Quartzite, shale - chert breccia
e S Timstall Hill - Ferruginuos quartzite
Karoo B0 TimatallHill =~ Shale

{ | 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 eutrophic, with a high base status, and 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 of lime is common in the
West Wits region; however, soils 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 sites were selected from
stands, single trees or rows of trees and small-plot species trials in each mining district (Dye,
2004; 1. Weiershye, 2005 pers comm.). Fifteen sample sites were selected across the three

mining districts; four each in the Welkom and West Wits districts and seven in the Vaal
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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 sampling sites (Figure 2.3):

Stands, single trees or rows of trees and small-plot species trials were used that
covered a range of conditions, which included different levels of groundwater
contaminants and concentrations of total dissolved solids (I. Weiersbye, 2004; 2005
pers comm.).

Sites were selected to maximise 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 assumption of linearity
between ground-truth measurements and reflectance indices between the extremes of
high and low tree water availability is made (Young and Wallis, 1985; Allen and
Nakayama, 1988; Stimson et al., 2005; Eitel et al., 2006).

Trees experiencing 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 stress in the tree species
investigated in this study. A 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. Shaded circles 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, b, c, f), small-plot species
trials consisted of young planted trees (Figures 2.4d), clumps representing a group of self-
established trees with no fixed spatial arrangement (Figures 2.4e, g) and a row representing a
single arrangement of established trees (Figures 2.4h, i).

Page 27




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

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 trees at each sampling site in each mining district.
Samplings sites are illustrated as stands of trees (a, b, c, f), small-plot species trials (d),
clumps (e, g) and rows of trees (h, i). (Images obtained from Land Resources International,
2005).

A general description of each sampling site, its geographic location, spatial arrangement,
average tree heights and diameter at breast height, measured in July 2004 is listed in Table
2.3.
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Table 2.3 Description of sample sites in the Welkom (W), Vaal River (VR) and West Wits (WW) mining
districts. (Data obtained through field surveys and from AngloGold Ashanti, 2004).

. Geographic . Average Tree Average .
Disiricr | Species | Coordinates |\ CRER | Heiont +5D | DBH=SD | SIS B
(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 91+28 397276 | high 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+16 51.1+24.4 | soils, high water
26.55075 A
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
WwW ES -26.43899; Stand 6.6+1.9 16.5+7.8 soils, lower water
27.33024 R
availability
Shale, non calcareous
-26.43207; Small-plot soils, higher water
ww EC 27.36888 species trial 40£05 113429 availability, riparian
zone
Shale, non calcareous
-26.43158; Small-plot o
ww EC 27 36155 species trial 3.9+£0.3 104+£1.3 50|I_s, qux_/ water
availability
. Dolomite, meso-
VR EC ggggggg Clump 9.2+19 13.6 £3.5 | eutrophic soils, high
) total dissolved solids
-26.99288: Dc_)lomlte, eutrophic
VR EC Stand 74+22 31.4+13.2 | soils, deep groundwater
26.78289
table ~20 m
. Andesite, eutrophic
VR EC ggggigg Clump 27+13 6.9+4.1 soils, close to tailing
) storage facility
. Andesite, eutrophic
VR EC -26.92910; Clump 6.2+ 0.5 19.8+4.3 | soils, close to tailing
26.62100 L
storage facility
Dolomite, eutrophic
-26.99332; soils, high water
VR EC 26.78250 Row 9.0+17 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, meso-
. eutrophic soails, high
VR SL 'gg'ggggg' Row 56+1.2 30.2+13.9 | total dissolved solids,
’ higher water
availability

SD = Standard Deviation; DBH = Diameter at breast height; EC = E. camaldulensis; ES = E. sideroxylon; 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 this review has been published by GOVENDER, M., DYE, P.J., WEIERSBYE, I.M.,
WITKOWSKI, E.T.F. and AHMED, F., 2009, Review of commonly used remote sensing and
ground-based technologies to measure plant water stress. Water SA, 35, 739-750. A reprint of the

review paper is provided in Appendix 1.

ABSTRACT

This review provides an overview of the use of remote sensing data, the development of
spectral reflectance indices for detecting plant water stress, and the usefulness of field
measurements for ground-truthing purposes. Reliable measurements of plant water stress
over large areas are often required for management applications in the fields of agriculture,
forestry, conservation and land rehabilitation. The use of remote sensing technologies and
spectral reflectance data for determining spatial patterns of plant water stress is widely
described in the scientific literature. Airborne, space-borne and hand-held remote sensing
technologies are commonly used to investigate the spectral responses of vegetation to plant
stress. Earlier studies utilised multispectral sensors which commonly collect four to seven
spectral bands in the visible and near-infrared region of the electromagnetic spectrum.
Advances in sensor and image processor technology over the past 3 decades now allow for
the simultaneous collection of several hundred narrow spectral bands resulting in more
detailed hyperspectral data. The availability of hyperspectral data has led to the identification
of several spectral indices that have been shown to be useful in identifying plant stress. Such
studies have revealed strong linear relationships between plant pigment concentration and
the visible (VIS) and near-infrared (NIR) reflectance, while plant water content has been

linked to specific bands in the short-wave infrared (SWIR) region of the spectrum.
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Ground-truthing is essential to identifying useful reflectance information for detecting plant
water stress, and four commonly used ground-based methods viz. predawn leaf water
potential, leaf chlorophyll fluorescence, leaf pigment concentrations and leaf water content
are reviewed for their usefulness and practical application.

Key words: leaf chlorophyll fluorescence, leaf-water content, plant pigment concentrations,

plant water stress, predawn leaf 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 and 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 stress, which

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 plant’s physiology. These include a decrease in cell water

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 commonly assessed by measuring predawn leaf water potential, a direct measure
of plant water stress. Measurements at predawn directly evaluate the water status of the
plant, because during night time conditions of zero transpiration, plant water potential
equilibrates to the available soil water (Cleary and Zaerr, 1984). Cleary and Zaerr (1984)
suggested that a predawn leaf water potential of less than -0.8 MPa is an indication of

stressed vegetation. Indirect measurements may also be used to detect plant water stress.
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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 diameters or even xylem
vessel characteristics. Although characterising 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 large spatial 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 characterise plant water stress between species (Sperry and
Saliendra, 1994; Alder et al., 1996; Hacke and Sauter, 1996; Linton et al., 1998).

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

technologies are available 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 and Gamon, 2002; Pu et al., 2003; Jackson et al., 2004; Stimson et al.,
2005; Chun-Jiang et al., 2006; Clay et al., 2006; De Tar et al., 2006; Eitel et al., 2006;
Fitzgerald et al., 2006; Harris et al., 2006; Sepulcre-Canto et al., 2006; Campbell et al.,
2007). Important advantages of remote sensing technologies include cost-effectiveness,
efficiency in displaying spatial patterns on a variety of scales, and versatility in revealing a
variety of structural and physiological characteristics of water stressed plants. 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
ground-based techniques commonly used to identify water stress in plants, and which are

suitable for ground-truthing remotely-sensed 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 spectral difference which has been used to
detect plant water stress. The ground-based techniques reviewed include measurements of
predawn leaf water potential (Dixon, 1914), leaf chlorophyll fluorescence (Miiller, 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 and co-occurring 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 known to alter several
physiological, morphological and anatomical processes, as well as triggering defense
mechanisms in many plant species (Silva et al., 2009). Responses to water stress conditions
have been first observed through changes in leaf and stem water potential, water content,
turgor pressure and stomatal conductivity, with subsequent changes reported in transpiration,
photosynthesis and photochemistry rates (Angelopoulos et al., 1996). Defense mechanisms
have also be observed which can include a reduction in transpiration rates to control water
loss, root generated chemical signals through the synthesis of organic solutes and other gene
relations (Chaves et al., 2009). Wilting a visual symptom of water stress however only
occurs when a plant loses water, its vessels 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) and turgor pressure, followed by progressive stomatal
closure, reduced carbon dioxide assimilation and transpiration, with subsequent decline in
photosynthetic and photochemistry rates (De Menezes et al., 2004). The latter responses are
largely ascribed to stomatal 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 (Boyer et al.,1987;
Angelopoulos et al., 1996; Chaves et 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 which is mediated by shoot- and root-generated
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 the leaf age; older leaves being more affected by
drought and accumulating higher amounts of salt and the plant species (Chaves et al., 2009).
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 (Sikuku et al., 2010). Hence due to the importance of 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 (Netondo, et al., 2004). Pirzad et 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 content 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 ratio (P < 0.05) and significant increases in the Fo values (P
< 0.05) were shown (Pirzad et al., 2011). Alterations to these chlorophyll fluorescence
expressions under water stress represent damage to the photosystem Il reaction centers,
triggering reduced photosynthetic capacity and photochemical efficiency (Pirzad et 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 reduced 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 (Gomes et al., 2004; Silva et al., 2009). Thomas and Emus (1999) found
that ABA accumulation in the leaves of Eucalytpus tetrodonta contributed towards a

decrease in stomatal conductance.
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Transgenic and molecular biology studies on plant responses to water stress and
phospholipid-based signalling has emerged as a component of drought-responsive signal
pathways (Mane et 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 assimilation in relation to water supply (Mane et al., 2011).
Using transcriptome analysis, several new genes regulated by progressive drought were
identified and genes whose expression may be part of the phospholipid-based signalling
pathway were also found, suggesting that 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 severe droughts, at a very low
level of physiological activity and much lower plant water potentials (Tyree et al., 2003;
Greven et al., 2009; Wagner et al., 2011). As water availability in the soil decreases, the
transpiration rate also decreases, as a result of stomatal 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 dehydration (Silva et al., 2009). Osmotic
adjustment is considered an important 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 tissues (Dichio et
al., 2006), with leaf water potential below 4 MPa. Olive trees can lose almost 40% of their
tissue water content and still maintain their re-hydration capacity, due to the establishment of
a high gradient of water potentials between the tissues, roots, and soils, which allows the
trees to take up water even at soil potentials below permanent wilting point (Greven et al.,
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 plants under water stress include alterations in the
diffusion of carbon dioxide from the sub-stomatal cavities to carboxylation sites which thus

contribute towards the maintenance of photosynthetic rates despite the low stomatal
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conductance. Also observed under 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 (Silva et al., 2009).

Although Eucalyptus species have evolved in a dry environment, changes in plant water
status strongly influence their growth and physiology (Batchelard, 1986; Metcalfe et al.,
1990). Predawn leaf water potential has been used to estimate changes in minimum levels of
water stress, with measurements from Eucalyptus illustrating values less than 4 MPa (White
et al., 2000). This measure of plant water status often assumes equilibrium in water potential
at the soil-root interface though this may not always be the case (Whitehead and Beadle,
2004).

In E. camaldulensis and E. nitens, the high stomatal sensitivity is associated with in-elastic
tissues and in E. camaldulensis, its capacity to access groundwater. As leaf water potential
becomes more negative with soil drying, manipulation of both osmotic and elastic properties
occurs to sustain a positive turgor pressure over a wider range of water stress conditions. In-
elastic tissues that promote rapid loss of turgor are associated with a high stomatal sensitivity
and drought avoidance. Such characteristics are an essential pre-requisite 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 (White et al., 2000).

Several studies have reported 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
develops 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 from Eucalyptus grandis trees 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). Dye (1996) 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 strategies 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 (White et al., 2000). Whitehead and Beadle (2004) showed that
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 deep rooted trees to
access different sources of water from within the soil profile in relation to seasonal water
availability, were Eucalyptus globulus and Eucalyptus camaldulensis accessed groundwater
using sinker roots in the summer, but the proportion of groundwater in stems were found to
be greater in Eucalyptus camaldulensis (26-47%) compared to Eucalyptus globulus (9-15%).
When roots of Eucalyptus camaldulensis and Eucalyptus platypus grow through layers of
soil with different water contents, they are able to redistribute water between the layers by
transferring significant quantities along gradients of water potential (Burgess et al., 2001).
According to Burgess et al. (2001), the direction of the movement of water termed hydraulic
lift may be upwards or downwards 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 periods and improved nutrient availability.

3.3 DETECTION OF PLANT WATER STRESS USING REMOTE
SENSING

Remote sensing data are often described by their spatial and spectral properties or
resolutions. Spatial resolution is the size of a pixel recorded in the remote sensing image, and
could range from 1 m (higher spatial resolution) to 1000 m (lower spatial resolution).
Spectral resolution is related to the width and number of wavelength bands recorded by the
remote sensing system, with lower spectral resolutions often representing a fewer broad
spectral bands such as multispectral data, and higher spectral resolutions representing
sometimes more than a hundred narrow spectral bands such as hyperspectral data. These

terms are often referred to in following sections and chapters.
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During the 1980s, the application of remote sensing technologies for plant and
environmental studies became widespread. These 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 spectrum. These datasets were acquired using airborne, satellite and
ground-based spectrometers. Early airborne systems consisted of a multispectral camera
mounted on board a small aircraft or helicopter which collected three to four spectral bands.
Spectrometers at this time were bulky, heavy instruments which were not easily
transportable in the field. Therefore most spectral measurements 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 data, thus
allowing for more detailed plant and environmental studies. These technologies acquire
many hundreds of spectral bands across the spectrum from 400 to 2500 nm. Such

hyperspectral technologies also use airborne, satellite and hand-held spectrometers.

Airborne hyperspectral imagers, such as the commonly used Casi or Hymap imagers, acquire
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 costly than satellite imagery, due to
the logistical costs associated with flight surveys and the costs of hiring airborne
hyperspectral or multispectral imagers. Advances in spectrometry have resulted in state-of-
the-art portable field instruments which allow for the collection of hand-held 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 concerning the relationship
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 characteristics of the leaf internal structure

and biochemical constituents, such as pigments, water, nitrogen, cellulose and lignin (Asner,
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1998; Coops et al., 2002). Pigments are the main determinants controlling the spectral
responses of leaves in the visible 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 (Curran et al., 1992). On
the other hand, cellular structure and water content of leaves are the main determinants in the

near- and shortwave-infrared wavelengths as shown in Figure 3.1.
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Figure 3.1 Typical reflectance sensitivities as controlled 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 1980s, highlighting 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 regions, which 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 (Clay et al., 2006;
Fitzgerald et al., 2006; Blackburn, 2007; Campbell et 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
‘surrogates’ of plant stress, under the assumption that decreases in chlorophyll and water
content are indicative of plant stress. Therefore, in remote sensing studies numerous
individual spectral bands and vegetation spectral reflectance indices have been used 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 of the 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), Ceccato
et al. (2001)
VIS Changes in red, green and blue reflectance due to chloroplast Murtha (1982)
deterioration.
Red Edge Movement of red edge towards shorter wavelengths during Collins et al. (1983),
senescence or stress induced chlorosis. Rock et al. (1988),
Milton et al. (1989)
Red Edge Red edge defined from 690 to 740 nm is also sensitive Horler et al. (1983),
chlorophyll content. Curran et al. (1990),
Blackburn (1999)
Red Wavelengths Displacement in the slope of the red wavelengths towards Horler et al. (1983)
longer wavelengths as chlorophyll content increases.
Thematic Band 5 to 7 (1550 Ratio of Band 5 to 7 highly correlated with water content of Musick and Pelletier
— 1750 nm and 2080 — 2350 soils and vegetation. (1986; 1988)
nm)
VIS and NIR Estimated chlorophyll a, b and total carotenoid content using Lichtenthaler (1987)

equations and specific extinction coefficients.

Red Edge Increase in 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 (700 — 1300 nm) and Detection of plant water stress in oak, sweet gum and conifers. | Hunt and Rock (1989)
MIR (1300 — 2500 nm)

820 and 1600 nm Significant relationship between the equivalent water thickness | Hunt and Rock (1989)
and a moisture stress index between reflectance value
measured at 1600 nm and reflectance value measured at 820

nm.
550 and 700 nm Maximum sensitivity to a wide range of chlorophyll contents. Curran et al. (1990),
Gitelson and Merzlyak
(1996), Lichtenthaler et
al. (1996), Datt (1999)
Red Edge Chlorophyll content of branches of Slash Pine (Pinus elliottii Curran et al. (1990)
engelm) predicted using red edge.
VIS (491-575 nm); Red Increased reflectance in response to plant stress regardless of Carter (1993)
(647-760 nm) the stress agent.
NIR plateau Weak water absorption features at 1000 and 1200 nm. Gao (1995), Asner
Deepening of the two water absorption features as leaf area (1998)

index increased.

860 nm and 1240 nm Normalised difference water index as an estimate of vegetation | Gao (1995)
water content.
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Region of the Spectrum

Vegetation Spectral Reflectance Characteristics

Author(s)

550, 700 and longer than 750
nm

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

Gitelson and Merzlyak
(1996)

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

Highly correlated in yellow-green to dark green leaves.

Gitelson and Merzlyak
(1996)

Maximum reflectance at 750
nm, lowest reflectance

Highly correlated in chestnut leaves.

Gitelson and Merzlyak
(1996)

between 400 to 500 nm.

670-680 nm Reflectance at 670-680 nm was insensitive to chlorophyll a Lichtenthaler et al.
above 70 mg m-2 in tobacco leaves (Nicotiana tabacum L.) (1996)
due to saturation of the relationship between light absorption
and pigment concentration.

VIS, NIR Reflectance at wavelengths with high absorption coefficients Lichtenthaler et al.

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

(1996), Blackburn
(1999)

550, 700 and 750 nm

The reflectance indices (R750/ R700 and R750/ R550) were
identified as having strong linear relationships with total
chlorophyll concentration at the leaf scale in horse chestnut
(Aesculus hippocastanum L.) and Norway maple (Acer
platanoides L.) leaves.

Lichtenthaler et al.
(1996), Gitelson and
Merzlyak (1996),
Gitelson et al. (2002),
Blackburn (1999)

SWIR (1530 and 1720 nm)

Reflectance is influenced by liquid water in plant tissue and
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 in
SWIR Woody stems lowest variation in SWIR, highest in NIR.

Asner (1998)

1700 nm, 2000 nm, 2200 nm

Features associated with lignin and other organic compounds.

Asner (1998)

650, 635, and 470 nm

Concentrations of chlorophyll a, chlorophyll b, and carotenoids
were best correlated with reflectance indices (Rgso, Ress, and
R470), respectively in the leaves of four deciduous tree species
at different stages of senescence.

Blackburn (1998a)

676 and 810 nm

Chlorophyll a and chlorophyll b concentrations were strongly
correlated with reflectance index (R676) in the visible
wavelengths and reflectance index (R810) in the near-infrared
on bracken (Pteridium aquilinum) canopies. Possible
correlation to canopy structural development which has a
direct influence on near-infrared reflectance.

Blackburn (1998b)

740 to 820 nm; 680 and 760
nm

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

Lelong et al. (1998),
Jacquemoud (1993),
Baret and Jacquemoud
(1994), Baret et al.
(1994), Filella and
Penuelas (1994)

Red and NIR

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

Lelong, et al. (1998)
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Region of the Spectrum

Vegetation Spectral Reflectance Characteristics

Author(s)

Red Edge

The first derivative of pseudo absorbance, 5(Log
1/Reflectance), was highly correlated with canopy pigment
concentration per unit area in the red edge region. Canopy and
leaf scale concentrations per unit mass of chlorophyll a,
chlorophyll b, and carotenoids were strongly related to d(Log
1/Reflectance) and the second derivative of pseudo absorbance
(85(Log 1/Reflectance), but different wavelengths were
optimal at each scale.

Blackburn (1999)

VIS

Moderately correlated to chlorophyll concentration.

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 of the first
and second derivatives of reflectance and pseudo absorbance
were more strongly correlated with chlorophyll.

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

(850 nm, 710 nm, 680 nm) eucalypt vegetation at the leaf and 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 stressed
induced chlorosis the red edge moves to shorter wavelengths,
and is due to a reduction in the depth and breadth of the
chlorophyll absorption feature.

Stone et al. (2001), Rock
et al. (1988), Datt (1999)

VIS, NIR

Relationships between spectral reflectance properties of
Eucalypt vegetation and a range of physiological and
morphological parameters. Results indicate a shift of red edge
towards shorter wavelengths with decreasing chlorophyll
content.

Stone et al. (2001)

900 and 970 nm

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

Champagne et al. (2003)

VIS, NIR and Red Edge

Universal broad leaf chlorophyll indices using the PROSPECT
model

le Maire et al. (2004)

NIR, Red Edge Canopy level spectral and thermal estimation of water status Fitzgerald et al. (2006)
and nitrogen content using spectral and thermal indices.
NIR and VIS Degree of water stress strongly correlated to spectral bands De Tar et al. (2006)

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

Thermal bands

Detection of water stress using thermal remote sensing
imagery.

Sepulcre-Canté et al.
(2006)

NIR and SWIR

Indices formulated from the weaker NIR liquid water
absorption bands (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.

Harris et al. (2006)

Red Edge

Detection of plant water stress using wavelengths associated
with red edge.

Clay et al. (2006),
Blackburn (2007),
Campbell et al. (2007)

VIS = Visible; NIR = Near Infrared; MIR = Middle Infrared; SWIR = Shortwave Infrared
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3.31 Spectral indicators of plant chlorophyll content

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; Zarco-Tejada et al., 2000). This
leads to a reduction in green reflection and an increase in red and blue reflections, resulting
in changes in the normal spectral reflectance patterns. Thus, detecting changes from the

normal spectral reflectance patterns is the key 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 maximum sensitivity to a wide range of chlorophyll contents (Curran
et al., 1990; Carter, 1993; Gitelson and Merzlyak, 1996; Lichtenthaler et al., 1996, Datt,
1999). However, there is little agreement on the optimum wavelengths to be used in the

remote assessment of plant chlorophyll content.

Indices have been derived using a combination of specific reflectance wavelengths for the
remote assessment of chlorophyll content (Curran et al., 1990; Jacquemoud, 1993; Baret and
Jacquemoud, 1994; Baret et al., 1994; Filella and Penuelas, 1994; Gitelson and Merzylak,
1996; Lichtenthaler et al., 1996; Blackburn, 1998a; Blackburn, 1998b; Lelong et al., 1998;
Blackburn, 1999; Datt, 1999; Stone et al., 2001; Coops et al., 2003). These indices have
been typically derived through correlations 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 leaf or canopy reflectance is not necessarily generic, and caution needs to be
taken when applying these indices over different vegetation types or biomes for the

prediction of plant water stress (Coops et al., 2003).

In the remote assessment of plant water stress, total chlorophyll and chlorophyll a content
have been identified as key spectral indicators. Chlorophyll a absorbs strongly in the red
wavelengths because of electron transitions of the chlorophyll molecules. As the chlorophyll

concentration increases, there is an apparent displacement in the slope of the red
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wavelengths towards longer wavelengths (Horler et al., 1983). However, in a stressed plant
there is a shift towards shorter wavelengths, often reported as the “blue shift” (Carter,
1993).The interdependence of chlorophyll a and total chlorophyll provide an appropriate
measure of changes in spectral reflectance due to plant water stress. If the relative proportion
of chlorophyll a were to increase, there would be a movement of the red edge to longer
wavelengths, independent of total chlorophyll content. Likewise, a decrease in the relative
proportion of chlorophyll a would result in a movement of the red edge to shorter
wavelengths, also independent of total chlorophyll content. However, the effect of a
changing """ a7 oonyil b Fatio on the red edge is likely to be minor, and 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 (Horler et al., 1983).

When chlorophyll content is used as a measure of plant water stress, the placement and
shape of the spectral red-edge are important indicators of plant water stress (Horler et al.,
1983, Curran et al., 1990, Blackburn, 1999; Blackburn, 2007). This relationship is used to
explain the movement of the red edge to shorter wavelengths during different expressions of
plant water stress, such as senescence or stress-induced chlorosis (Collins et al., 1983; Rock
et al., 1988; Milton et al., 1989; Clay et al., 2006; Campbell et 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 infrared (NIR), middle infrared (MIR) and short wave infrared (SWIR) regions
of the electromagnetic spectrum (Tucker, 1980; Hunt and Rock, 1989; Gao, 1995; Zarco-
Tejada et al., 2003; Jackson et al., 2004; Shen et al., 2005; Chun-Jiang et al., 2006). Specific
spectral bands and spectral indices designed to capture changes in plant water content have

been derived 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). Spectral bands
from these regions have been used to differentiate stressed trees from non-stressed 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 been assessed remotely using bands
1550 to 1750 nm (Tucker, 1980), as well as the ratio of spectral bands 1550 — 1750 nm and
2080 — 2350 nm (Musick and Pelletier, 1986; 1988). However, in laboratory experiments a
good relationship was identified between water content, leaf area, 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), field measurements have shown significant changes
to this region of the spectrum resulting from changes in the water content of plants (Tucker,
1980; Ceccato et al., 2001). Several relationships have been identified between specific
spectral bands in the SWIR region, and different ground-based measurements of plant water
stress such as relative water content, leaf water potential, stomatal conductance, and cell wall
elasticity (Foutry and Baret, 1997; Pu 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. The sensitivity of such spectral indices to changes in
plant water content is influenced by the leaf internal 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 normalised

difference water index (Gao, 1995) and the water band index (Penuelas et al., 1995).

The normalised difference water index (Gao, 1995) is commonly used and accepted as an
accurate estimate 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 content remotely for various tree species (Gao, 1995; Jackson et al., 2004; Stimson et
al., 2005; Eitel et 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 (Penuelas et al., 1995). This spectral
index has been correlated with ground-based measurements 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 noticeably in response to drought conditions than the water
content of the entire plant biomass (Champagne et 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 determined by 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 Sijte,

e age of plant or foliage,

e nutrient status,

e leaf orientation,

e 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; Coops et al., 2003).
Their individual or combined effects are relevant to ground-based 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, with some 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 when processing and applying remote sensing

imagery at different spatial resolutions (Jiang et al., 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 ground-truthing measurements at the same spatial scale. Ground-
truthing of remote sensing surveys is often undertaken at the leaf scale, due to the
complexity of ground-truthing at higher spatial scales, and the difficulty in mimicking the
significant variability in canopy reflectance. Therefore, spectral features and relationships
which have been identified at the leaf scale, in conjunction with ground-truthing experiments
have often also been applied generically at canopy and landscape scales (Mohammed et al.,
1997; Datt, 1999; Zarco-Tejada et al., 2000; Coops et al., 2003).

Despite the difficulty in mimicking whole-canopy reflectance, attempts have been made by
stacking leaves on top of each other for below-canopy spectral measurements (Blackburn,
1999; Datt, 1999; Coops et 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
reflectance 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 and sun-target sensor

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 scales in order to better
understand species interactions and community dynamics, both of which have important
implications under changing environmental conditions (Marignani et al., 2007). Validation
of different types of remote sensing data is usually dictated by their spatial resolution (Zwart
and Bastiaassen, 2007), with fine resolution products (<100 m) such as Landsat being
adequately validated with ground-based measurements. However, as the spatial resolution of
the remote sensing data decreases, resulting in coarser resolution products such as MODIS
(2000 m in thermal band), using ground-based 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 and up-scale or aggregate coarse or
low resolution remote sensing data (Zwart and Bastiaassen, 2007; Choi et al., 2009).

Many studies regarding the effect of up-scaling remote sensing datasets have been reported
(Zarco-Tejada et al., 2003; Marignani et al., 2007; Zwart and Bastiaassen, 2007; Choi et al.,
2009; Hong et al., 2009; He and Mui, 2010). During an aggregation or up-scaling process,
the raster spatial data are reduced to a smaller number of data pixels covering the same
spatial extent. It is generally recognized that data aggregation modifies the statistical and
spatial characteristics of the data (Bian et al., 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 the original data set (Bian et 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 the simplest way to scale remote sensing data from the leaf to
the canopy level. Empirical estimation or extrapolation methods use uni-variate or multi-
variate models to scale the target properties of plants such as biochemical content from leaf
to a canopy level (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

satellite sensors.

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 derived parameters 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 content (He and 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 (Glenn et 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 satellite data sets 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 state, spatial distribution 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 numerical optimization methods, look-up table
approaches, artificial neural network methods, and support vector machine regression (Glenn
et al., 2008). Vegetation indices have also been used in temporal vegetation or land surface
studies or as inputs into models such as soil-vegetation-atmosphere 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 landscapes (Glenn et 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
quantity and quality of calibration data recorded during the 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 applied in sparsely 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 multispectral to hyperspectral data.

3.4 DETECTION OF PLANT WATER STRESS USING GROUND-
BASED MEASUREMENTS

Simple, quick and portable ground-truthing methods are needed for the measurement of
plant water stress. Commonly-used techniques address aspects of the plant water status 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 negligible transpiration. 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, instantaneous measurements, low capital cost and
portability (Scholander et 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 measure the water relations of trees and shrubs. However,
this technique is considered slow and time-consuming for any commercial or operational

applications (Jones, 2004).

Measurement of predawn leaf water potential has gained wide acceptance among
researchers. It is commonly used as a plant water stress indicator (Aranda et al., 2005;
Nortes et al., 2005; Intrigliolo and Castel, 2006; Pellegrino et al., 2006) and has also been
used to describe the water status of different species within a habitat (Scholander et al.,
1965; Lamont and Witkowski, 1995). It has been shown that species within the same habitats
differ in predawn leaf water potentials (Witkowski et al., 1992; Lamont and Witkowski,
1995), while predawn leaf water potentials often differ within a single species between
different habitats, and with leaf age (Witkowski et al., 1992) and plant size (Lamont et al.,
1994). Typical plant water potential measurements of unstressed plants range from -0.15
MPa for plants under saturated soil conditions and low atmospheric demand (Cleary and
Zaerr, 1984) to -2.0 MPa for ‘tank’ plants such as cactus, which can store water (Scholander
et al., 1965). Conversely, stressed plants such as creosote bush and juniper growing in more
arid regions could achieve plant water potentials of -8.0 MPa (Scholander et al., 1965), 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 stress. Such
applications have included 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; Pellegrino et al., 2006). Predawn leaf water potentials have also
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been coupled with stem water potential measurements and fluctuations in trunk diameters to

quantify water stress of young almond trees for irrigation management (Nortes et al., 2005).

Despite the wide application of predawn pressure chamber measurements, numerous sources
of error and measurement problems have been identified (Ritchie and Hinckley, 1975).
These sources of error need to be minimised in order to ensure accurate readings, and can be
grouped into four categories viz. speed of measurement in the field, accurate selection and
processing of samples, reduction in pressurisation 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
sampling and measurement must be minimised (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 should be enclosed
in plastic bags immediately after cutting, and stored in a cool dark place until required.
However, if time delays occurred between predawn sampling and actual measurements, this
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 and development stages when comparing
between plant species (Witkowski et al., 1992). Damaged samples (crushed leaf petiole or
torn leaf blades) and re-cutting of sample stems (Scholander et al., 1965) lead to a break in
the tension in the xylem water, and should thus 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 technical guidelines must be adhered to in order to reduce pressurisation 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 sufficiently elastic to fill

the indentations of irregularly shaped petioles, but not so soft that it disintegrates under
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pressure. For very irregular petioles, a quick-setting silicon compound can be used.
However, this slows down the number of leaves that can be measured (Turner, 1988). 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 of pressurisation of
the chamber and the effects of rapid pressure and heat accumulation within the chamber have
shown that fast rates of pressurisation can lead to both underestimates or overestimates of
water potential, depending on the gradients of water potential in the sample (Waring and
Cleary, 1967; Blum et al., 1973; Tyree and Dainty, 1973; Turner, 1981). Therefore Turner
(1981) suggested an average pressurisation rate of 0.025 MPas™. Furthermore, caution must
be taken in the use of the compressed gas with the pressure chamber. Pressure release valves
protect the pressure gauges, and also help prevent over-pressurisation of the chamber
(Turner, 1988). A binocular microscope or safety glasses should be used to protect the
operator’s eyes if any material is forced out through the seal during pressurisation (Turner,
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 Prichard, 2003). Use of
binocular microscope or magnifying glass is necessary to minimise poor recognition of the

endpoint.

Field equipment required for leaf water potential measurements is relatively easy to setup
within a specific location, but can be cumbersome when 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 measurements are possible within this timeframe. Therefore, from a practical
view point, this method is more appropriate for localised measurements, as compared to

large scale measurements.

3.4.2 Leaf chlorophyll fluorescence

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

provide considerable information on the organisation and function of the photosynthetic
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apparatus (Govindjee et al., 1981). Information is gathered more readily and can be sampled
more often outside the laboratory using portable optical systems and compact chlorophyll

fluorescence meters.

The functioning of the photosynthetic apparatus is dependent on the process of
photosynthesis, whereby light energy is absorbed and converted into organic compounds.
Several environmental factors, including water, light and nutrients, affect this process and
may lead to plant stress. Therefore, the photosynthetic apparatus has been recognised as
being a good indicator of stress and stress adaptation of a plant (Salisbury and Ross, 1992;
Strasser and Tsmilli-Michael, 2001), which is associated with the measurement of
chlorophyll fluorescence (Strasser et al., 2001). Also, because changes in chlorophyll
fluorescence may occur before any physical signs of tissue or chlorophyll deterioration are
manifested in the plant, stress can be detected before the onset of physical damage
(Lichtenthaler et al., 2007).

Chlorophyll fluorescence measurements can be described using the typical phases of a
fluorescence transient. During a typical fluorescence transient, the fluorescence rises rapidly
from a ground state, O (or F,), when all electron acceptors are fully oxidised, or open, to a
maximum level, P (or Fn,), when all electron acceptors are highly reduced, or closed and are
unable to accept and transfer 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 (Strasser et al., 2001;
Rolando and Little, 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 (PSII) is estimated by
Fu/Fm, which is the ratio of variable fluorescence (F,) to maximum fluorescence (Fr). Most

healthy plants exhibit F,/Fn, values around 0.8 (Peterson et al., 2001).

Most studies on the applications of chlorophyll fluorescence have utilised the F./Fp, ratio as
an indicator of water stress (Govindjee et al., 1981; Havaux and Lannoye, 1983; Ogren,
1990; Van Rensburg et al., 1996; Van der Mescht et al., 1997; Lu and Zhang, 1999; Peterson
et al., 2001; Rolando and Little, 2003; Cifre et al., 2005). In these studies, it has been well
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documented that at the chloroplast level, the function of the thylakoid membrane is sensitive
to environmental stress (Oquist, 1987). Studies which have focused on deep rooted non-
native tree species have suggested that the decrease in F./Fy was due to drought induced
injury to the thylakoid structures affecting photosynthetic electron transport (Van Rensburg
et al., 1996; Van der Mescht et al., 1997; Lu and Zhang, 1999). These results have indicated
that F./Fr, of drought stressed trees was lower than the control trees, especially in the more
drought intolerant trees. Van Rensburg et al. (1996) found that the decrease in F,/Fn, was due
largely to an increase in F,, an indication of permanent damage to the PSII. PSII appears to
be particularly sensitive to a number of stress factors including freezing temperatures and
drought (Oquist and Wass, 1988). Rolando and Little (2003) also showed a decrease in F,/Fp,
of water stressed Eucalyptus grandis seedlings, resulting from a rise in F, and a decrease in
Fm. Since this ratio is a reflection of the maximum yield of primary photochemistry, F./Fn, is

also used as an indicator of tree or seedling vigour.

Water stress leads to several changes in the photosynthetic apparatus of plants. Low water
potential has been observed to cause a decrease in the quantum yield of O, evolution in
chloroplasts and leaves from sunflower plants, a decrease in the ability of the coupling factor
isolated from spinach leaves to bind fluorescent nucleotides, and a decrease in the ratio of
the maximum to the minimum fluorescence in the red algae Porphyrs sanjuanesis
(Govindjee et al., 1981). Data presented on the relationship between maximum to minimum
fluorescence ratios and the water potential of leaves of Nerium oleander, Atriplex
triangularis and Tolmiea menziesii suggest that water stress blocks electron flow to the
reaction center chlorophyll a of PSII (Govindjee et al. (1981). It was clear from these results
that the ratio of maximum to minimum fluorescence decreases from a high value of 4.0 in
well-watered Nerium oleander plants (water potential -0.8 MPa) to a low value of 1.1 in a
severely stressed plant (water potential -3.9 MPa). In all cases examined, the ratio decreased
as the water potential decreased. Because of these results, Govindjee et al. (1981) concluded
that water stress inhibited electron flow of PSII in the three species examined, and that this

ratio serves as a qualitative indicator of leaf water potential.

Chlorophyll fluorescence ratios have gained increased acceptance in recent years, and is

commonly measured using hand-held relatively low-cost portable instruments which are
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simple, rapid and non-destructive (Peterson et al., 2001; Strasser et al., 2001; Strasser and
Tsmilli-Michael, 2001; Rolando and Little, 2003; Cifre et al., 2005; Lichtenthaler et 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 shaded or sunlit leaf samples.

Chlorophyll fluorescence measurements can be used in conjunction with other techniques as
a relatively quick initial screening method for assessing plant stress within a localised area.
There have also been significant advances in the application of chlorophyll fluorescence at
larger spatial scales over the past decade, allowing for spatial detection of chlorophyll
fluorescence parameters using laser-based fluorometers (Ounis et al., 2001; Cifre et al.,
2005). Such technological improvements in chlorophyll fluorescence measurements may
complement the ground-truthing of remote sensing imagery. However, further investigations
are needed to establish its applicability for different crops growing under different conditions
(Cifre et al., 2005). A disadvantage is that these instruments have not yet been designed for

commercial or operational use.

3.4.3 Chlorophyll and carotenoid pigment concentration

Plant pigment concentrations vary with species, ecotype and phenology, and are also
affected 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 (Netto et al., 2005;
Lichtenthaler et al., 2007). Carotenoids play an important role in protecting the
photosynthetic apparatus, and regulate the flow of energy into and out of the photosynthetic
system (Sims and Gamon, 2002; Netto et al., 2005). Two commonly used approaches have
been adopted to quantify chlorophyll and carotenoid pigment concentrations in plants, viz.
conventional chemical methods and field chlorophyll meters. Conventional chemical
methods of pigment quantification require destructive sampling and time-consuming
laboratory analyses, compared to chlorophyll meters which are simple, portable field

instruments which save time and resources. Both applications are more suited for localised
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ground-based measurements, but have also been used to ground-truth remote sensing

imagery.

Conventional laboratory methods used for estimating chlorophyll and carotenoid pigment
concentrations are seen as the most accurate methods, provided correct sampling and
laboratory procedures are followed. These methods make use of spectrophotometry for
estimating pigment concentrations in plant extractions via the linear absorption
characteristics of these pigments in polar extractants at specific wavelengths. Concentrations
are calculated taking cognisance of the extractant and the specific extinction coefficients as
described in Lichtenthaler (1987). Two precautions are recommended when sampling, and
during laboratory analysis: rapid and efficient collection of samples which must be frozen
immediately using liquid nitrogen to prevent pigment deterioration, and minimal loss of
pigment during laboratory extraction 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 instruments that allow for non-destructive repetitive
sampling, and have been used successfully to estimate the chlorophyll content of many plant
species (Schaper and Chacko, 1991; Netto et al., 2005; Pinkard et al., 2006). A chlorophyll
index derived from two peak reflectance wavelengths, 650 nm and 940 nm, is used to
estimate the observed chlorophyll content in a sample. However, several factors affecting
chlorophyll concentration such as the type of plant species, 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 (Pinkard et al., 2006).

3.44 Leaf water content

Relative leaf water content is an indirect and gross estimate of the changes in the water
content in leaves through precise weight measurements (Canny and Huang, 2006). Most
water in leaves reside in mesophyll cells. Volumetric changes in these cells occur as the
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 carbon dioxide across cell membranes,
osmotic pressure of vacuole contents, cell and tissue turgor, cell-to-cell contact and transport

of water.

Measurements of relative water content from leaf tissues are commonly used to assess the
water status of plants (Barrs and Weatherley, 1962; Catsky, 1969; Turner, 1981; Joly, 1985;
Yamasaki and Dillenburg, 1999; Shen et al., 2005; Canny and Huang, 2006). The relative
leaf water content is expressed as the ratio of three weight determinations, viz. fresh 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 the leaf samples
(Barrs and Weatherley, 1962; Catsky, 1969; Turner, 1981; Joly, 1985; Yamasaki and
Dillenburg, 1999; Shen et al., 2005; Canny and Huang, 2006). Samples must also be stored
immediately in plastic bags and stored in a cool, dark place to reduce moisture loss 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 (YYamasaki 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. Therefore, an accurate
measurement of turgid weight should be determined at the end of the first initial absorption
of water (YYamasaki and Dillenburg, 1999).

Water absorption periods usually recommended for conifers range from 12 to 48 hours,
which is much longer than 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 more 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).

Measuring 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 the late morning, when differences in water potentials between plants would be the
greatest. Due to these time constraints this method is most appropriate for localised ground-

truthing measurements.

3.45 Comparison of ground-based measurement technigues of plant water stress

This review suggests that all four ground-based measurements, viz. predawn leaf water
potentials, chlorophyll fluorescence, chlorophyll and carotenoid pigment concentrations and
leaf water content, can be used successfully to measure or assess plant water stress.
However, these four ground-based methods are not suitable for large spatial scale sampling,
and would be most useful for localised studies or as ground-truthing techniques for remote
sensing applications. Sampling protocols for ground-truthing applications are dependent
upon the spatial scales at which the remote sensing studies are being undertaken, viz. leaf,
canopy, stand or landscape scale and thus sample sizes will differ accordingly. A summary
of some of the advantages and disadvantages of each ground-based method is listed in Table
3.2.

Table 3.2  Advantages and disadvantages of four ground-based methods for measuring plant water

stress.
Ground-based
mgg;z?i:gm ant Advantages Disadvantages
Water Stress
Predawn leaf water | Simple, reliable, instantaneous measurement, low Slow and time-consuming for landscape-scale
potential capital cost, portable, direct indication of plant measurements; not suitable for use over large
water stress. spatial scales; can be cumbersome when
All parts of plant at predawn should be at same sampling sites not in close proximity to each
water potential. other; destructive sampling.
Pre-dawn sampling is inconvenient.
Leaf chlorophyll Hand-held portable, light weight field instruments, Not designed for use over large spatial scales.
fluorescence simple, rapid non-destructive sampling, relatively
low capital cost, internal saturating light source
present in latest models, measurements can be
taken at any time of the day, technology advances
for remote sensing applications using laser-based
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 of chlorophyll degradation.
concentrations spectrophotometry. Destructive sampling, time consuming.
Calibration required to obtain actual
b. Chlorophyll meter chlorophyll concentrations for different

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

Leaf water content | Simple, low capital costs, low precision analytical Validity dependent on precision of weight
measurements. determinations, time-consuming, destructive
sampling.

These four ground-based measurements vary in their practical use as well as in the
physiological processes measured. Differences in these methods, as well 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 (Stimson et al., 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 example, the water band index derived
by Gao (1995) focussed on water content of vegetation and therefore could be correlated
more strongly to leaf water content measurements compared to plant pigment concentrations

and vice versa.

Different ground-based measurements of plant water stress may be preferred, depending
upon the research conditions under which a particular method is being applied. For airborne
and satellite remote sensing vegetation studies, ground-truthing techniques which are cost
effective, efficient and reliable and can be applied over large spatial scales within a
reasonable time-frame of acquiring the remote sensing images, would be preferred. Under
such research conditions, measurements 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 smaller-scale intensive sampling.
However, should costs be a constraining factor, predawn leaf water potential measurements

would be preferred over laboratory analyses of plant chlorophyll pigment concentrations.

In summary, it is recommended that a more complete but practical approach to assessing
plant water stress is adopted through the use of at least one ground-based measurement, viz.
plant pigment concentrations, chlorophyll fluorescence or relative leaf 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 ground-based and remote sensing technologies.

Ground-based techniques are more suited for localised measurements and for ground-
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 on broad spectral bandwidths
and it recommended that plant stress researchers utilise the spectral findings to investigate
further the potential of narrow hyperspectral bandwidths to detect and interpret patterns of
plant stress. Furthermore, the importance of the red edge, defined as the region between 690
and 740 nm, has 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 from hyperspectral studies should be incorporated in
multispectral systems and technologies to allow for specialised high spectral resolution
investigations to be undertaken with reduced data volumes in a cost-effective manner. Most
spectral indices have been derived 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
must be evaluated against ground-truthing data. Ground-truthing of remote sensing data is
not an easy task, especially when considering different temporal and spatial scales.
Depending upon the scale at which an investigation is being undertaken, it is recommended
that a practical approach to assessing plant water stress is adopted through the use of at least
one ground-based measurement, viz. plant pigment concentrations, chlorophyll fluorescence
or relative leaf 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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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 of hand-held spectroscopy as a tool
for identifying plant water stress at the leaf-level. Seventy seven spectral reflectance indices
and specific individual spectral wavelengths useful for detecting plant water stress, plant
pigment content, the presence of stress related pigments in vegetation, and changes in leaf
cellular structure, were investigated in this study. The objective was to investigate
relationships between leaf spectral reflectance data and ground-based measurements of plant
water stress, such as predawn leaf water potential, leaf chlorophyll fluorescence, chlorophyll
and carotenoid pigment content and relative leaf water content. Finally, spectral models
which could be used to detect plant water stress in three tree species, Eucalyptus
camaldulensis, E. sideroxylon and Searia lancea in the Welkom, Vaal River and West Wits

mining districts were identified.

Four commonly used ground-truthing techniques; predawn leaf water potential, leaf
chlorophyll fluorescence, leaf chlorophyll and carotenoid pigment content and leaf water
content, were used to measure plant water stress in the 75 sample trees. Leaf spectral
reflectance measurements were taken with a hand-held spectrometer, from which spectral
reflectance indices were then calculated. 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. The “best” models for each plant
water stress measurement and the best model across all combinations of spectral reflectance
indices and plant water stress measurements resulting from the stepwise regression, were
selected using the highest adjusted R? value and the significance of the F (ANOVA) and t (t-

test) probability values.
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The results of the ground-based measurements of plant water stressed revealed that predawn
leaf water potential measurements ranged from -0.56 to -0.68 MPa at unstressed sites, and
from -0.93 to -1.78 MPa at stressed sites. Predawn leaf water potential measurements
revealed higher (more negative) values at 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 chlorophyll 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. 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 spectral reflectance data. The results of the multiple linear
regression models indicated that the (695/690) (Carter, 1994), (850-710)/(850-680) (Datt,
1999), near infra-red index (710/760) (Carter, 1994), and the water band index (900/970)
(Penuelas et al., 1997)performed well and accounted for more than 50% of the variance in
the data.

The principal conclusion was that the stepwise regression model derived between
chlorophyll b content and the DATT index was selected as the “best” model, having the
highest adjusted R? of 69.3%. This model 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.

Keywords :carotenoid pigment content, leaf chlorophyll, leaf chlorophyll fluorescence, leaf
water content, plant water stress, predawn leaf water potential, spectral 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, 1995; Gitelson and Merzlyak,
1996; Datt, 1999; Ceccato et al., 2001; Coops et al., 2003; Stimson et al., 2005; Eitel et al.,
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2006). Several individual spectral reflectance wavelengths and vegetation spectral
reflectance indices have been reported that are sensitive to changes in pigment content, leaf
water content, leaf water potentials and chlorophyll fluorescence ratios (Ceccato et al., 2001,
Sims and Gamon, 2002; Coops et al., 2003; Pu et al., 2003; Jackson et al., 2004; Stimson et
al., 2005; Eitel et al., 2006). Commonly used vegetation spectral reflectance indices include
the water band index (WBI) (Penuelas et al., 1995); normalised difference water index
(NDWI) (Gao, 1995); the normalised difference vegetation index (NDVI) (Tucker, 1979);
green NDVI and red edge NDVI (RENDVI) (Sims and Gamon, 2002); red edge position
(REP) (Curran et al., 1990) and the plant senescence reflectance index (PSRI) (Merzlyak et
al., 2003a). However, vegetation spectral reflectance indices have usually been derived for a
specific species and specific sites (Datt, 1999; Eitel et al., 2006). Therefore, caution is
necessary when applying spectral indices over different vegetation types or biomes for which
these relationships have not been established and might not be valid (Coops et al., 2003).

The aim of this study was to investigate the potential of hand-held spectroscopy as a tool for
identifying plant water stress during the dry winter season in E. camaldulensis, E.
sideroxylon and S. lancea in the Welkom, Vaal River and West Wits mining districts. The
spectral responses to plant water stress in the three tree species were investigated by
undertaking leaf-level spectral reflectance signatures and ground-based measurements of
plant water stress undertaken at the same time on the same sample trees during the dry
winter season. Relationships between individual spectral wavelengths and spectral
reflectance indices derived from the leaf-level spectral data and the measurements of
predawn leaf water potential, leaf chlorophyll fluorescence, chlorophyll and carotenoid
pigment content and relative leaf water content were then investigated. Ultimately, leaf-level

plant water stress spectral relationships valid for the three species studied were identified.

4.2 MATERIALS AND METHODS

Leaf spectral reflectance measurements and ground-based measurements of plant water
stress were undertaken on the three species E. camaldulensis and E. sideroxylon and S.
lancea in the Welkom, Vaal River and West Wits mining districts, during late July 2004.

Details of the tree samples and the collection sites have been provided in Chapter 2.
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The step by step details of the procedures of each ground-based plant water stress
measurement used, viz. predawn leaf water potential, leaf chlorophyll fluorescence,
chlorophyll and carotenoid pigment content (including equations), and relative leaf water
content, are presented in Appendix 2.

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 non-native tree species growing in close proximity to TSFs.
Although tree plantations are rare in these mining districts, sample sites were selected from
stands, single trees or rows of trees and small-plot species trials in each mining district (Dye,
2004; 1. Weiersbye, 2005 pers comm.) and as illustrated in section 2.4. Fifteen sample sites
each comprising 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 species E. camaldulensis, E. sideroxylon
and S. lancea, and these were sampled for plant water stress during the dry winter season in
July 2004 using ground-based measurements of plant water stress and leaf spectroscopy.
Sample trees were categorised as either stressed (low water availability), or unstressed (high
water availability). Sample trees with lower water availability were differentiated from trees
with higher water availability through visual inspection of leaf colour and canopy density
using hazard tape and metal tags, and their coordinates recorded using a global positioning
system. Thereafter, the categorisation of the trees was confirmed using predawn leaf water
potential measurements. A threshold reading of -0.8 MPa was used as a criterion to separate

stressed (more negative) from unstressed (less negative) trees (Cleary and Zaerr, 1984).

4.2.2 Ground measurements of plant water stress

Four commonly used ground-truthing 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 potential measurements provide a direct measurement of plant water
stress. Measurement of predawn leaf water potential using a pressure chamber has gained
wide acceptance among researchers, and is commonly used as a plant water stress indicator
(Aranda et al., 2005; Nortes et al., 2005; Intrigliolo and Castel, 2006; Pellegrino et al.,
2006).

During late July 2004, leaf water potentials were measured 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 samples from each of seventy
five trees) for the three mining districts. For each ground-based measurement, fully
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 aspects and daytime illumination.
Leaf samples were immediately placed in plastic bags, sealed and kept cool until time of
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 Tsmilli-Michael, 2001). The photochemical efficiency of photosynthetic
system Il is estimated by F./Fn, which is the ratio of variable fluorescence (F,) to maximum
fluorescence (Fn). Most healthy plants exhibit F,/Fn, values around 0.8 (Peterson et al.,
2001).

Leaf chlorophyll fluorescence was measured with a portable OS5-FL chlorophyll
fluorometer (Opti-Sciences, 164 Westford Rd, Tyngsboro, MA01879), utilising 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 samples from each of seventy

five trees) were collected from 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 (Curran et al., 1990; Gitelson and Merzlyzak, 1996;
Lichtenthaler et 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 each sample tree, a total of 375 samples (five
samples from each of seventy five trees) from all sites. Leaf samples were excised and sealed
immediately in zip lock bags, and kept frozen using ice packs to prevent pigment
degradation prior to laboratory analysis. Frozen leaf samples were transported to the
laboratory and analysed within seven days. Pigments were extracted with 100% methanol
and then quantified using a spectrophotometer, and their relative pigment contents were

derived using the accepted equations developed 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 (YYamasaki and Dillenburg, 1999; Shen et al., 2005; Canny and Huang,
2006). Relative leaf water content is commonly expressed as the ratio of fresh weight minus

oven-dry 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 West Wits mining district during July 2004. E. sideroxylon trees were sampled at
two locations at the Deelkraal site, near a farm dam (-26.43969; 27.32871) and further
upslope within the same stand (-26.43899; 27.33024). Five replicate leaf samples were
excised from each sample tree, a total of 50 samples (five samples from each of ten trees) for
the Deelkraal site. Leaves were sampled for relative leaf water content measurements before
midday, between 9 am and 11:30 am. Fresh weight measurements were undertaken
immediately in the field after the leaf samples were cut and were then immersed in water.

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

weight measurements were determined.

4.2.3 Leaf spectral reflectance measurements

Leaf spectral reflectance measurements were taken with a hand-held Analytical Spectral
Device (ASD) spectrometer (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 narrow-band individual
spectral wavelengths and several spectral indices associated with stress detection to be
investigated at the leaf-level.

4.2.3.1. ASD hand-held spectral measurements at leaf-level

The ASD spectrometer measures contiguous spectral signatures from 350 nm to 2500 nm.
Due to atmospheric 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 full sunlight. To
minimise differences in background reflectance, attached leaf-bearing 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 canopy shading effects,
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 375 readings across all three
mining districts) were measured. Spectrometer measurements were undertaken at different

points around the tree canopy to represent different aspects.

4.2.3.2. Vegetation spectral reflectance indices derived from leaf-level spectral
measurements

Seventy seven spectral reflectance indices and specific individual spectral wavelengths
useful for detecting plant water stress, plant pigment content, the presence of stress related
pigments in vegetation, and changes in leaf cellular structure, were investigated 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 signatures. Spectral indices were then calculated
using ENVI 4.1 (Research Systems Inc., 2005) and Microsoft Excel.

Table 4.1

Spectral wavelengths and reflectance indices used in the leaf-level analysis.

Common name for spectral index
or spectral region of the spectrum

Spectral Reflectance Ratio or Index (nm)

Reference

Carter index

(695/760)

Carter (1994)

Gamon and Surfus index (600-700)/(500-600) Gamon and Surfus (1999)
Datt (1999) index (850-710)/(850-680) Datt (1999)

Green peak index (850-550)/(850-680) Datt (1999)
Infrared red reflectance plateau 850 Gausman and Allen (1973)
Reflectance at 750 nm 750 Datt (1999)
Reflectance at 710 nm 710 Carter (1994)
Green reflectance peak 550 Strachan et al. (1999)
Reflectance at 680 nm 680 Strachan et al. (1999)
Reflectance ratio 750/710 (750/710) Datt (1999)
Reflectance ratio 750/550 (750/550) Lichtenthaler et al. (1996)
Reflectance ratio 850/550 (850/550) Schepers et al. (1996)
Reflectance ratio 850/710 (850/710) Datt (1999)
Reflectance ratio 865/552 (865/553) Blackburn (2002)

Photochemical reflectance index
(PRI)

(531-570)/(531+570)

Sims and Gamon (2002)

Red edge normalised difference
vegetation index (RENDVI)

(750-705)/(750+705)

Sims and Gamon (2002)

Canopy normalised difference
vegetation index

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

Stylinski et al. (2002)

Reflectance ratio 695/690 (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 ratio 710/419 (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 ratio 605/420 (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 (800-476) (800-476) Blackburn (1999)
Reflectance index (800-550) (800-550) Blackburn (1999)
Reflectance index (800-632) (800-632) Blackburn (1999)
Reflectance index (800-680) (800-680) Blackburn (1999)
Reflectance ratio 10g(800)/476 10g(800)/(476) Blackburn (1999)
Reflectance ratio 10g(800)/550 10og(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-
680)/(800+680)

(800-680)/(800+680)

Blackburn (1998b)

Inflection point

First value which crosses the x axis between 640 and 740
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

Curran etal. (1990)

Derivative @ inflection wavelength

Derivative @ inflection wavelength derived between 640
to 740 nm

Curran etal. (1990)

Maximum derivative of red edge

Maximum derivative of red edge derived between 640 to
740 nm

Curran etal. (1990)

Slope of red edge

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

Curran et al. (1990)

Reflectance at 465 nm 465 Nagler et al. (2001)
Reflectance at 565 nm 565 Merzlyak et al. (2003b)
Reflectance at 664 nm 664 Porra (2002)
Reflectance at 870 nm 870 Blackburn (1999)

Reflectance ratio (870-
664)/(870+664)

(870-664)/(870+664)

Porra (2002)

Reflectance ratio 664/870 (664/870) Porra (2002)
Reflectance ratio 565/664 (565/664) Merzlyak et al. (2003b)
Reflectance ratio 565/870 (565/870) Merzlyak et al. (2003b)
gg;')e“ance ratio (870-565)/(870- (870-565)/(870-664) Merzlyak et al. (2003b)
Reflectance ratio 465/565 (465/565) Nagler et al. (2001)
Reflectance ratio 465/664 (465/664) Nagler et al. (2001)
Reflectance ratio 465/870 (465/870) Nagler et 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 850-710 (850-710) Datt (1998)
Reflectance ratio 850-680 (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 normalised difference
vegetation index (GNDVI)

(750-550)/(750+550)

Gitelson et al. (1996)

Normalised difference vegetation
index (NDVI)

(750-676)/(750+676)

Tucker (1979)

Normalised difference water index
(NDWI)

(857-1241)/(857+1241)

Gao (1995)

Water band index (WBI)

(900/970)

Penuelas et al. (1995)

424 Analysis of data

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

obtained for each sample tree were averaged to produce average spectral reflectance

signatures per species for each sampling site.
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Simple linear regression has been the most accepted and more commonly used approach to
investigate possible trends or relationships between spectral reflectance measurements and
specific plant or environmental response variables (Blackburn, 1999; Datt, 1999;
Champagne et al., 2003; De Tar et al., 2006; Blackburn, 2007). However, 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 variables, and 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, using Genstat (11" edition, 2008).

The general maximal multiple linear regression model, applied with the interactions can be

illustrated as follows:

Y() = X(i) + L(i) +S(i) + L(i).X(i) + (i) X(i) (4.1

where  Y(i) represents the plant water stress measurements;
X(i) the spectral indices;
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(l) = bo + b1X(|) ar a1L1+ a.zl_z ar glsl+ g 282 + dlLl X(l) + d2L2 X(l) + 6151 X(l) + 6252 X(l) (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 eliminate poor combinations of spectral reflectance indices (X) and

plant water stress measurements (Y):

= Evaluation of maximal models identified at leaf-level

o

The maximal regression models for all combinations of X and Y variables were
calculated using Equation (4.2) programmed in Genstat (11" edition, 2008).

For each maximal regression model the adjusted R? values were extracted into an
Excel spreadsheet.

The adjusted R? values were ranked for each X and Y combination.

All plant water stress techniques (Y variables) with the adjusted R? value less
than 50% were eliminated.

From the remaining X and Y combinations, the three highest adjusted R?

maximal models were selected.

= Refinements to the models using stepwise regression

©)

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

For each stepwise regression model the adjusted R? values were extracted into an
Excel spreadsheet.

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

models.

= Selection of the best model

©)

The “best” models, i.e. best maximal model for each plant water stress
measurement (Y), and the best model across all combinations of X and Y
resulting from the stepwise regression, were selected using the highest adjusted
R? value and the significance of the F (ANOVA) and t (t-test) probability values.

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

parameters:

o

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

parameters.
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o For each validation exercise, 10 random samples were excluded from the sample
dataset, i.e. every 5", 6™and 7" sample. Regressions models were fitted for each
validation subset and these models were used to predict plant water stress
measurements (Y) using the excluded spectral reflectance indices (X)

o Significant differences between Y predict and Y measured were determined using

a t-test for paired samples.

4.3 RESULTS

431 Ground-based measurements of plant water stress and leaf spectral
reflectance

Sample trees at the 15 sites that were initially categorised as either stressed (low water
availability) or unstressed (high water availability) through visual inspection, and thereafter
confirmed using predawn leaf water potential measurements, are presented in Table 4.2.
Predawn leaf water potential measurements ranged from -0.56 to -0.68 MPa at unstressed
sites, and from -0.93 to -1.78 MPa at stressed sites. At Vaal River, five E. camaldulensis
sites were sampled, which comprised three stressed sites with predawn leaf water potential
readings below -0.9 MPa, whereas at the two unstressed sites predawn leaf water potential
readings were above -0.5 MPa. However, when corresponding measurements of leaf
chlorophyll fluorescence, leaf chlorophyll content and leaf carotenoid content were
compared between stressed and unstressed sites, these measurements did not follow the same

pattern.

An assessment of comparative sampling sites, (sites within the same geographic location, in
the same mining district and for the same species) revealed a relative increase in leaf
chlorophyll fluorescence, leaf chlorophyll content and leaf carotenoid content for less
stressed trees with relatively higher predawn leaf water potentials. An assessment of the
comparative E. camaldulensis sampling sites 3 and 4in Vaal River and E. sideroxylon

sampling sites 8 and 9 in West Wits demonstrate these differences.
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Ground-based measurements of E. camaldulensis trees sampled near a tailing storage
facility, sample sites 3 and 4 in Vaal River, showed significant differences between healthier
(unstressed) and more stressed trees for total 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), carotenoid content (t = 4.16, 8df, P = 0.006), and predawn leaf water potential (t
= 3.03, 8df, P = 0.086).

Similarly, healthier E. sideroxylon trees sampled close to a farm dam in the West Wits
mining district, sampling sites 8 and 9, displayed significant differences 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, the E. sideroxylon trees sampled near the farm dam were also found to have a
mean relative leaf water content of 63% =+ 0.066, in comparison to trees sampled further
upslope away from the water source, which had a mean relative leaf water content of 54% =+
0.064 (t =-5.31, 48df, P <0.001).

In contrast, S. lancea trees sampled near the pan, which 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 = 0.002), chlorophyll 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 mining district. Measurements of 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 water potential indicate that E. sideroxylon
unstressed trees sampled in West Wits experienced greater plant water stress (-0.944 MPa
+0.03620(t = 26, 8df, P < 0.001)compared to E. camaldulensis trees sampled in Vaal River
which appeared to experience less plant water stress (-0.6949 MPa + 0.0688 (t = 3.03, 2df, P
=0.086). Mean values of leaf chlorophyll fluorescence measurements per species per mining

district were relatively similar, ranging from 0.550 to 0.687, indicating subtle differences
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between species, mining districts, and stressed and unstressed sites. Unstressed sample sites
also appeared to reflect a higher variance in carotenoid content (CV = 69.55 %) and less
variance in total leaf chlorophyll content (CV = 36.01%).

Table 4.2/...
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Table 4.2  Measurements of plant 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 (atb) Content Content
No Districq[ Species Coo? dinF;tes Predawn Leaf Site Description (MPa) maximal (mg/l) (mg/l)
’ p (dd) Water Potential fluorescence) Y
UEEAN BT Mean Sit Mean Std. Dev Mean St Mean St
Dev. Dev. Dev
1 VR EC ggggggg Stressed Dolomite, meso- eutrophic soils, high TDS -1.07 0.18 0.660 0.140 10.127 2.327 2.851 | 0.527
9 VR EC -26.99288; stressed Dolomite, eutrophic soils, deep groundwater table ~ 093 0.26 0.817 0.025 10.655 2036 2812 | 0475
26.78289 20m
3 VR EC gggg?g 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 gggg%g Unstressed andesite, eutrophic soils, close to TSF -0.68 0.11 0.662 0.108 6.816 1.482 1.680 | 0.302
5 VR Ec | 2699332 Unstressed Dolomite, eutrophic soils, high water availability, 057 | 010 | 0794 | 0033 | 11322 | 1784 | 2.832 | 0452
26.78250 water channel
6 VR sL ggggggé Stressed Quartzite, meso- eutrophic soils, low TDS 407 | 018 | 0508 | 0163 | 8000 | 1.838 | 2122 | 0390
7 | WR sL | 2693418 Stressed Dolomite, meso- eutrophic soils, high TDS, higher 118 | 022 | 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 732871 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 gsggggg Stressed shale, non calcarious soils, lower water availability -1.78 0.25 0.637 0.116 8.565 0.986 2423 | 0.210
10 WW EC -26.43207; ) shalg, non calcarious soils, higher water availability, ) ) 0549 0147 7092 1.319 2501 | 0346
27.36888 riparian zone
11 ww EC gsgzigg - shale, non calcarious soils, low water availability - - 0.566 0.129 7.962 0.995 2.559 | 0.336
12 W EC gggiggg Unstressed shale, eutrophic soils, farmland -0.56 0.08 0.699 0.059 9.305 1.520 2.792 | 0.464
13 W EC -27.96743; Stressed shal_e, e_u_trophlc and non calcarious soils, high water 148 0.42 0580 0123 11.747 1.364 2674 | 0875
26.55001 availability, near pan
14 W SL gggﬁg; Stressed shale, eutrophic soils, farmland -1.37 0.34 0.728 0.129 14.967 2441 3.206 | 0.532
15 W SL -27.96695; Stressed shale, non calcarious soils, high water availability, near 131 095 0577 0129 9.049 3.028 2799 | 0835
26.55075 pan
Means per species per district
Mean value for E. camaldulensis for Vaal River -0.84 0.18 0.687 0.076 8.194 1.627 2.224 | 0.382
Mean value for S. lancea for 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 Lea_lf I_:Iuoresce_znce Leaf Chlorophyll Carla‘::r]:oi d
site | Mining Tree Geographic according to ; - Water Potential (ratio of v_anable to (atb) Content Content
No. | District | Species | Coordinates Predawn Legf Site Description (MPa) maximal (mg/l) (mg/l)

(dd) Water Potential fluorescence)
UEEAN BT Mean o Mean Std. Dev Mean ok Mean Sl
Dev. Dev. Dev
Mean value for E. sideroxylon for West Wits -1.37 0.16 0.676 0.075 8.850 0.909 2441 | 0.204
Mean value for E. camaldulensis for West Wits 0.558 0.138 7.527 1.157 2.530 | 0.341
Mean value for E. camaldulensis for Welkom -1.02 0.25 0.640 0.091 10.526 1.442 2.733 | 0.670
Mean value for S. lancea for 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 = E. camaldulensis; ES = E. sideroxylon; SL = S. lancea

Page 76




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

Box plots were used to further represent the distributions of the plant water stress
measurements for each technique within each mining district. Figure 4.1 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 higher (more negative) values at West Wits (-
1.360 MPa +0.4419), and lower (less negative) values at Vaal River(-0.843 MPat 0.2538)
(Figure 4.1a). The medians and upper quartiles of predawn leaf water potential
measurements were higher (more negative) for Welkom and West Wits, indicating that trees
which experienced higher plant water stress were located in these two districts, when
compared to Vaal River. Conversely, the photochemical efficiency ratios measured at Vaal
River were highly variable and incorporated 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 measured at Vaal River, in agreement with the less negative predawn
leaf water potential measurements, indicating that healthier trees were experiencing lower
plant water stress. The distribution of the data measured for chlorophyll a (Figure 4.1c),
chlorophyll 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 measured at Welkom, and

the lowest lower quartile values were measured at Vaal River.

Figure 4.1/...
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Figure 4.1  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 Vaal River, Welkom and West Wits.
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The distributions of winter-time plant stress measurements collected per tree species were
also investigated in this study. Box plots were used to illustrate similarities and differences
of predawn leaf water potential, chlorophyll fluorescence, chlorophyll and carotenoid
content measured for E. camaldulensis, E. sideroxylon and S. lancea (Figure 4.2). E.
sideroxylon trees appeared to have the highest (more negative) upper quartile (-0.938 MPa)
and median (-1.345 MPa), and largest variability (0.195 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 a (CV = 10.422)(Figure 4.2c), chlorophyll
b (CV = 12.010)(Figure 4.2d), total chlorophyll content (CV = 9.467)(Figure 4.2e) and
carotenoid content (CV = 6.284)(Figure 4.2f). The distribution of the data for chlorophyll a,
chlorophyll b, total chlorophyll content and carotenoid content for each of the three tree
species followed a similar amplitudinal pattern, with the highest values measured for S.
lancea and the lowest values measured for E. camaldulensis. The range of median values for
photochemical efficiency (0.643; 0.692; 0.626), total chlorophyll content (10.19; 9.107;
8.96) and carotenoid (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 €) total
chlorophyll (a+b) content and f) carotenoid content for the three tree species E.
camaldulensis, E. sideroxylon and S. lancea.

Page 80




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

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 spectral reflectance curve across the spectrum compared to unstressed trees.
Figure 4.3 demonstrates the spectral reflectance patterns observed at comparative sampling
sites for E. camaldulensis near the Western Complex tailing storage facility in Vaal River, E.

sideroxylon in West Wits and S. lancea in Welkom.
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Figure 4.3 Typical average leaf reflectance spectra with standard deviation error bars (a) E.
camaldulensis measured in Vaal River near the Western Complex tailing storage facility, (b)
E. sideroxylon measured in West Wits and, (c) S. lancea measured 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 chlorophyll content, as
presented in Table 4.2. Trees at lower or more negative predawn leaf water potential were
considered to be experiencing some degree of plant water stress with the E. camaldulensis
and E. sideroxylon trees (Figure 4.3a and 4.3b) visually displaying characteristics of yellow
brown leaf colour, lower canopy density, greater distance from available water source when

compared to trees with a higher predawn leaf water potential (-0.68; -0.95; -1.37 MPa).
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4.3.2 Relationships identified at the leaf-level

Results from the multiple linear regressions were evaluated through the analysis of maximal
models identified using leaf-level spectral reflectance data, refinements to the models using
stepwise regression and the selection and validation of the “best” or most appropriate

models.

43.2.1. Maximal models identified at leaf-level

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 spectral reflectance data, calculated using Equation (4.2) programmed in Genstat (11"
edition, 2008). The maximal models, which included the interactions of district and species,
were ranked in descending order for each plant water stress measurement (Table 4.3). The
adjusted R? values ranged from a maximum of 68.0% for 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  Adjusted R? values ranked in descending order for each maximal model derived between plant water stress measurement (Y) and spectral reflectance
index (X) resulting from leaf-level data.
Chlorophyll a Chlorophyll (a + b) Chlorophyll b Carotenoid (c+x) Chlorop?é/yllil;c;rescence 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 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
) model ) model (X) model (X) model X) model X) model
695/690 55.2 695/690 57.9 695/690 68.0 850-710 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 65.5 800-476 44.0 RENDVI 41.9 710/760 36.5
850-710 50.8 REP 52.6 710/850 63.7 800-632 43.4 DATT 39.6 750/710 36.2
REP 50.2 850-710 51.8 Inflection | 62.8 800-550 43.3 REP 38.3 632 36.0
710/850 47.7 710/850 51.0 RENDVI 62.7 800-680 42.6 710/850 37.7 664 36.0
RENDVI a47.7 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
680/695 453 680/695 48.2 680/695 62.3 800 39.6 850/710 35.9 680 35.4
695/680 452 695/680 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 Max'”é‘:jm 0 Red 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 425 CARTER 58.7 565 26.2 632/800 30.7 605/760 34.4
680/690 35.0 Inflection | 40.0 CNDVI 575 550 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)/Eg;8+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
GAMON and

680/710 30.4 WBI 34.8 NDWI 52.4 REP 19.3 SURFUS 25.6 465/565 33.9
800-550 27.9 710/420 314 WBI 52.3 log (800/550) 18.6 695/680 245 550 33.8
850-680 275 695/420 311 710/670 52.0 log (800/476) 18.4 680/695 24.1 800 33.7
800-632 27.1 800-550 310 664/870 51.8 CNDVI 18.3 465/664 225 850-680 33.6
710/420 27.0 605/420 30.6 Slope Red Edge 51.6 DATT 18.2 565/870 21.9 800-476 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) (Y) ) (Y)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index Rz 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 X) model X) model X) model X) model X) model
695/420 26.8 850-680 30.6 log (800/476) 51.6 476 17.7 680/800 21.8 632/800 335

(800-
605/420 257 664/870 30.4 605/420 51.2 695/690 17.1 680)/(800+680) 21.8 476/800 33.2
664/870 25.5 800-632 30.2 710/420 50.8 465 17.0 800-550 21.6 850-710 33.1
(870- i
800/476 25.2 664)/(870+664) 29.9 695/420 50.2 710/760 17.0 GreenPeak 215 800-680 33.1
| i (870-

800/680 25.0 Slope Red Edge 29.4 800-550 50.0 710/850 17.0 800-632 215 664)/(870+664) 33.1

(870- i
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 24.1 800-476 285 850-680 49.6 log (800/680) 16.7 (870'2254))/(870' 20.9 664/870 33.0
NDWI 24.0 800-680 28.4 800-632 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 16.6 850-680 20.6 750 32.9
870 21.8 NDVI 26.5 680/850 49.0 CARTER 16.5 850/680 19.9 800-632 32.9
NDVI 21.1 870 25.6 (870_56%?)/(870_ 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 25.1 800-476 48.5 log (800/632) 155 800-476 195 REP 324
680/850 19.5 R850 24.9 710 48.2 632/800 151 550/800 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 48.1 680/690 143 GNDVI 18.6 680/850 32.0
(800-

800 18.9 800 23.1 550/670 47.3 850/710 143 520/760 18.3 680)/(800+680) 32.0

750 16.6 550/670 21.7 870 47.3 605/760 139 710/420 18.1 850/680 318
550/670 15.7 565/870 215 850 471 710/680 13.1 WBI 175 Maximum O Red 317

Edge
565/870 15.5 750 20.9 850/680 47.1 PRI 12.7 750/550 17.4 565/664 314
565/664 14.5 565/664 20.4 465/664 46.9 GAMON and 125 465/870 17.0 550/420 313
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Chlorophyll fluorescence

Chlorophyll a Chlorophyll (a + b) Chlorophyll b Carotenoid (c+x) (FviEm) Predawn leaf water potential
(Y) (Y) (Y) (Y) ) (Y)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index Rz 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
) model ) 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 46.0 710/670 111 865/553 16.0 550/800 30.9
Maximum O Red 12.2 Maximum O Red 177 465/565 457 680/850 10.1 850/550 15.8 750/550 30.7
Edge Edge
520/420 11.4 O Inflection | 175 'V'aXim‘:jm 0 Red 455 680/800 9.9 870 15.8 865/553 298
Edge
a i 11.3 520/420 17.2 550/420 455 (800- 9.8 465/565 15.6 850/550 29.7
Inflection | : - : 680)/(800+680) ' ' '
550/800 10.2 550/800 16.6 865/553 455 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 | 154 520/420 28.8
GAMON and
SURFUS 9.8 710 16.3 a Inflection | 45.2 710/420 8.5 800 14.8 CNDVI 28.6
520/760 9.8 GAMON and 16.1 GNDVI 452 850/680 85 Maximum O Red 144 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) 8.1 750/550 147 750/550 45.2 695/420 7.0 NDWI 134 log (800/632) 28.0
log (800/550) 8.1 632 145 850/550 45.2 550/800 6.8 log (800/476) 12.4 log (800/476) 27.8
750/550 7.8 865/553 145 520/760 44.6 GNDVI 6.6 log (800/550) 12.4 (870_22?)/(870_ 27.7
GAMON and
632 7.6 850/550 141 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 GéLI\J/Ié)FI\:Jan 27.5
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) 134 664 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) (Y) ) (Y)
Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance index R2 for reflectance index R2 for reflectance index R? 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 X) 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 43.1 476/800 5.3 680/710 111 465/664 25.6
log (800/632) 6.2 log (800/632) 12.5 log (800/550) 43.1 850/550 5.3 log (800/680) 111 710/670 25.6
(870'56663))/ (670- 5.2 (870'56%54))’ (670- 11.9 log (800/632) 430 550/670 438 520/420 104 680/695 251
465 4.8 664 11.7 GreenPeak 42.8 565/664 4.8 664 10.3 6 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) 425 520/420 4.0 476 7.4 680/710 24.2
GreenPeak 47 476 111 log (800/680) 425 (870'56%54))/ (870- 3.8 680 74 710/680 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 of 48.9% and 44.1%
respectively were eliminated. It is interesting to note that selected spectral reflectance indices
(e.g. 695/690, DATT, 710/760, 750/710, 680/695, 695/680, PRI and 476/800 spectral
reflectance indices) were ranked the same for total chlorophyll content, chlorophyll a and
chlorophyll b content. For chlorophyll b content, twenty nine spectral reflectance models
were derived which accounted for more than 50% variance in the data. However, only 1
model with an adjusted R? greater than 50% existed for predawn leaf water potential and
therefore all remaining combinations for this measurement were eliminated. In general, the
(695/690) index, DATT index (850-710)/(850-680), near infra-red index (710/760) and the
water band (900/970) index performed better and accounted for more than 50% of the

variance in the data.

4.3.2.2. Model refinements using stepwise regression

Stepwise regression used to refine the three selected maximal models resulted in
predominant increases in adjusted R? values. Adjusted R? values for the stepwise regression
ranged from a maximum of 69.3% for chlorophyll b DATT spectral reflectance index, to a
minimum of 53.4% for chlorophyll a (710/760) spectral reflectance index (Table 4.4). There
were no differences between the maximal and stepwise regression models for total
chlorophyll (a+b) and (695/690) spectral index, and predawn leaf water potential and water

band index.

Table 4.4  Comparison of the maximal and stepwise regression models obtained in the leaf-level
analysis, for the three models with the highest adjusted R2 values exceeding 50%.

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 R?
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 three measurements of
chlorophyll pigment content, resulting in the highest adjusted R?values for chlorophyll a
content (56.5%), total chlorophyll content (59.0%) and chlorophyll b content (69.3%). The
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stepwise regression model derived between chlorophyll b content and the DATT index was
selected as the “best” model, having the highest adjusted R? of 69.3%.

4.3.2.3. Selection of the best model

The multiple regression analysis using leaf-level spectral reflectance data resulted in
chlorophyll b as the best “surrogate” measure of plant water stress. The general, multiple
linear regression model resulted in three species-specific models as shown below:

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. camaldulensis where S1=S2=0: 4.3.2)

Chlorophyll b = -1.449 + 4.6(DATT)

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

Chlorophyll b = 1.371+ 0.29(DATT)

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

Chlorophyll b = -3.349 + 8.4(DATT)

Results of the complete regression analysis, which includes a summary of the analysis of
variance and estimates of parameters for the multiple linear regression model from which
Equation (4.3) was derived, is detailed in Appendix 3. Species-specific linear models
depicted by Equations (4.3.1), (4.3.2) and (4.3.3) were characterised by positive slopes
indicating that chlorophyll b content increases with an increase in the DATT spectral
reflectance index. Regression models for E. camaldulensis and S. lancea included negative y

intercepts.
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Differences between the observed and predicted chlorophyll b content determined, using the
model reported in Equation (4.3), were assessed using a standardised residual plot of
predicted or fitted values of chlorophyll b content (Figure 4.4). The standardised residual
plot indicated a slight curvature in the fitted values of chlorophyll b. The variability in the
data increased midway relative to those at either extreme end of the plot. Residuals were
smaller at lower fitted values of chlorophyll b, and were much higher as fitted values of

chlorophyll b increased, resulting in a “funnel shaped” standardised residual plot.

Standardized residuals

T T T T T T T
0.5 1.0 1.5 20 2.5 3.0 35

Fitted values of chlorophyll b content (mg/g)

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

The “funnel” shaped residual plot indicated that prediction errors could increase at higher

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

4.3.2.4. Validation of the selected model

The chlorophyll b DATT spectral reflectance model was validated using a practical and
commonly used method of re-fitting the regression model with a certain percentage of data

being excluded (Brieman and Spector, 1992). The validation process was repeated three
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times, with 10 random samples excluded for each run. The randomly selected subsets of
spectral reflectance data used to predict chlorophyll b content with actual corresponding
measurements of chlorophyll b content are shown in Table 4.5. General multiple regression
models for each validation dataset were not identical, and were represented by different
slopes and intercepts for each tree species (Table 4.5). Thus, the robustness of the
relationship identified between chlorophyll b and the DATT spectral reflectance index was
also evaluated.

Table 4.5  Validation models used in the leaf-level analysis to predict chlorophyll b.

. . DATT index Chlorophyll b Chlorophyll b
Species ARG CREE 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 > 98460 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) 0.709202 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

Page 90



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

T-tests were used to determine if there were differences between measured and predicted
values of chlorophyll b content. The statistical 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 = 0.76); Run2 (t = 0.15, 9df, P = 0.885, r = 0.79)
and Run3 (t = 0.08, 9df, P = 0.937, r = 0.92). Furthermore, the Pearson correlation
coefficients indicated a high correlation between measured and predicted values of
chlorophyll b content (r > 0.7).

44  DISCUSSION

In this study, statistical relationships were derived between spectral reflectance indices
derived from leaf-level spectral reflectance data, and physical ground-based measurements
used as ‘“‘surrogate” measures of plant water stress. An analysis of the multiple linear
regression models indicated that four prominent 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 from leaf-level

spectral reflectance data to detect plant water stress:

= Three spectral indices derived from the red and near-infrared regions of the
electromagnetic spectrum were identified as useful spectral indicators of plant water
stress, and could be linked to plant chlorophyll content.

= 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 near-infrared regions of the electromagnetic spectrum, namely
(695/690) (Carter, 1994), (850-710)/(850-680) (Datt, 1999) and (710/760) (Carter, 1994),
were correlated to chlorophyll a, chlorophyll b and total chlorophyll (a+b) content. All three
relationships confirmed that a relationship exists between spectral bands extracted from the
red and near-infrared regions (680, 695, 690, 710, 760, 800 nm), including the red-edge
region defined from 690 to 740 nm. Furthermore, this finding corroborates previous studies

in which it was found that reflectance bands within the red edge, and indices designed to
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capture spectral differences in this region, move to shorter wavelengths as plant chlorophyll
content decreases and vice versa (Curran et al. 1990; Clay et al. 2006; Campbell et 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 reflectance model being selected as the “best” or
most appropriate model from this study, which 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)/(850-680) spectral reflectance index for Eucalyptus trees confirmed the findings
of Datt (1999) and Coops et al. (2003), and it was shown that this relationship was also valid
for S. lancea in the selected mining areas. Such vegetation indices, or band ratios, have often
been developed using a combination of reflectance bands which are both highly 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 radiation (Datt, 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 (Curran et al. 1990; Gitelson and Lichtenthaler et al. 1996; Gitelson
and Merzlyak, 1996; Gitelson and Merzlyak, 1997; Datt, 1999), and reflectance at 850 nm to
be most insensitive to chlorophyll content (Datt, 1999). According to Datt (1999), this index
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
recommended that this index be tested across other species as well, as it was significant

across all species and all sites in this study.

The popular water band index, which was derived 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 specifically using spectral indices derived from leaf-level spectral
reflectance data (Gao, 1995; Champagne et al., 2003; Zarco-Tejada et al., 2003; Jackson et
al., 2004; Shen et al., 2005; Chun-Jiang et al., 2006). Furthermore, many studies have
advanced the estimation of plant water content using hyperspectral remote sensing, and have

investigated the use of narrow band spectral reflectance indices and specifically, the 970 nm
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spectral band as a spectral indicator of plant water stress (Gao, 1995; Penuelas et al., 1997;
Champagne et al., 2003). This study supports such research were subtle relationships
between plant water content and spectral reflectance data were enhanced with the use of
narrow-band or hyperspectral remote sensing data.

4.5 CONCLUSIONS

This study has shown that significant linear relationships (Fprob < 0.001) do exist between
ground measurements of plant water stress, viz. predawn leaf water potential, leaf
chlorophyll content and changes in spectral reflectance at the leaf-level. These changes were
best illustrated using spectral reflectance indices such as (850-710)/(850-680), (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 hand-held spectral reflectance data, the spectral
model derived between chlorophyll b pigment content and the (850-710)/(850-680) (Datt,
1999) spectral reflectance index was selected as the “best” model for detecting plant water
stress in the three mining districts. This relationship confirmed that leaf spectral reflectance
characteristics can be linked to plant water stress. Therefore, based on these relationships,
which were derived for the three species E. camaldulensis, E. sideroxylon and S. lancea
within the Welkom, Vaal River and 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 used to determine the interactions between species and the effects of the
three locations of the mining districts. Species-specific relationships were produced which
could be applied across all three mining districts. In general, the reflectance index (850-
710)/(850-680) 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 the use of satellite remote sensing imagery of
different spatial and spectral resolutions to predict spatial patterns of plant water stress over

the same geographical areas.

Satellite earth observation data were acquired from two data sources for this investigation;
the Hyperion hyperspectral sensor and the Proba Chris pseudo-hyperspectral sensor. The
Hyperion sensor was selected to obtain high spatial and spectral resolution data, whereas the
Proba Chris sensor provided high spatial and medium spectral resolution earth observation
data. Twelve vegetation indices designed to capture changes in canopy water status, plant
pigment content and changes in plant cellular structure, were selected and calculated from
the satellite remote sensing imagery. Ground-based measurements of plant water stress,
which included measurements of predawn leaf water potential, leaf chlorophyll fluorescence,
chlorophyll and carotenoid pigment content and relative leaf water content, were undertaken
on Eucalyptus camaldulensis, E. sideroxylon and Searia lancea in the Welkom, Vaal River
and West Wits mining districts. Measurements undertaken during late July 2004 were used
for ground-truthing the Hyperion image, while those undertaken during July 2005 and
August 2005 were used for ground-truthing the Proba Chris images. Multiple linear
regressions were derived to investigate the interactions between the districts and species and
their respective spectral reflectance indices derived from the satellite images and the ground-

based measurements of plant water stress.
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Predawn leaf water potential measurements ranged from -0.42 to -0.78 MPa at unstressed
sites, and -0.95 to -4.66 MPa at stressed sites. Predawn leaf water potentials measured for E.
camaldulensis trees sampled on the species trials in Vaal River were significantly different
between stressed and non stressed trees (t = 3.39, 8df, P = 0.009). In contrast, E.
camaldulensis trees sampled near the 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 (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. E. sideroxylon trees 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 (t = -2.13, 8df, P = 0.066)
compared to stressed trees further upslope away from the water source. Predawn leaf water
potential together with greenness normalised difference vegetation index spectral reflectance
index resulted in the “best” surrogate measure of plant water stress when using broad-band
multispectral satellite data. The model selected using narrow-band 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 is designed to capture

changes in plant water content.

It was concluded from this study 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 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 potential. It is
recommended that this index has the potential to be used to map spatial patterns of winter-

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

Keywords : carotenoid pigment content, chlorophyll pigment content, leaf chlorophyll
fluorescence, plant water stress, predawn leaf water potential, relative leaf water content,

satellite imagery, spectral reflectance indices
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5.1 INTRODUCTION

A spatial evaluation of sites where existing trees have access to groundwater during the dry
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, and optimal containment of contaminated seepage water. In 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 biophysical parameters such as leaf area index,
absorbed photosynthetically 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 cost-effective methods for land and
vegetation assessments (Stark, 2001; Zarco-Tejada et al., 2003; Marignani et al., 2007,
Zwart and Bastiaassen, 2007; Glenn et al., 2008; Choi et al., 2009; Hong et al., 2009; He and
Mui, 2010). Ultimately, such methodologies and approaches could support the 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 assess the degradation 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 required for sustainable 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; Hong et al., 2009). Ground

measurements of evapotranspiration like many other land 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 satellite Enhanced 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 Geostationary Orbiting Environmental
Satellite (GOES) all of variable spatial, temporal, and spectral resolutions. Scaling of these
datasets, up-scaling or aggregation and down-scaling or disaggregation has been employed
in the application of satellite remote sensing data to estimate land surface and vegetation
conditions (Bastiaanssen et al., 2005; Allen et al. ,2007). Hong et al. (2009) reported on the
up-scaling of Landsat satellite data (30 m spatial resolution) to MODIS (250 m spatial
resolution) as input into 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 obtained in an integrated way (Zwart and Bastiaanssen, 2007) using both the National
Oceanic and Atmospheric Administration-Advanced Very High Resolution Radiometer
(NOAA-AVHRR) at 1 km low spatial resolution and Landsat satellite images at a 30 m high
spatial resolution. 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. Up-scaling procedures were performed
using simple averaging and nearest neighbour resampling 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 evapotranspiration and biomass

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

Ground-based measurements can provide accurate and representative values of land surface
or vegetation parameters such as chlorophyll content, water potential, biomass or
evapotranspiration 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 address this

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 (Choi et al., 2009). A few 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 include 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
models include the Two-Source 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 levels of complexity and input requirements, but all have operational capabilities
(Choi et al., 2009).

A significant benefit of using high resolution airborne or satellite remote sensing imagery is
the relatively ‘pure’ smaller pixels of canopy, shadow and soil that can be obtained. Some
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 Vegetation Index (NDVI), spectral un-mixing 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 important.

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 evapotranspiration and primary productivity.
Although many variations exist, many vegetation spectral reflectance indices are a ratio of
the reflection of light in the red and near-infrared regions of the electromagnetic spectrum in
order to separate the landscape into water, soil, and vegetation. Vegetation indices derived

from robust satellite data products are computed the same way across all pixels in time and
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space, regardless of surface conditions. As ratios, they can be easily cross-calibrated across
sensor systems, ensuring continuity of data sets for long-term monitoring of the land surface
and climate-related 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, climate- and land
use change detection, drought monitoring, and habitat loss, to name just a few applications.
Vegetation indices have been used to combine ground data and vegetation indices to scale
biophysical, biochemical and physiological processes over larger areas. When ground-based
measurements are available, remote sensing data can also serve as a scaling tool rather than
as a complete physical model. Many remote sensing applications have linked the spectral
properties of vegetation to plant water status and plant water stress (Carter, 1993; Gao, 1995;
Gitelson and Merzlyak, 1996; Lichtenthaler et 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 from satellite-based
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 resolutions to 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 districts. Imagery was obtained from the hyperspectral
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Hyperion sensor and the pseudo-hyperspectral 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 using vegetation

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
are discussed in Chapter 2. Sampling sites within the three mining districts, Welkom, Vaal
River and West Wits, were used for ground-based measurements of plant water stress and as
ground-truthing sites for the remote sensing surveys. Ground-based measurements of plant
water stress were undertaken on the three species E. camaldulensis, E. sideroxylon and S.
lancea in the Welkom, Vaal River and West Wits mining districts during late July 2004 (as
presented and discussed in Chapter 4, section 4.3.1, Table 4.2), and was used for ground-
truthing the Hyperion image, while measurements undertaken during July 2005 and August
2005 were used for ground-truthing the Proba Chris images. The field sampling procedures
of each ground-based plant water stress measurement used, viz. predawn 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 Appendix 2.

5.2.1 Selection and requisition of satellite earth 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 rows of trees and small-plot
species trials in each mining district. There is currently very few commercially available
satellite earth observation data sources which could provide remote sensing data of a high
spatial and spectral resolution on a temporal scale that could be used in any future

operational applications.
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Satellite earth observation data were acquired from two data sources for this investigation;
the Hyperion hyperspectral sensor (United States Geological Survey Earth Resources
Observation Systems) and the Proba Chris pseudo-hyperspectral 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 spectral resolution
earth observation 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 observation 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 spectral 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
short-wave infrared spectral bands respectively (Beck, 2003).Calibrated 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 short-wave infrared region.

Proba Chris data has been classified into five imaging modes, each model comprising of a
list of pre-selected spectral bands. Mode 4 characterised as the chlorophyll band set was
acquired in this study. Although a total of four Proba Chris images were planned for
acquisition for the Welkom, Vaal River and West Wits mining districts during July and
August 2005, only the Vaal River images 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 2005, and for West Wits during
late November 2005, and were flagged when correlating to ground truthing measurements
undertaken during the dry-season 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 bands ranging from 485.6 nm to 796.1 nm. These are 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. This technique 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 atmosphere and 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 to
the Hyperion and Proba Chris images using the automated software options as provided in
Spectral Analysis with ENVI1 4.1 (2005).

Reflectance data were geometrically corrected, using georeferenced airborne imagery which
extended across the research sites, and 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 designed to capture 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 content. 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 selected indices reflect
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 provides a summary 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 index or
spectral region of

the spectrum

Spectral
Reflectance Ratio or
Index (nm)

Reference

Closest wavelengths
used to derive indices
from Proba Chris
data

Closest wavelengths
used to derive indices
from Hyperion data

Indices sensitive to changes in plant pigment content

Green normalised

A . Gitelson et al. (748.4-
difference vegetation | (750-550)/(750+550)
index (GNDVI) (1996) 551.2)/(748.4+551.2)
Normalised (748.4-
difference vegetation | (750-676)/(750+676) Tucker (1979) '
index (NDVI) 679.9)/(748.4+679.9)
Red edge normalised .
- - 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 between

Curran et al. (1990)

Wavelength @ max
derivative of red edge
derived between 640 to

640 to 740 nm 740 nm
g/i';d;geg;id Bdge | (750 _445)/705— | Sims and Gamon (752.43-
(MRESR) 445) (2002) 447.17)/(701.55-447.17)
Photochemical .
. Sims and Gamon (528.57-
E(:)lel;:tance index (531-570)/(531+570) (2002) 560.27)/(528.57+569.27)
Indices sensitive to changes in plant water content/plant water status and plant cellular structure
Water band index Penuelas et al.
(WB) (900/970) (1995) (905.05/972.99)
Moisture stress index Ceccato et al.
(MS1) (1599/819) (2001) (1598.51/823.65)
Normalised
. (819 - 1649)/(819 + (823.65-
Difference Infrared Jackson et al. (2004)
Index (NDII) 1649) 1648.9)/(823.65+1648.9)
523 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 species within each mining district, and per species for each mining district,

and between species and mining districts for each of ground-based methods used in this

study. Statistical averages were determined using a spreadsheet package, while graphical

plots were produced using Genstat (11" edition, 2008).
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Multiple linear regressions were derived to investigate the interactions between the districts
and species and their respective spectral reflectance indices derived from the satellite images
and the ground-based plant water stress measurements using Genstat (11" edition, 2008).
The maximal regression model and the statistical procedure adopted in the selection of the
“best” model while eliminating poor combinations of spectral reflectance indices (X) and
plant water stress measurements (Y) as depicted in Chapter 4 (section 4.2.4),were applicable
to this satellite remote sensing study. The highest adjusted R? value, and the significance of
the F and t probability values were statistical measures used in the selection of the “best”
multiple linear regression model. Significant differences between predicted and measured

plant water stress measurements were determined using a t-test for paired samples.

5.3 RESULTS

5.3.1 Ground-based measurements of plant water stress

Because Proba Chris images were acquired at different times of the year, ground-truthing
measurements were thus also undertaken at two different times, in order to increase the
correlation between plant water stress measured on the ground and that observed using the
satellite remote sensing data. The levels of plant water stress for the two datasets are
presented in Table 5.2 and Table 5.3.

Measurements of predawn leaf water potential obtained in July 2005, were used to
characterise sites, ranging from -0.42 to -0.78 MPa at unstressed sites, and -0.95 to -4.66
MPa at stressed sites. Corresponding measurements of leaf chlorophyll fluorescence, leaf
chlorophyll content and leaf carotenoid content when compared between stressed and
unstressed sites, did not follow the same pattern(Table 5.2 and Table 5.3).Instead, relative
differences in ground-based measurements of plant water stress were identified to be a

function of the locality and tree species under investigation.

An assessment of comparative sampling sites, sites 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 relatively higher predawn leaf water potential readings. These relative
increases are illustrated, for example, by the comparative E. camaldulensis sampling sites 1
and 2in Vaal River, E. sideroxylon sampling sites 7 and 8 in West Wits (Table 5.2), and by
the equivalent 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 Welkom, Vaal River and West Wits mining districts.
. P Predawn Leaf Relative Leaf Leaf Chlorophyll Leaf Chlorophyll | Leaf Carotenoid
Site Classification .
. - . e X Water potentials Water Content Fluorescence Content Content
Site Mining Tree . Site Description according to Predawn
L . Geographic . (MPa) (%) (FvIFm) (mg/l) (mg/1)
No. District Species h Leaf Water Potential
Coordinates (dd) M Std Mean Std Std. Std Std.
easurements Mean Mean Mean Mean
Dev. Dev. Dev. Dev. Dev.
1 VR EC -26.98859; dolomite, meso-eutrophic soils, species trials, unstressed -0.67 017 | 6634 | 1500 | 0666 | 0094 | 11.020 | 1752 | 1599 | 0.257
26.77658 plot 3
2 VR EC -26.98896; dolomite, meso-eutrophic soils, species trials, unstressed 071 015 | 4987 | 1023 | 0537 | 0207 | 8233 | 3374 | 1210 | 0383
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 | 10022 | 1770 | 1.603 | 0.208
26.77592 availability, water channel
5 VR SL igggggé quartzite, meso- eutrophic soils, 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 sL -26.93418; dolomite, meso- eutrophic soils, high TDS, stressed -1.46 017 | 5780 | 1001 | 0538 | 0195 | 8877 | 2551 | 1157 | 0191
26.69592 higher water availability
26.43969: shale, non calcarious soils, high water
7 Ww 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 1.537 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 | 1669 | 2081 | 0189
27.33024 availability
9 ww EC gggg;gz shale, non-calcarious 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; . Lo
10 ww EC 27.37172 shale, non-calcarious 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; . A
11 ww EC 27.34495 shale, non-calcarious 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; -
12 W EC 26.51879 shale, eutrophic soils, farmland unstressed -0.59 0.12 67.58 473 0.593 0.110 12.219 1.462 1.818 0.227
13 w EC -21.96743; shale, eutrophic and non calcarious soils, high stressed -1.87 061 | 7187 | 1524 | 0643 | 0143 | 13130 | 1392 | 1.835 | 0177
26.55001 water availability, near pan
14 W SL _gggifgé 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 sL -27.96695; shale, non calcarious soils, high water stressed 112 019 | 6815 | 1204 | 0481 | 0181 | 9019 | 1827 | 1594 | 0284
26.55075 availability, near pan
Means per species per district
Mean value for E. camaldulensis for Vaal River -1.12 0.22 57.75 10.17 0.555 0.171 9.100 2.438 1.344 0.296
Mean value for S. lancea for VVaal River -1.15 0.15 57.28 9.93 0.535 0.183 8.734 2.338 1.326 0.215
Mean value for E. sideroxylon for 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

. - . . . Water potentials Water Content Fluorescence Content Content
Site Mining Tree . Site Description according to Predawn
o . Geographic . (MPa) (%) (Fv/Fm) (mg/l) (mg/l)
No. District Species ; Leaf Water Potential
Coordinates (dd) Std Mean Std Std. Std Std.
Measurements Mean Mean Mean Mean
Dev. Dev. Dev. Dev. Dev.
Mean value for E. camaldulensis for West Wits -0.57 0.06 76.56 13.95 0.609 0.146 13.698 1.381 1.954 0.184
Mean value for E. camaldulensis for Welkom -1.23 0.37 69.73 9.99 0.618 0.127 12.675 1.427 1.827 0.202
Mean value for S. lancea for 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. camaldulensis; ES = E. sideroxylon; SL = S. lancea

Page 107




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

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
EenTeiTs el S TCatan L CordIn Water Content Fluorescence Content Content
1 ini 1 inti (o)
?\:ge g:;::g{ STerfiees Coordinates Site Description Predawn Leaf Water Potential (%) (Fv/Fm) (mg/l) (mg/)
' 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, meso-eutrophic soils, unstressed 7948 | 572 | 0603 | 0136 | 12517 | 1572 | 1.838 | 0.125
26.77658 species trials, plot 3
-26.92922; andesite, eutrophic soils, close to
2 VR EC 26.68182 TSF stressed 58.16 6.26 0.409 0.166 6.996 1.483 0.927 0.140
-26.92301; quartzite, meso- eutrophic soils, low
3 VR SL 26.69820 DS stressed 65.21 9.64 0.490 0.163 7.311 1.692 1.134 0.186
-26.93418; dolomite, meso- eutrophic soils, high
4 VR SL 26.69502 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 water
5 WwW 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
-26.43899; shale, non calcarious soils, lower
6 WW ES 9733024 water availability stressed 53.92 12.15 0.446 0.188 11.247 1.641 2.181 0.336
7 w EC zggiggg 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 for E. camaldulensis for Vaal River 68.82 5.99 0.506 0.151 9.757 1.528 1.383 0.133
Mean value for S. lancea for Vaal River 71.90 10.85 0.463 0.168 7.591 1.997 1.131 0.202
Mean value for E. sideroxylon for West Wits 58.80 9.12 0.597 0.110 11.531 1.799 1.936 0.355
Mean value for E. camaldulensis for Welkom 63.40 9.91 0.656 0.101 13.645 1.790 1.747 0.197
Mean value for S. lancea for 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;

EC = E. camaldulensis; ES = E. sideroxylon; SL = S. lancea
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Statistical tests confirmed that significant differences in plant water stress measurements did
exist between selected comparative sampling sites. Predawn leaf water potentials measured
for E. camaldulensis trees sampled on the species trials in Vaal River were significantly
different between stressed and unstressed trees (t = 3.39, 8df, P = 0.009). In contrast, E.
camaldulensis trees sampled near the pan in the Welkom mining district, which had greater
access to water but were exposed to higher concentrations of salts and inorganic
contaminants, displayed significant differences in total chlorophyll content (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 within the same district.
E. sideroxylon trees sampled close to a farm 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 water source.

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 carotenoid content and relative leaf
water content per mining district. The highest (more negative) predawn leaf water potential
measurements measured at West Wits (>4MPa) were classed as outliers in Genstat 11
(2008), compared to lower negative values recorded at Vaal 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 Wits, which indicated healthier trees experiencing lower plant water
stress (Figure 4.1b). Total chlorophyll and carotenoid content measurements followed a
similar pattern for each mining district, with the highest upper quartile values measured at
West Wits, and the lowest lower quartile values measured at VVaal 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 were similar for all three mining districts.
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Figure 5.1 Box plots of plant water stress measurements a) predawn leaf water potential, b)
photochemical efficiency, c) total chlorophyll (a+b) content, d) carotenoid content and e)
relative leaf water content undertaken for Vaal River, Welkom and West Wits in July 2005.

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

species were also investigated. The box plots in Figure 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 2005. E. sideroxylon trees 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 chlorophyll content (Figure 5.2c). The range in predawn leaf water potentials
measured for E. camaldulensis and S. lancea was smaller, with the lowest values recorded
for E. camaldulensis. In contrast, the highest upper quartile values for total chlorophyll
content were measured for E. camaldulensis and the lowest lower quartile values for S.
lancea. The distribution of carotenoid content measurements were similar, with the highest
upper quartile measured for E. sideroxylon, and the lowest lower quartile measured for S.
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 species (Figure 5.2e). However, the highest value was measured for

E. camaldulensis, and the lowest value for E. sideroxylon.

Page 111




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

a

R

Predawn leaf water potential (MPa)

—

Photochemical efficiency ratio (Fv/Fm)

T T

E.camaldulensis  E.sideroxylon

Total chlorophyll content (a+b) (mg/g)

T
R.lancea

Carotenoid content (mg/g)

E.camaldulensis  E.sideroxylon

Relative leaf water content (%)

0.9 4

0.8

0.7

0.6 -

0.5+

0.4 -

T
R.lancea

0.8

0.7 4

0.6 4

0.5+

0.4

03+

é

E.camaldulensis  E.sideroxylon R.lancea
d
2.50
2.25
2.00
1.75
1.50
1.25 4
1.00 o
0.75
T T T
E.camaldulensis  E.sideroxylon R.lancea

T T
E.camaldulensis  E.sideroxylon

R.lancea

Figure 5.2 Box plots of plant water stress measurements a) predawn leaf water potential, b)
photochemical efficiency, c) total chlorophyll (a+b) content, d) carotenoid content and e)
relative leaf water content measured for E. camaldulensis, E. sideroxylon and S. lancea in

July 2005.
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5.3.2 Relationships identified using multispectral satellite data

Multiple linear regression analyses between plant water stress measurements and spectral
indices derived from high spatial and medium spectral resolution Proba Chris satellite
images were investigated.

5.3.2.1. Maximal models identified using multispectral satellite data

Maximal regression models were derived between measurements of plant water stress and
the four spectral reflectance indices, normalised difference vegetation index (NDVI), green
(GNDVI) and red edge (RENDVI) normalised difference vegetation indices, and the Carter
index derived from Proba Chris multispectral imagery (Table 5.4). Adjusted R? values,
which were ranked for plant water stress measurement, ranged from a maximum of 84.8%
for predawn leaf water potential and green normalised difference vegetation index to a

minimum of 20.0% for chlorophyll fluorescence and the Carter index.

Adjusted R? values, ranked in descending order, for each maximal model determined
between plant water stress methods (Y) and spectral reflectance index (X) derived from
Proba Chris satellite data.

Table 5.4

il wil Predawn leaf water
Chlorophyll (a + b) Leaf water content Carotenoid (c+x) fluorescence otential
) ) v) (Fv/Fm) P
¥ 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 X) 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 394 CARTER 20.0 CARTER 35.7
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Maximal regression models derived with chlorophyll (a+b) content, leaf water content and
carotenoid content did not account for at least 50% of the variance in the data, and were
therefore excluded from further analyses. Four models remained after this elimination
process. These included the chlorophyll fluorescence and GNDVI (adjusted R?*= 63.5%), and
predawn leaf water potential and GNDVI (adjusted R*= 84.8%), RENDVI (adjusted R*
50.5%) and NDVI (adjusted R*53.9%).

5.3.2.2. Model refinements using stepwise regression

Stepwise regression was used to refine the four remaining maximal regression models. The
adjusted R? value for chlorophyll fluorescence and GNDV!I increased from 63.5% to 64.8%.
Similarly, for predawn leaf water potential and NDVI, the adjusted R? value increased from
53.9 to 54.5%.

Table 5.5  Comparison of the maximal and stepwise regression models derived using Proba Chris
satellite data.

Chlorophyll fluorescence Predawn leaf water potential
(Fv/IFm) )
)
Spectral reflectance Adjusted R? (%) Spectral reflectance Adjusted R? (%)
index (nm) Maximal Stepwise index (nm) Maximal Stepwise

X) 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 GNDV! with the highest adjusted R? of 84.8% was selected

at the “best” model resulting from the multispectral satellite data.

5.3.2.3. Selection of the best multispectral satellite model

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

“best” surrogate measure of plant water stress when using broad-band multispectral satellite
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data. The general statistical model which resulted in six site- and species-specific models 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) +(-13.58)(L1)(GNDVI) +

(-25.39)(L2)(GNDVI)

(Fos5~46.73 ; Fpop< 0.001 ; R, = 84.8)
p

For E. camaldulensis in Vaal River where L1=L2=0 and S1=S2=0: 5.1.1)

Predawn leaf water potential = -4.169 + 28.22(GNDVI)

For S. lancea in Vaal River where L1=L2=0, S1=0 and S2=1: (5.12)

Predawn leaf water potential = -1.371 + 4.68(GNDVI)

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

Predawn leaf water potential = -3.479 + 14.64(GNDVI)

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

Predawn leaf water potential = -0.681 + (-8.9)(GNDVI)

For E. camaldulensis in West Wits where L1=0, L2=1 and S1=S2=0: (5.1.5)

Predawn leaf water potential = -0.93 + (2.83)(GNDVI)

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

Predawn leaf water potential = 4.095 + (-57.46)(GNDVI)
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The full regression analysis depicted by Equation (5.1), which includes a summary of the
analysis of variance and estimate of parameters for the multiple regression model is

illustrated in Appendix 3.

Differences between the observed and predicted predawn leaf water potential, using
Equation (5.1), were assessed using a standardised residual plot of fitted values of predawn
leaf water potential (Figure 5.3). The standardised residual plot indicates a cluster of fitted
values at the lower and higher predawn leaf water potentials. However, the majority of the
fitted values are clustered at lower predawn leaf water potential, indicating that the data
could be skewed. Residuals tend to be smaller at higher predawn 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

x

T T T T
-4 3 -2 I

Fitted values of predawn leaf water potential (MPa)

Figure 5.3  Standardised residual plot of fitted values of predawn leaf water potential using the green
normalised difference vegetation spectral 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 re-running the fitted regression model with a percentage of the data excluded.

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 5.6  Validation models derived from multispectral satellite data used to predict predawn leaf
water potential.

GNDVI Predawn leaf Predawn leaf
Mining District Species Fitted Models index water potential | water potential
X measured (Y) predicted (Y)
Run1
. . 0.091 -1.698 -1.645
Vaal River | E.camaldulensis | 555,59 0aGNDVI) [ 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 0.483 157
Welkom S. lancea 0.088 -2.000 -1.332
-0.267-12.11(GNDVI) 0.030 1297 0.629
Run 2
Vaal River E. camaldulensis 0.115 -0.722 -0.886
-4.647+32.66(GNDVI) 01L5 0.632 0.886
Vaal River S. lancea 0.123 -1.020 -0.851
-1.338+3.95(GNDVI) 0,003 12490 1349
Welkom | E-camaldulensis 1 5 243,15 97(GNDVI) | 0475 -0.818 -0.943
Welkom S. lancea 0.095 -1.450 -1.641
-0.434-12.74(GNDVI) 0139 1190 2908
West Wits E. camaldulensis 0.172 -0.482 -0.460
-0.931+2.74(GNDVI) 0147 0330 0527
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 0838 0,930
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 | Ecamaldulensis |- 5 56,15 0aGNDVI) | 0147 -0.512 -1.943
Welkom S. lancea 0.095 -1.450 -1.568
-0.889-7.17(GNDVI) 0.048 0,850 131
West Wits E. camaldulensis 0.078 -0.730 -0.705
-0.938+2.97(GNDVI) 017 0570 0427
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Significant differences between measured and predicted values of predawn leaf water
potential were assessed using a t-test. The results of the t-test for Runl (t = -0.12, 9df, P =
0.911, r = 0.43) and Run3 (t = 1.62, 9df, P = 0.139, r = 0.53) were not significant, compared
to Run3 (t = 1.99, 9df, P = 0.078, r = 0.68), which was significant at the 10% level.

5.3.3 Relationships identified using hyperspectral satellite data

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

using broad multispectral bands compared with narrow-hyperspectral bands.

5.3.3.1. Maximal models identified using hyperspectral satellite data

Maximal regression models were determined between plant water stress measurements and
eight vegetation spectral reflectance indices derived from Hyperion hyperspectral imagery
(Table 5.7). Adjusted R? values were ranked for each plant water stress measurement, and
ranged from a maximum of 90.5% for predawn leaf water potential and water band index to
a minimum of 1.7% for chlorophyll (a+b) content and the normalised difference vegetation
index. Models missing in Table 5.7 were a result of sampling points which were clustered at
the edge of the image, and which did not contain the full complement of spectral bands.
Therefore certain vegetation spectral reflectance indices could not be derived due to the

missing spectral values.

Table 5.7/...
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Table 5.7  Adjusted R? values, ranked in descending order, for each maximal model derived between
plant water stress measurement (Y) and spectral reflectance index (X) derived from
Hyperion satellite data.

STl Predawn leaf water
Chlorophyll (a + b) Leaf water content Carotenoid (c+x) fluorescence .
) ) ) (FuiFm) PO
(Y)
Adjusted . . . .
Spectral R 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
) (%) (0,9) 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 105 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 175
NDVI 1.7 WBI 28.7 NDVI 2.3 MSI 111
NDII 28.5 NDII 2.7

Vegetation spectral reflectance models which did not account for at least 50% of the
variance in the data were excluded from further analyses. Measurements of chlorophyll
(a+b), carotenoid content and chlorophyll fluorescence which achieved maximum adjusted
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 adjusted R2 values remained the same as shown in Table
5.8. The maximal model determined between predawn leaf water potential and the water
band index which obtained the highest adjusted R? of 90.5%, was selected as the “best”

model derived using hyperspectral satellite data.

Table 5.58/...
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Table 5.8

Comparison of the maximal and stepwise regression models, obtained in the Hyperion

satellite data analysis for the three models with the highest adjusted R? values exceeding

50%.
Leaf water content Predawn leaf water potential
(Y) )
Spectral reflectance Adjusted R? (%) Spectral reflectance Adjusted R? (%)
index (nm) Maximal Stepwise index (nm) Maximal Stepwise
X) model model X) model model
REP 63.0 63.0

WBI . .

PSRI 53.4 53.4 903 905

The selected model indicates that strong relationships exists between predawn leaf water
potential, which is a direct measure of plant water stress, and the water band index, which is

designed to capture changes in plant water content.

5.3.3.3. Selection of the “best” model derived from hyperspectral satellite data

The multiple regression analysis using hyperspectral 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 analysis listed in Appendix 3:

Predawn leaf water potential = 21.20 - 23.0(WBI) (5.2)

(F118~182.07 ; Fpop< 0.001 ; R, = 90.5%)

Differences in observed and predicted values of predawn leaf water potential when using the
spectral model represented by Equation (5.2) were investigated using a standardised residual
plot of fitted values of predawn leaf water potential. The plot of residuals against fitted
values of predawn leaf water potential indicated that there seems to be four clusters of
sample groups (Figure 5.4). The residuals indicate a non-random distribution of sample
points, with one sample group at higher (more negative) predawn leaf water potential and

three sample groups at lower (less negative) predawn leaf water potentials.
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Figure 5.4  Standardised 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. However the residual plot of fitted
values of predawn leaf water potential indicated that the linear regression model may

inadequately represent the data.

5.3.3.4. Validation of the “best” model derived from hyperspectral satellite data

The predawn leaf water potential and water band index spectral reflectance model for the
West Wits mining district was validated, using the method of repeatedly re-running the fitted
regression model with a percentage of the data excluded. Three validation runs were used,
with 4 random samples excluded from each run. Subsets of data which were used in the

validation exercise are listed in Table 5.9.
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Table 5.9  Validation models, derived from hyperspectral satellite data, used to predict predawn leaf
water potential in 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 20.03 — 2.85 (WBI)
0.97191 -0.41 -1.178
0.92197 -0.676 -0.037
E. sideroxylon 20.03 —2.85 (WBI)
1.11607 -4.566 -4.472
Run 2
E camaldulensis 0.95152 -0.498 -0.685
' 21.2-23 (WBI)
0.97191 -0.438 -1.154
0.92197 -0.77 -0.005
E. sideroxylon
21.2-230 (WBI) 1.11607 -4.514 -4.470
Run 3
E camaldulensis 0.95152 -0.502 -0.685
' 20.81 - 2.59 (WBI)
0.97191 -0.46 -1.145
0.92197 -0.752 -0.017
E. sideroxylon 20.81 -2.59 (WBI)
1.11607 -4.8 -4.402

T-tests were used to determine if there were differences between measured and predicted
values of predawn leaf water potential. 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) and Run 3 (t = -0.21, 3df, P = 0.847, r = 0.956)). Pearson
correlation coefficients indicated a high correlation between measured and predicted values

of predawn leaf water potential (r > 0.7).
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5.4  DISCUSSION

The multiple linear regression modeling identified significant (Fprob < 0.001) spectral
relationships which represented at least 50% of the variation in the data, for predawn leaf
water potential, carotenoid content, chlorophyll fluorescence and leaf water content.
Potential spectral reflectance indices derived using the satellite remote sensing data, which
were highlighted from this investigation, included the NDVI, GNDVI, RENDVI, WBI, REP
and PSRI.

Three vegetation indices, which are sensitive to changes in plant pigment content and reflect
spectral differences in the visible region of the spectrum, performed well when applied to the
multispectral satellite data, represented by high spatial and medium resolution Proba Chris
data. These indices included the normalised difference vegetation index, the greenness
normalised difference vegetation index and the red edge normalised difference vegetation
index, and are often grouped as broadband greenness vegetation indices. In this study these
indices have performed better when applied to broader or lower level spectral resolution
data. The importance of the spectral wavelengths 550, 676, 705, 750, 760 nm that were used
to derive the indices, have been highlighted in this investigation by their linkage to changes
in plant pigment contents and the inference of plant stress (Curran et al., 1990; Carter, 1993;
Baret et al., 1994; Filella and Penuelas 1994; Gitelson and Merzlyak, 1996; Lichtenthaler et
al., 1996; Blackburn, 1998b; Lelong et al., 1998; Blackburn, 1999; Gitelson et al., 2002).

Three vegetation indices 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 index, which reflects spectral changes
in the near-infrared regions of the electromagnetic spectrum, has been characterised as being
sensitive to changes in plant water content, was linked to changes in predawn leaf water
potentials. While the REP and PSRI indices have been characterised as being sensitive to
changes in plant pigment content, were linked to changes in leaf water content. These results
support the findings of recent studies which have utilised high spectral resolution remote

sensing data and have highlighted the importance of specific regions of the spectrum such as
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the red edge when investigating plant stress (Clay et al. 2006; Fitzgerald et al. 2006;
Blackburn 2007; Campbell et al. 2007). Therefore, the results from the Hyperion high
spectral resolution study, which has shown a link between 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 of the spectral reflectance indices, which were investigated using
hand-held spectral reflectance data as shown in Chapter 4, were successfully applied to high
spatial and medium to high spectral resolution satellite data. Some general trends which were
identified from the use of satellite data to detect possible relationships with 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 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 potential.

= The broadband vegetation indices, which capture changes in the visible 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.

= The greenness normalised difference vegetation index has the potential to be used to
map spatial patterns of winter-time plant stress for different genera/species and in
different geographical locations.

= Predawn leaf water potential measurements were found to be strongly correlated to

spectral indices derived from high and medium spectral resolution satellite data.

These satellite investigations together with the findings from the hand-held spectral
reflectance data, confirm that a range of broadband and narrowband spectral reflectance
indices performed differently when applied 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 Welkom, Vaal River and West Wits
mining districts. Several spectral relationships, which are sensor, site- and tree species-
specific, have been identified and could be used to map plant water stress over the vegetated
areas within each district. Furthermore, the degree of stress can be ascertained using the
predictive relationships derived between ground-based measurements of plant water stress;
predawn leaf water potential, leaf chlorophyll fluorescence, and leaf water content and
respective vegetation spectral reflectance indices. The investigation of high spatial and
medium to high spectral resolution satellite data has highlighted the importance of the visible
and near-infrared and red-edge region of the electromagnetic spectrum. A key finding is that
vegetation indices, which are sensitive to spectral differences in vegetation as a result of
changes in plant water content/plant water status and plant pigment content, are important

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 using multispectral and hyperspectral
airborne remote sensing imagery to detect plant water stress. The benefits of different
platforms of remote sensing technologies have been recognised and therefore their various
capabilities for detecting and mapping spatial patterns of plant water stress in the mining

areas have been investigated.

Remote sensing airborne surveys were conducted by Land Resource International (PTY)
Ltd, South Africa and Bar-Kal Systems Engineering Ltd, Israel, to respectively investigate
the application of multispectral and hyperspectral airborne imagery to detect plant water
stress. Ground-based measurements of plant water stress, predawn leaf water potential, leaf
chlorophyll fluorescence, chlorophyll and carotenoid pigment content and relative leaf water
content were carried out during July and August 2005. Ten individual spectral bands and
vegetation spectral reflectance indices which are sensitive to changes in plant pigment
content and plant water status/content were calculated from the airborne remote sensing
imagery. Multiple linear regressions were used to investigate the interactions between the
districts and species, and their respective spectral reflectance indices and plant water stress

measurements.

The results of the multispectral airborne study revealed that carotenoid content together with
the green spectral waveband resulted in the “best” surrogate measure of plant water stress

when using broad-band multispectral airborne data. However, when using airborne
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hyperspectral data, predawn leaf water potential with the normalized difference water index
was selected as the most appropriate model. Upon evaluation of the multiple linear
regression models, it was concluded, that the airborne hyperspectral data produced several
more regression models with higher adjusted R? values (R, range 6.2 - 76.2%) compared to
the airborne multispectral data (R.? range 6 - 50.1). Therefore, preference was given to
hyperspectral airborne data sources based on the many stronger multiple linear relationships
which were derived in this study.

Keywords : airborne remote sensing data, carotenoid pigment content, hyperspectral,

multispectral, plant water stress, predawn leaf water potential, spectral 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, geological 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 sensors, radar and lidar scanners and magnetic sensors.
Multispectral sensor systems commonly collect data in four to seven broad spectral bands
from the visible (VIS) and near-infrared (NIR) regions of the spectrum, while hyperspectral
sensor systems allow the collection 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, when compared 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
acquired. 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 LREye (Land Resource International (PTY) Ltd, South

Africa) or ArcEagle (Agricultural Research Council, South Africa), while hyperspectral
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airborne imagers such as AISA-ES sensor (Bar-Kal Systems Engineering Ltd, Israel), CASI
(Hyperspectral Imaging Ltd, Canada) and HYPMAP (HyVista Cooperation, Australia) 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 structure, as well
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 regions of the spectrum.
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 factors influenced by the spectral
and spatial resolutions of the remote sensing data (Tucker et al., 1980; Gitelson et al., 2002;
Jackson et al., 2004). As a result relationships based on near infrared reflectance are usually
species-specific, due to the dependence on factors such as canopy architecture, cell structure
and leaf inclination. In contrast, reflectance in the visible region is less species-specific,
because it is governed mainly by pigment content and composition such as chlorophyll
content (Chappelle et al.,1992; Gitelson and Merzlyak, 1996). Canopy reflectance is
influenced by a number of factors, such as variation in soil properties (Bannari et al., 2008),
canopy geometry (Curran et al., 1990), and leaf distribution, density and structure. With the
use of reference end-members, spectral un-mixing has been employed to model reflectance
data as mixtures of green vegetation, non-photosynthetic vegetation, soils and shade,
essentially modelling the combination of spectra of components in the field of view (Baret et
al., 1994).

In this study, the benefits of different platforms of remote sensing technologies have been
recognised and therefore their 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 hand-held 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 ground-based measurements of plant water stress
and as ground-truthing sites for the remote sensing surveys. Ground-based measurements of
plant water stress were undertaken on the three species E. camaldulensis, E. sideroxylon and
S. lancea in the Welkom, Vaal River and West Wits mining districts during July 2005 and
August 2005 (as presented and discussed in Chapter 5, section 5.3.1, Table 5.2 and Table
5.3) were used for ground-truthing the airborne multispectral and hyperspectral remote
sensing images. Measurements of plant water stress were undertaken within 10 days of
acquiring the respective airborne remote sensing images. The field sampling procedures of
each ground-based plant water stress measurement used, viz. predawn 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 Appendix 2.

6.2.1 Airborne remote sensing surveys

Two airborne remote sensing surveys took place during 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 remote sensing campaigns are illustrated in Figure 6.1.

Page 129




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

27 28

VEREENIGING

North West POTCHEESTROOM GaUteng.

VAAL REEFS

VILJ OEN.SKROON

BOTHAVILLE [ ] Hyperspectral
Imaged Areas
Free State Multispectral
KROONSTAD Imaged Areas
r A Mining Districts
ODENDAALSRUS ® Local Towns
We!kom N
ol / ol i =8 W %
v E
P

70 0 ' 70 140 Kilometers s

Figure 6.1 Location of multispectral and hyperspectral surveys in the Welkom, Vaal River and West
Wits mining districts. Multispectral survey areas are patterned, while hyperspectral survey
areas are unshaded.

The multispectral survey was undertaken by Land Resource International (PTY) Ltd at a
spatial resolution of 0.75 m. Approximately 12 000 ha, 17 200 ha and 5 200 ha were imaged
across the Welkom, Vaal River and West Wits mining districts respectively, 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 near-infrared filters operated, were 664.7 nm, 568.4 nm, 465.9 nm
and 870.5 nm respectively. All four multispectral bands were ortho-rectified and geo-

registered to WGS84 L027, datum Transverse Mercator.

The hyperspectral survey was undertaken by Bar-Kal Systems Engineering Ltd, from Israel.
The survey was conducted with the AISA-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 electromagnetic spectrum. 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 including one calibration strip at 7620 m (25 000ft)
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, 2005). Atmospheric correction was performed using the
“empirical line” method in which radiance values coming back from the surface were
compared to reflectance values measured on the ground with a calibrated hand-held
spectrometer (Bar-Kal Systems Engineering Ltds, 2005).

Spectral signatures of several targets were collected for atmospheric calibration. In order to
ensure the quality of the ground-truth data all measurements were done in-situ and in-vivo,
and thus removing any time related effects on the targets. The 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 was used (Bar-Kal

Systems Engineering Ltds, 2005).

Calibration sites 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 tailing storage

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 covered with dark soil). 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 crosses all of the 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 Spectrometer measurements

Spectral reflectance signatures were collected using an ASD hand-held field spectrometer
(Analytical Spectral Devices Inc, 5335 Sterling Drive, Suite A, Boulder, Colorado 80301,
USA) during late August 2005. Hand-held spectral signatures were recorded for the three
tree species investigated and of 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 conducive to bare optic fibre measurements, all spectral
signatures were acquired with a high intensity contact probe which has an internal calibrated
illumination source. A total of 36 calibration sites such as dry grass, parking lots, wet and
dry tailing surfaces, soil plots, bright and dark surfaces of stones, tarred roads were recorded

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 spectral reflectance 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 sensitive to changes in plant pigment content, were
derived from the processed multispectral images viz. red, green, blue and near-infrared
spectral bands and the normalised difference vegetation index (NDVI) and greenness
normalised difference vegetation index (GNDVI). 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/content, were derived from the processed hyperspectral images.
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Table 6.1  Spectral wavelengths and reflectance indices derived from the airborne multispectral and
hyperspectral remote sensing data.
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 indices from
(HS) Airborne or spectral from MS imagery HS imagery
Survey region of the
spectrum
Indices sensitive to changes in plant pigment 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
normalised (870.53 -
MS and HS difference (750- Gitelson et al. y
survey vegetation 550)/(750+550) (1996) 568.42)/(870.53 + | (750-550)/(750+550)
: 568.42)
index
(GNDVI)
MS and HS frence (750- Tucker (1979) | 664 glcéssfoss + | (750-676)/(750+676)
survey vegetation 676)/(750+676) ' 664 67).
index (NDVI) '
HS survey R695/R670 (695/670) Carter (1997) (695/670)
. (850 — 71)/(850 - (850 — 71)/(850 -
HS survey Datt index 680) Datt (1999) 680)
Plant
senescence Merzlyak et
HS survey reflectance (680-500)/(750) al. (2003a) (680-500)/(750)
index (PSRI)
Indices sensitive to changes in plant water content/plant water status and plant cellular structure
Normalised
difference (857-
HS survey . Gao (1995) (980-
W?Izlelg wtlj;ax 1241)/(857+1241) 1241)/(980+1241)
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6.2.4 Analysis of data

Multiple linear regressions were used to investigate the interactions between the districts and
species, and their respective spectral reflectance indices and plant water stress measurements
using GenStat (11" edition, 2008). The general maximal multiple linear regression model

applied with the interaction factors in Chapter 4 (section 4.2.4) has been used:

Y(l) = bo + b1X(|) + a1L1+ azl_z + glsl+ g 282 + dlLl X(l) + d2L2 X(l) + elsl X(l) + eZSZ X(l) (61)

where Y (i) represents the plant water stress measurements;
X(i) the spectral indices;
L(i) represents the districts;
S(i) represents the species;
b, represents the constant or intercept;
b; slope and;

a, g, d, e the regression coefficients.

The same statistical approach used in the analysis of the hand-held spectral reflectance data
and the multispectral and hyperspectral satellite remote sensing data was applied in this
study. Statistical procedures to select the “best” or most appropriate linear regression models
and eliminate poor combinations of spectral reflectance indices (X) and plant water stress

measurements () are briefly summarised below:

= Maximal models were derived from multispectral and hyperspectral airborne remote
sensing images and ground based measurements of plant water stress. Models were
ranked, screened, and the three highest adjusted R? maximal models which accounted
for more than 50% of the variance in the data, were selected.

» Model refinements included the use of stepwise regression. The adjusted R? values
for the maximal models were compared with their corresponding stepwise regression
models to determine any improvement in the models.

= The “best” models i.e. best maximal model for each plant water stress measurement

(YY) and the “best” model across all combinations of X and Y resulting from the
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stepwise regression, were selected, using highest adjusted R® value and the
significance of the F and t probability values.
= Validation was performed for “best” model with significant differences between

predicted and measured Y values determined using a t-test for paired samples.

6.3 RESULTS

Multiple linear regressions between vegetation indices and ground based measurements of
plant water stress were evaluated to ascertain which spectral models performed best when
applying vegetation indices derived from the airborne multispectral and hyperspectral

spectral data. The results are discussed the 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 water stress undertaken in July and August 2005, and the six
vegetation spectral reflectance indices derived from airborne multispectral data, were ranked
to ascertain which were the better performing models (Table 6.2). Six methods of plant water
stress were obtained in July 2005, five of which were repeated in August 2005. Adjusted R?
values, which were ranked for each method, ranged from a maximum of 50.1% for the green
spectral waveband (568.4 nm) and carotenoid content, to a minimum of 10.1% for NDVI
and chlorophyll fluorescence undertaken in July 2005. Similarly, adjusted R? values ranged
from a maximum of 51.1% for blue spectral waveband (465.88 nm) and carotenoid content,
to a minimum of 6.0% for NDVI and chlorophyll fluorescence measurements undertaken in
August 2005.

Five plant water stress measurements which did not attain adjusted R? values greater than
50% were excluded from further analyses. These included total chlorophyll (a+b) content,

chlorophyll fluorescence, leaf water content and predawn leaf water potential. Potential
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relationships between carotenoid content and the green and blue spectral wavebands were
investigated further.

Table 6.2/...
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Table 6.2

Adjusted R? values, ranked in descending order, for 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 (a + b)

Carotenoid (c+x)

Chlorophyll

fluorescence

Predawn leaf water

Chlorophyll (a + b)

Carotenoid (c+x)

Chlorophyll

fluorescence

Leaf water content (Y) potential Leaf water content (Y)
Y) Y) (Fv/Fm) ) Y) Y) (Fv/Fm)
(Y) (Y)

Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted Spectral Adjusted
reflectance Rz for reflectance R for reflectance R2 for reflectance R2 for reflectance R2 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 415 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 135 GREEN 38.9 GNDVI 324 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 R? values. These included carotenoid content measured in July and August
2005, and the green and blue spectral wavebands respectively. The stepwise regression
modeling did not result in further improvements to the maximal models. Adjusted R? of
50.1% obtained between carotenoid content and the green spectral waveband (July 2005)
remained the same for the stepwise regression model. However, the adjusted R? obtained
between carotenoid content and the blue spectral waveband (August 2005) decreased by
0.1% for the stepwise regression model. Based on these results, the maximal model derived
between carotenoid content and the green spectral waveband with the highest adjusted R? of

50.1% was selected as the “best” model.

6.3.1.3. Selection of the best model derived from airborne multispectral data

Carotenoid content together with the green spectral waveband resulted in the “best”
surrogate measure of plant water stress when using broad-band multispectral airborne data.
The general statistical model which resulted in six site- and species-specific models are

reported below:

Carotenoid content = 2.262 + (-0.01164)(GREEN) + (-0.227)(L1) + (1.699)(L2) + (-4.70)(S1) + 6.1)

(0.083)(S2) + (0.0672)(GREEN)(S1) + (-0.00315)(GREEN)(S2) +

(0.00792)(GREEN)(L1) + (-0.0156)(GREEN)(L2)

(Foes~ 9.26; Fpop< 0.001; R/ = 50.1)
p

For E. camaldulensis in Vaal River where L1=L2=0; S1=S2=0: (6.1.1)

Carotenoid content = 2.262 + (-0.01164)(GREEN)

For S. lancea in VVaal River where L1=L2=0; S1=0; S2=1: (6.1.2)

Carotenoid content = 2.345 + (-0.01479)(GREEN)
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For E. camaldulensis in Welkom where L1=1; L2=0; S1=S2=0:

(6.1.3)
Carotenoid content = 2.035 + (-0.00372)(GREEN)

For S. lancea in Welkom where L1=1; L2=0; S1=0; S2=1: (6.1.4)
Carotenoid content = 2.118 + (-0.00687)(GREEN)

For E. camaldulensis in West Wits where L1=0; L2=1; S1=S2=0: (6.1.5)
Carotenoid content = 3.961 + (-0.02724)(GREEN)

For E. sideroxylon in West Wits where L1=0, L2=1; S1=1; S2=0: (6.1.6)

Carotenoid content = -0.739 + (0.03996)(GREEN)

The full regression analysis, depicted by Equation (6.1) which includes a summary of the

ANOVA and estimate of parameters for the multiple linear regression model, is illustrated in

Appendix 3. Site- and species-specific models represented by Equations (6.1.1 to 6.1.5) are

all characterised by negative slopes, except for the model derived for E. sideroxylon in West

Wits mining district.

A standardised residual plot of fitted values of carotenoid content was determined to assess

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 data, and there appeared to be no distinct pattern in the data. The residuals

appeared to be normally distributed and independent.
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Figure 6.2  Standardised residual plot of fitted values of carotenoid content using the green waveband
spectral reflectance model.

6.3.1.4. Validation of the best airborne multispectral data

The carotenoid content and green waveband spectral reflectance model was validated using
the method of re-fitting the regression model with a subset of the data being excluded for
each validation run. The validation process was repeated three times, with 10 random
samples excluded for each run. The subsets of measured and predicted datasets for each

validation model are shown in Table 6.3.
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Table 6.3  Validation models used to predict carotenoid content using airborne multispectral data.
Mining Green Carotenoid Carotenoid
District Szt i hEaEs bg?)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) =) 170476 187756
43 1.48322 1.84723
Welkom S. lancea 2.208 + (-0.00839)(GREEN) 3 19384 174655
Run 2
93 1.62998 0.98185
Vaal River E. camaldulensis 2.8 + (-0.01955)(GREEN) 75 1.53891 1.33375
Vaal River S. lancea 64 1.43171 1.43056
2.836 + (-0.02196)(GREEN) 90 123707 0.8596
Welkom E. camaldulensis 54 1.87015 1.8551
2.144 + (-0.00535)(GREEN) 29 177101 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) 7 > 35466 10346
West Wits E. sideroxylon -0.949 + (0.04315)(GREEN) 57 1.58582 1.51055
Run 3
83 2.01695 1.26833
Vaal River E. camaldulensis 2.139 + (-0.01049)(GREEN) 84 0.84653 1.25784
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) 6 126194 172764
Welkom E. camaldulensis 2.087 + (-0.00408)(GREEN) 49 1.77191 1.88708
. . 64 2.22451 2.27264
West Wits E. camaldulensis 4.512 + (-0.03499)(GREEN) % 145507 104799

T-tests were used to determine if there were differences between measured and predicted

values of carotenoid content. The statistical test for Run 1 was significant at the 5% level
(Runl (t = -2.52, 9df, P = 0.033, r = 0.866)), while the t-test for the second and third
validation runs were not 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 hyperspectral data

6.3.2.1. Maximal models identified using airborne hyperspectral data

The maximal multiple linear regression models determined between ground-based
measurements of plant water stress undertaken in August 2005, and the six vegetation
spectral reflectance indices derived from airborne hyperspectral data, were ranked to
ascertain which were the better performing models (Table 6.4). Predawn leaf water potential
measurements, which have been identified as an important measurement of plant water stress
(Chapter 2), was also included in the airborne hyperspectral analysis. Adjusted R? values
which were ranked for each method, ranged from a maximum of 76.2% for predawn leaf
water potential with the normalised difference water index (NDWI) and a minimum of 6.2%
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 R? values greater than 50%, were excluded from further analyses.

Table 6.4  Adjusted R? values, ranked in descending order, for each maximal model determined
between plant water stress measurement (Y) and the spectral reflectance indices(X) derived
from airborne hyperspectral data.

Chlorophyll (a + b) Carotenoid (c+x) Sl Leaf water content FLCLET Iea.lf water
) ) fluorescence (Fv/Fm) ) potential
Y Y
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
) model ) 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 49.5 NDWI 37.9 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 40.4 R695_670 6.2 NDWI 30.1 PSRI 39.4

Six spectral reflectance models, which accounted for more than 50% of the variance in the
data, were found for the airborne hyperspectral analysis. These models included the
measurements of carotenoid content, chlorophyll fluorescence and predawn leaf water
potential, with adjusted R? values ranging from 56.6 to 76.2%. 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 adjusted R?
values for the six maximal and the stepwise regression models compared in Table 6.5,
ranged from 76.8 to 56.6%. There were no differences resulting from the stepwise regression

modeling for carotenoid content and chlorophyll fluorescence.

Table 6.5  Comparison of the maximal and the step-wise regression models, derived from the airborne

hyperspectral data, with the highest adjusted R2 values exceeding 50%.

Carotenoid (c+x) Cilzragipl i VerEseenss Predawn leaf water potential
™) (Fv/Fm) )
)

Spectral Adjusted R (%) Spectral Adjusted R? (%) Spectral Al 2 RE(E)
reflectance Maximal Stepwise _reflectance Maximal Stepwise reflectance Maximal Stepwise
S5 ([ model model index (nm) model model index (nm) model model

(X) 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 model performed well when correlated to measurements of
both chlorophyll fluorescence and predawn leaf water potential. Similarly, the GNDVI and
NDVI index was also well correlated to predawn leaf water potential. The stepwise
regression model derived between predawn leaf water potential and the NDWI with the
highest adjusted R? value of 76.8% was selected as the “best” resulting from the airborne
hyperspectral analysis.

6.3.2.3. Selection of the best model derived from airborne hyperspectral data

Predawn leaf water potential was selected as the “best” surrogate measure of plant water
stress when using the airborne hyperspectral data. The general model, derived between
predawn leaf water potential and the normalised difference water index, represented by
Equation (6.2) below, included 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)(S1) + (0.740)(S2) + (27.60)(NDWI)(S1) +
(-0.641)(NDWI)(S2)
(Fres~ 34.96; Fyop< 0.001; R, = 76.8)
For E. camaldulensis in Vaal River where L1=1.2=0 and S1=S2=0: (6.2.1)
Predawn leaf water potential = 2.43 + (-3.15)(NDWI)
For S. lancea in Vaal River where L1=L2=0 and S1=0; S2=1: (6.2.2)
Predawn leaf water potential = 3.17 — (3.791)(NDWI)
For E. camaldulensis in Welkom where L1=1; L2=0 and S1=S2=0: (6.2.3)
Predawn leaf water potential = 6.77 + (-3.15)(NDWI)
For S. lancea in Welkom where L1=1; L2=0; S1=0 and S2=1: (6.2.4)
Predawn leaf water potential = 7.51 + (-3.791)(NDWI)
For E. camaldulensis in West Wits where L1=0; L2=1 and S1=S2=0: (6.2.5)
Predawn leaf water potential = -0.67 + (-3.15)(NDWI)
For E. sideroxylon in 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 species-specific models, represented by Equations (6.2.1 to 6.2.6), were derived

using the airborne hyperspectral data. A residual plot 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 potential, as determined with the model represented by

Equation (6.2).
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Figure 6.3  Standardised residual plot of fitted values of predawn leaf water potential spectral
reflectance model.

The standardised residual plot indicated a cluster of points towards less negative predawn
leaf water potentials, representing a typical skewed distribution. A detailed regression

analysis is illustrated in Appendix 3.

6.3.2.4. Validation of the best model derived from airborne hyperspectral data

Validation exercises were undertaken to test robustness of the model derived between
predawn leaf water potential and the normalised 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 water potential and NDWI values.
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Table 6.6  Validation models used to predict predawn leaf water potential, using airborne
hyperspectral data.

Predawn
- leaf water Predawn leaf
II\D/:!sr:Ir?(?t Species Fitted Models NE))X;I ! potential water potential
measured predicted (Y)
(Y)
Run 1
. . 1.111 -1.698 -1.045
Vaal River E. camaldulensis 3.02+(-3.66)(NDWI) 1,083 0832 0943
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) 0037 000 1882
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) 1107 0632 1180
. 1.092 -1.020 -0.925
Vaal River S. lancea 3.423+(-3.982)(NDWI) 1106 1490 0982
. -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)(NDWI) 1082 0838 1o
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 20,850 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 0438 0349

T-tests for paired samples were used to determine if there were differences between
measured and predicted values of predawn leaf water potential. 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 = 0.34, 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 coefficients for Run 2 and Run 3 indicated a reasonably good correlation
between measured and predicted values of predawn leaf water potential(r > 0.6).

6.4 DISCUSSION

Vegetation spectral reflectance indices, which were previously tested using hand-held
spectral reflectance measurements (Chapter 4) and satellite medium and high resolution
remote sensing data (Chapter 5), were successfully applied to the airborne multispectral and
hyperspectral remote sensing data. Several significant spectral relationships (Fprob < 0.001)
were identified between carotenoid content, chlorophyll fluorescence and predawn leaf water
potential and various vegetation indices derived from airborne multispectral and
hyperspectral remote sensing data. Some common trends identified when using the airborne
multispectral and hyperspectral remote sensing data to detect spatial patterns of plant water

stress included:

= Vegetation indices designed to capture changes in plant pigment content performed
well when applied to both the multispectral and hyperspectral remote sensing data.

= The DATT (1999) spectral reflectance model (850 — 710)/(850 — 680) is considered
to be a fairly robust index which 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, near-infrared and short-wave infrared

region of the airborne hyperspectral data.

The green and blue individual spectral wavebands extracted from the visible region of the
airborne multispectral data, and which are sensitive to changes in plant pigment content were
correlated to total carotenoid pigment content. The spectral reflectance model derived
between carotenoid content and green spectral waveband resulted in six site- and species-
specific spectral models. These relationships were in accordance with several studies

reported on the sensitivities of plant pigments within the visible and infrared region of the
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spectrum (Gaussman, 1977; Lichtenthaler, 1987; Curran et al., (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 potential spectral reflectance
models were highlighted from the airborne hyperspectral analysis for carotenoid content,
chlorophyll fluorescence and predawn leaf water potential. Spectral reflectance indices
designed to capture changes in plant pigment content (PSRI, GNDVI, 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 (Ra% range 6.2 - 76.2%) when compared to the airborne multispectral data (Ra>
range 6 - 50.1). These differences could be attributed to the hyperspectral sensor acquiring
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 and near-red region of the
spectrum using the multispectral sensor displayed a lower spectral relationship to plant water

stress.

6.5 CONCLUSIONS

From this study it can be concluded that airborne multispectral and hyperspectral remote
sensing technologies can be used to detect plant water stress for the three species E.
camaldulensis, E. sideroxylon and S. lancea, within the Welkom, Vaal River and West Wits
mining districts. Preference is given to hyperspectral data sources based on the many
stronger multiple linear relationships which were derived in this study, and resulted from the
narrow bandwidth characteristics of the hyperspectral imagery. In general, there will always

be a trade-off between multispectral and hyperspectral systems between spectral and spatial
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resolutions. High spatial and spectral resolution imagery is more expensive to acquire and
process than broad-scale low resolution imagery. While it may be easier to map plant water
stress more accurately from airborne imagery, certain applications 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.

Page 149



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

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 winter-time water stress (unstressed areas) to site characteristics such as
geology, soils, groundwater chloride and sulphate, total dissolved solids, electrical
conductivity and groundwater water level within the Welkom, Vaal River and West Wits

mining districts.

The spectral reflectance model derived between predawn leaf water potential and the green
normalised difference vegetation index using broad-band multispectral Proba Chris satellite
data was used to map spatial patterns of unstressed trees across three mining districts. Very
high resolution (75 cm) multispectral airborne images acquired by LRI in 2005 were used to
demarcate and classify vegetation. Four commonly used statistical classifying techniques
were used in the classification process which included maximum likelihood, minimum
distance, Mahalanobis distance and parallelepiped. The maximum 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 average soil depth and average 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 geostatistical interpolation technique. Spatial 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
techniques 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 observation points. Random sample analyses between stressed and
unstressed trees were extracted in order to determine whether site characteristics were

significantly different (using t-tests).

The interpolated site characteristic surfaces which were significantly different from stressed
areas were spatially linked to trees which were not experiencing winter-time plant water
stress, in order to recommend and prioritise sites for the establishment of future block
plantings. Groundwater table levels were not significantly different between stressed and
unstressed areas at all sites. This implies that unstressed sites which have been identified in
each mining district do have access to groundwater during the drier winter season, and other
factors could be contributing to plant stress 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, which experienced 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 have 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 et al., 2001; Naicker et al., 2003; Winde 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 dissolved solids 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 Wits mining region compared to smaller areas recommended in the
Welkom and Vaal River districts. The resistivity surveys clearly highlight areas of
groundwater saturation, shallow groundwater tables in some areas, and possibly higher
salinity levels. In such areas trees 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
sequester contaminants in the area and reduce lateral pollution into surrounding areas over
time.

Keywords : geostatistical interpolation, site characteristics, spectral reflectance model,

supervised classification, unstressed trees

7.1 INTRODUCTION

In previous chapters, spectral plant water stress relationships were investigated using various
sources of remote sensing data viz. leaf-level spectroscopy (Chapter 4), medium to high
resolution satellite earth observation data (Chapter 5), and multispectral and hyperspectral
airborne remote sensing imagery (Chapter 6). From these investigations it is now possible to
distinguish sites at which trees show winter-time water stress (stressed areas), from those
where the trees show no such water stress(unstressed areas) within each mining district.
Furthermore, within each mining district, the site characteristics such as geology, soils,
salinity (groundwater chloride and sulphate, total dissolved solids, electrical conductivity)
and groundwater table level (Weiersbye, 2008), which are important in distinguishing
unstressed areas and which are significantly different from stressed areas, were investigated.
In this chapter the methodology for mapping spatial patterns of unstressed areas and their
site characteristics are recommended for future plantings in each mining district, to assist in

containing and reducing contaminated seepage water from the TSFs.
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7.2  MATERIALS AND METHODS

In this chapter spatial patterns of unstressed areas and their site characteristics which
could be recommended for future block plantings were identified. High resolution
mulitispectral remote sensing imagery was used to classify vegetation per tree species
investigated in each mining district i.e. Vaal River (E. camaldulensis; S. lancea), Welkom
(E. camaldulensis; S. lancea) and West Wits (E. camaldulensis; E. sideroxylon). These high
resolution classified vegetation maps were then used to clip unstressed tree species modelled
using the spectral model reported on in section 5.3.2.3 i.e. PLWP and the green normalised
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
layers of groundwater chloride and sulphate concentrations, total dissolved solids, electrical
conductivity, pH, groundwater table levels, soils and geology for each sampling area. The
spatial distribution of unstressed trees was then correlated to particular site characteristics
that may be recognised and used to prioritise sites for the establishment of future block

plantings.

721 Vegetation classification

Very high resolution (75cm) multispectral airborne images acquired by LRI in July 2005
were used to demarcate and classify vegetation across the three mining districts. These
multispectral airborne images were selected to classify the vegetation due to their very high
spatial resolution, allowing for spatial discrimination between different spectral features and
objects on the ground. The near-infrared band was specifically used to highlight trees and
other landcover classes in these districts. Regions of interest (ROIs) which were ground-
truth in the field, were created for each tree species investigated in this study per mining
district i.e. Vaal River (E. camaldulensis; S. lancea), Welkom (E. camaldulensis; S. lancea)
and West Wits (E. camaldulensis; E. sideroxylon) and the three common landcover classes
characteristic of the mining areas, namely tailing storage facilities, grassland/open
woodlands and rivers. These ROIs spatially represented 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 areas of an image
which contain pixels of the same spectral characteristics which represent the same landcover
or vegetation type. Regions of interest were selected using ground control points and high
resolution aerial photos, which were verified during field surveys undertaken in 2005.
Several studies on vegetation classification using different sources of remote sensing data
have shown that the performance of statistical classifiers can vary with vegetation types
(Kruce et al., 1993; Lillesand and Kiefer, 1999; Castro-Esau, 2004; Govender et al., 2008).
Due to this variability, four commonly used statistical classifying techniques were used in
the classification process. These techniques included maximum likelihood, minimum

distance, Mahalanobis distance and parallelepiped (Foody, 2004; Foody and Mathur, 2006).

In remote sensing applications the term classification accuracy is used to express the degree
to which a classified remote sensing image represents reality (Foody, 2004). Accuracy
assessments are important not only for evaluating the suitability of different classification
techniques but also for providing an indication of the quality of maps produced (Foody,
2004). Thomlinson et al. (1999) suggested an overall accuracy of greater 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 as a square 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 to determine which statistical classifier produced the best
classification results. Three measures of a classification accuracy analysis viz. kappa
coefficient of agreement, overall accuracy and user accuracy, were used in this study. The
kappa coefficient of agreement is a statistical measure used to describe the accuracy of
spatial data sets (Foody, 2004; Congalton and Mead, 1983). Landis and Koch (1977)
categorised the possible ranges of the kappa coefficient of agreement into three groups,
where a value greater 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 agreement. The overall
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accuracy is the number of correctly allocated classes, which is most commonly used in
vegetation studies, as a measure of how accurately a remote sensing image has been
classified. The kappa coefficient of agreement and the overall accuracy (>85%) reported by
Foody and Mathur (2006) which are two commonly used measures of a classification
accuracy analysis, were used to select the most suitable statistical classifier for vegetation
classification in this study. The user’s accuracy indicates the probability with which a pixel
classified on the map represents the same category or class on the ground. Therefore, the
user’s accuracy was used to evaluate how well an individual vegetation class was classified

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 technique achieved the
highest kappa coefficients and overall accuracies, and was therefore selected as the most
appropriate method for classifying vegetation and different landcovers across all three

mining districts.

Table 7.1 Accuracy assessments of the supervised classifications for the Vaal River mining district.

Supervised classification methods and | User Accuracy (%) | Kappa coefficient | Overall accuracy (%)
% Ground truthing pixels

Mahalanobis distance 0.90 94.02

Searsia lancea- (1.03 %) 48.96

Eucalyptus camaldulensis- (0.69%) 62.19

Grassland/open woodlands- (36.51%) 87.21

Tailing storage facility- (41.02%) 100

River- (20.76) 100

Maximum likelihood 0.99 99.35

Searsia lancea 52.61

Eucalyptus camaldulensis 81.80

Grassland/open woodlands 100

Tailing storage facility 99.93

River 100

Minimum distance 0.93 95.97

Searsia lancea 50.31

Eucalyptus camaldulensis 67.41

Grassland/open woodlands 91.56

Tailing storage facility 100

River 99.65

Parallelepiped 0.45 56.84
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Searsia lancea 1.69
Eucalyptus camaldulensis 2.46
Grassland/open woodlands 0
Tailing storage facility 100
River 72.52

Table 7.2 Accuracy assessments of the supervised classifications for the Welkom mining district.

Supervised classification methods and
% Ground truthing pixels

User Accuracy (%)

Kappa coefficient

Overall accuracy (%)

Mabhalanobis distance 0.91 94.26
Searsia lancea- (1.05%) 20.83

Eucalyptus camaldulensis- (1.3%) 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
Searsia lancea 24.91

Eucalyptus camaldulensis 88.13

Ploughed lands/veld 100

Tailing storage facility 99.99

Pan (dry) 99.88

Minimum distance 0.90 93.46
Searsia lancea 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
Searsia lancea 2.13

Eucalyptus camaldulensis 0

Ploughed lands/veld 0

Tailing storage facility 100

Pan(dry) 95.76

Table 7.3 Accuracy assessments of the supervised classifications for the West Wits mining district.

Supervised classification methods and
% Ground truthing pixels

User Accuracy (%)

Kappa coefficient

Overall accuracy (%)

Mahalanobis distance 0.86 89.97
Eucalyptus camaldulensis - (4.42%) 1.15

Eucalytpus sideroxylon- (24.47%) 99.02

Grassland/open woodlands- (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

Page 156




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

Supervised classification methods and | User Accuracy (%) | Kappa coefficient | Overall accuracy (%)
% Ground truthing pixels

Eucalytpus sideroxylon 99.81

Grassland/open woodlands 99.99

Tailing storage facility 99.87

River 100

Minimum distance 0.90 93.12

Eucalyptus camaldulensis 1.45

Eucalytpus sideroxylon 98.76

Grassland/open woodlands 99.66

Tailing storage facility 100

River 97.64

Parallelepiped 0.49 56.35

Eucalyptus camaldulensis 0.29

Eucalytpus sideroxylon 0

Grassland/open woodlands 100

Tailing storage facility 99.98

River 100

In Table 7.3, extremely low user accuracies were determined for E. camaldulensis when
using the Mahalanobis distance, maximum likelihood and minimum distance statistical
classifiers, while parallelepiped resulted in low user accuracies for both E. camaldulensis
and E. sideroxylon. Only one Eucalyptus species could be mapped more accurately than the
other as shown with the maximum likelihood and minimum distance methods, while both
Eucalyptus species were not classified well when applying the parallelepiped method. These
results imply that the spectral characteristics of the two Eucalyptus species, E. 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 classification technique was then used to produce high
resolution vegetation maps for each tree species investigated in each mining district i.e. Vaal
River (E. camaldulensis; S. lancea), Welkom (E. camaldulensis; S. lancea) and West Wits
(E. camaldulensis; E. sideroxylon). These high resolution classified vegetation maps were
then used to clip unstressed tree species modelled using the spectral model reported on in

section 5.3.2.3 i.e. PLWP and the green normalised difference vegetation index (GNDVI).
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7.2.2 Mapping spatial patterns of unstressed trees

The principal aim of this study was to correlate the spatial distribution of unstressed trees to
particular site characteristics that may be recognised and used to prioritise sites for the
establishment of future block plantings. Therefore the geographic information system
workflow processing focussed on producing spatial maps of unstressed trees which are
illustrated in subsequent maps in this chapter. It is noted that areas not categorised as

unstressed are considered stressed by the spectral reflectance model.

Several vegetation spectral reflectance models were investigated using different types of
remote sensing data, as shown in Chapters 4, 5 and 6. A summary of the “best” models

which were selected from each study is shown in Table 7.4.

Table 7.4 Best performing spectral reflectance models derived from leaf, satellite and airborne remote
sensing data.

Type of Remote Surrogate Spectral Reference to Adjusted R2
Sensing Data Measurement of | Reflectance Ratio Model(s) (%)

Plant Water or Index

Stress
ASD spectrometer: leaf- Chlorophyll b DATT index Section 4.3.2.3 69.3
level spectral reflectance
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 (wBl)
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 adjusted R2 values were used as a criterion for selecting a common model for mapping
spatial patterns of plant water stress across all three mining districts. The highest adjusted R?

value (90.5%) was obtained for the model derived between predawn leaf water potential
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(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 site- and species-specific, this model

should not be applied across the Vaal River and Welkom mining districts.

The model with the next highest adjusted R? (84.8%) was derived between PLWP and the
green normalised difference vegetation index (GNDVI) using broad-band multispectral
Proba Chris satellite data. Six site- and species-specific models reported on in section 5.3.2.3
resulted from this study, and were selected to map spatial patterns of unstressed trees. High
resolution classified vegetation maps were used to clip unstressed trees per tree species
investigated in each mining district during the dry winter season, as shown in Figure 7.1 to
8.6.Tree plantations are rare in these mining districts; hence vegetation in the landscape is
very patchy. Sample sites used in the derivation of the site- and species-specific models
reported in section 5.3.2.3 were selected from stands, single trees or rows of trees and small-
plot species trials growing in each mining district as illustrated by Figure 2.4(Chapter 2).
Therefore the spatial patterns of unstressed trees which are illustrated in Figures 7.1 to 7.6
are very patchy. Is noted though that areas not categorised as unstressed are considered
stressed by the PLWP GNDVI model.

It is important to remember that even though the PLWP GNDVI was selected as the most
appropriate model to identify where trees would most likely not experience stress during the
dry season (R,2 of 84.8%) the time of year upon which these analysis are based must be
considered in the interpretation of the results. Plant water stress measurements undertaken
during July 2005 and August 2005 were used for ground-truthing the Proba Chris images. As
discussed previously in Chapter 5, although a total of four Proba Chris images were planned
for acquisition for the Welkom, Vaal River and West Wits mining districts during July and
August 2005, only the Vaal River images were acquired during the dry winter season, due to
an increased demand for Proba Chris data from various countries participating in the Tiger
initiative. Proba Chris images for Welkom were obtained during early October 2005, and for
West Wits during late November 2005. These images were correlated to predawn leaf water

potential measurements undertaken during July and August 2005. However, a strong
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correlation between remote sensing satellite imagery and the ground truthing measurements
were still found (R,2 of 84.8%).
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Figure 7.1 Spatial patterns of unstressed Eucalyptus camaldulensis sites mapped in the Welkom
mining district using the Predawn leaf water potential and the Green normalized

difference vegetation index derived from Proba Chris satellite imagery.

Page 160




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

26483516 26501304 26510272 26537150 26555028 26572906 26500734 2pEO0BEEZ 2526540
1

2 =) T 320
a D
2 ( e =
g ? g
e 20 &
& P .1 o a1 B 8
i
T 3! i ® .
5[ 3 0 : o 3 5
] . 5 . : S
g A hi, " me X = g—
~ L |13 :
i R VS g
2 1208 2
2 2
5 A <
ad ) x
- -
o nt
& o i
S Sa
2 2
2 2
5 R 2
ad g o <
- =
o . ¥,
R 2 ol
2 13 2
: P g™ ;
& > @
b S 5
8 2 8
. 4
z e 1as =
= & =
a ] a
8 8
1294
= %,
£
o o
b / b
2 2
2 1295 2
2 = ®
o A ‘wn ol
R R e o
o @
o o
2 2
b= Q
@ @
N 1288 o
o1
4230 R 3
1
<+ i o+
8 2 1306 1208 g
= A pid
aQ a
g 26483516 26501394 26510272 2GA3TIS0  2§555028  2p5T2906  25AD784  DGE0SEE2 26526540 g

I unstressed sites

»+  Spot Heights 0051 2 3 4
=====- River network o

Contours N

Tailings Dams A

Shaded areas represent the landtype map

Figure 7.2 Spatial patterns of unstressed Searsia lancea sites mapped in the Welkom mining district
using the Predawn leaf water potential and the Green normalized difference vegetation

index derived from Proba Chris satellite imagery.

Figure 7.1 and 7.2 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 index. It is noted that these patterns were determined using Proba 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%. The river network 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 not follow any specific river network. The E.
camaldulensis trees are dominant on the Ae40 land type. Areas where irrigation centre pivots
exist were mapped, indicating that the spectral model could be sensitive to vegetation and
water present in these areas. S. lancea sites were mapped predominantly on the Dc9 land
type. The S. lancea also 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 unstressed E. camaldulensis and S. lancea sites were mapped in the Vaal
River mining district using the predawn leaf water potential and the green normalized
difference vegetation index derived. The spatial patterns of unstressed trees were mapped for
Vaal River using Proba Chris satellite imagery which was acquired during the dry winter
season. However, as is shown is Figure 7.3 and 7.4 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 unstressed trees mapped along the
main Vaal River channel, except for a few S. lancea sites. Figure 7.3 and 7.4 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 lack of E. camaldulensis and S. lancea
sites currently growing in the Vaal River mining district. However, if this 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 unstressed Eucalyptus camaldulensis 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 unstressed Searsia lancea 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 unstressed Eucalyptus camaldulensis sites 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 unstressed Eucalyptus sideroxylon sites 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.

Figure 7.5 and 7.6 display the spatial patterns of E. camaldulensis and E. sideroxylon sites
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 has a denser river network as is clearly shown in Figures 7.5 and 7.6.
Unstressed sites are also 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 sites was mapped in this district which also coincides with the
Eucalyptus plantations 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 periods which
overlapped with the remote sensing data analyses, according to the acquisition periods
detailed in section 5.2.1. Measurements of groundwater chloride and sulphate
concentrations, total dissolved solids, electrical conductivity, pH, groundwater table levels,
soils and geology data, which were undertaken by Africa Geo-Environmental Services
(AGES), School of Animal Plant and Environmental Sciences (APES) at the University of
the Witwatersrand and Anglogold Ashanti, were sourced from Weiersbye (2008). Additional
soils data were obtained from an Agricultural Research Council land-type database
developed for South Africa (ISCW, 1993). Land-type data for the three mining districts
included the average soil depth, depth classes per land-type, average topsoil clay percentage
and the clay content class per land-type for the soil profile (ISCW, 1993). According to the
ISCW, soil surveys used to produce the land-type database were undertaken during the
cooler winter months, using standard soil augers and with samples taken to a maximum
depth of 1.2 m (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 have similar

characteristics (Juang et al., 2001).
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The kriging method was selected as the most appropriate interpolation technique for this
study as it utilises the statistical properties of the measured sample points, thereby
incorporating the statistical properties of the measured data in the created interpolated
surface or raster layer. Interpolated surfaces of groundwater measurements included
groundwater chloride and sulphate concentrations, total dissolved solids, electrical
conductivity, pH and groundwater table levels were created within each mining district using
the ArcGIS (version 9.3, 2009) software package.

A listing of all observation points which were used to create the interpolated groundwater
hydrochemistry and groundwater table level surfaces for each mining district is shown in
Appendix 3. In the Welkom mining district, 23 observation sampling points were used to
interpolate 83.21 km? to create a spatial representation of groundwater chloride and sulphate
concentrations, electrical conductivity, pH and total dissolved solids, while eight observation
points were used to interpolate 51.27 km2 to create a spatial representation of the
groundwater table 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?2 interpolated surfaces for
groundwater chloride and sulphate concentrations, electrical conductivity, pH and total
dissolved solids, while 15 and 9 observation points were used to create 16.94 km? and 24.71
km2 groundwater table level surfaces respectively. It must be acknowledged that site
characteristic data i.e. sampling point data obtained for these areas, and especially
groundwater table level data were minimal. Hence the spatial extent of interpolated surfaces

and subsequent analyses were constrained by these datasets.

7.3 RESULTS
7.3.1 Differences between the site characteristic data of stressed and unstressed
sites

For each mining district, spatial patterns of stressed and unstressed sites were mapped, using
the six site- and species-specific models reported on in section 5.3.2.3, derived between
PLWP and GNDVI, using broad-band multispectral Proba Chris satellite data. As a specific

aim of this study was to correlate the spatial distribution of unstressed trees to 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 of unstressed trees have been illustrated in
subsequent maps in this chapter and in Figures 7.1 to 7.6. It is noted though that areas not

categorised as unstressed are considered stressed by the PLWP GNDVI model.

In order to test for significant differences between site characteristic data for these stressed
and unstressed trees, a random sample of one hundred points was selected per tree species
for each mining district for stressed and unstressed areas. Site characteristic information was
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, groundwater measurements of chloride concentration, electrical conductivity, pH,
sulphate concentration, total dissolved solids and the groundwater table level. These
variables were considered as important site characteristics for each region and for which data
were available (Weiersbye, 2006; 2008). Geographical information system analyses were

performed using the ArcGIS (version 9.3, 2009) software package.

A t-test was then used to test for statistically significant differences in the average percent
clay in the topsoil, average soil depth, groundwater measurements of chloride concentration,
electrical conductivity, pH, sulphate concentration, total dissolved solids and groundwater
table level, between stressed and unstressed trees per species for each mining district using
the Genstat (11" edition, 2008) statistical software package. Results from the t-tests are
shown in Tables7.5, 7.6 and 7.7 for the Welkom, Vaal River and West Wits mining districts

respectively.

Table 7.5  Comparisons (mean-+standard deviation) of the site characteristics geology, soils, salinity
and groundwater table level between stressed and unstressed trees of Eucalyptus
camaldulensis and Searsia lancea in the Welkom mining district. Differences between
stressed and unstressed trees per species were tested using t-tests (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 12447 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/1) Stressed 100 5325 5926
Water level Unstressed 91 6.784 1.831 -1.12 152 0.266
(mbgl)
Stressed 63 7.110 1.705
Searsia lancea 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/I)
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
(mg/l)
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 the means extracted for E. camaldulensis in the Welkom mining district

indicated that all site variables listed in Table 7.5 were higher in unstressed sites, except for

topsoil clay (%) and groundwater table level which showed a higher mean value in the

stressed sites. However, site variables which displayed significant differences between

stressed and unstressed sites for the Welkom mining district for E. camaldulensis included

the average percentage clay in the topsoil, average soil depth, groundwater chloride

concentration, electrical conductivity, pH, groundwater sulphate concentration and total

dissolved solids.
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For S. lancea sites in the Welkom mining district, the mean values for the average

percentage clay in the topsoil, pH, sulphate concentration and water level were higher for the

unstressed sites, while the mean values for average soil depth, groundwater chloride

concentration, electrical conductivity and total dissolved solids were higher in stressed sites.

Furthermore, significant differences were found in the site variables between stressed and

unstressed sites for the topsoil clay (%), soil depth, groundwater chloride concentration,

electrical conductivity, pH, total dissolved solids and the groundwater table level.

Table 7.6 Comparisons (mean-+standard deviation) of the site characteristics geology, soils, salinity
and groundwater table level between stressed and unstressed trees of Eucalyptus
camaldulensis and Searsia lancea in the Vaal River mining district. Differences between
stressed and unstressed trees per species were tested using t-tests (P<0.05).

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 (mg/l)
Stressed 100 356.7 39.47
Electrical Unstressed 99 22912 8167 242 197 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
sulphate (mg/1) 0.77
Stressed 100 1829 403.6
Total dissolved Unstressed 99 3862 7713 1.44 197 0.151
solids (mg/l)
Stressed 100 3696 860.5
Water level Unstressed 3 4.228 0.4203 0.07 18 0.947
(mbgl)
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 (mg/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
sulphate (mg/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
Wiater level Unstressed 6 4713 0 2.58 21 0.017
(mbgl) Stressed 17 4.208 0.4718

Comparison of the site variables for E. camaldulensis trees in Vaal River indicated higher
mean values in the topsoil clay percent, groundwater chloride concentration, electrical
conductivity, total dissolved solids and the groundwater table level in unstressed sites; while
the average soil depth, pH and groundwater sulphate concentrations were higher in stressed
sites. However, significant differences were identified for electrical conductivity and the pH

between stressed and unstressed E. camaldulensis sites.

For S. lancea, mean values of the average percent of clay in topsoil, groundwater chloride
concentration, electrical conductivity, total dissolved solids and groundwater table level were
higher in unstressed sites; while the mean values in average soil depth, pH, and groundwater
sulphate concentration were higher in stressed sites. Statistically significant differences were
determined in the average percent of clay in topsoil, electrical conductivity, pH and water

level of stressed and unstressed S. lancea sites in VVaal River.

Table 7.7  Comparisons (mean+standard deviation) of the site characteristics such as geology, soils,
salinity and groundwater table level between stressed and unstressed trees of Eucalyptus
camaldulensis and Eucalyptus sideroxylon in the West Wits mining district. Differences
between stressed and unstressed trees per species were tested using t-tests (P<0.05).

Mining Tree Species Site Data Plant Sample | Mean | Standard T Degree | Probability
district water size deviation | test of value (P)
stress freedom
(df)
West Eucalyptus camaldulensis 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 (ms/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
sulphate (mg/l)
Stressed 100 316.3 227.4
Total dissolved solids | Unstressed 100 954.8 324.3 6.01 198 <0.001
(mg/l) Stressed 100 662.6 362.5
Groundwater level Unstressed 90 11.36 2411 -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 (mg/l)
Stressed 100 90.9 41.47
Electrical Unstressed 100 19401 5286 6.73 156 <0.001
conductivity (ms/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
sulphate (mg/1) Stressed 100 316.3 2274
Total dissolved solids | Unstressed 100 1059.4 267.0 8.81 181 <0.001
(mag/l)
Stressed 100 662.6 362.5
Groundwater level 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 in the groundwater chloride and sulphate
concentrations, electrical conductivity and total dissolved solids were identified at unstressed
E. camaldulensis sites, while the pH and water level were higher at stressed sites. Significant
differences were found in groundwater chloride concentrations, electrical conductivity,
groundwater sulphate concentrations, total dissolved solids and the water level between

stressed and unstressed E. camaldulensis sites.

For E. sideroxylon sites in the West Wits mining district, the mean values for groundwater
chloride concentration, electrical conductivity, groundwater sulphate concentration and total
dissolved solids were higher in unstressed sites, while the pH and water level were higher in
stressed sites. The average percent of clay in the topsoil and the average soil depth displayed

little or no variation across the stressed and unstressed sites. Furthermore, statistically

Page 173




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

significant differences were also identified for groundwater chloride concentration, electrical
conductivity, pH, groundwater sulphate concentration, total dissolved solids and the
groundwater level between stressed and unstressed Eucalyptus sideroxylon sites.

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 (Table 7.8). Only those site
characteristics which displayed significant differences between stressed and unstressed areas

were selected, of which their interpolated surfaces are shown in Appendix 5.

Table 7.8 Descriptive statistics (minimum, maximum, mean, standard deviation) of the site variables
geology, soils, salinity and groundwater table level used to characterise unstressed trees per
species in each mining district.

I\/.Ilnl.ng Tree Species Site Data Minimum | Maximum Mean Star)dgrd
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 chloride (mg/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 sulphate (mg/l) 47.03 3056.84 1057.52 753.21
Total dissolved solids (mg/I) 729.31 27253.27 9286.92 6631.00
Welkom Searsia lancea Topsoil clay (%) 8.6 15.19 13.90 2.61
Soil depth (mm) 748.29 1245.40 845.55 197.20
Groundwater chloride (mg/l) 50.55 14524.92 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/I) 664.07 31755.84 5116.94 4991.87
Groundwater level (mbgl) 2.64 13.00 7.98 2.26
Vaal River Eucalyptus Electrical conductivity 618552 | 4325338 | 2172177 7056.23
camaldulensis (mS/cm)
pH 6.75 8.04 7.59 0.23
Vaal River Searsia lancea Topsoil clay (%) 7.00 17.79 10.36 4.77
Electrical conductivity 618552 | 4367929 | 2175355 8024.30
(mS/cm)
pH 6.74 8.04 7.57 0.27
Groundwater level (mbgl) 3.98 5.02 4.71 0.43
West Wits Eucalyptus Groundwater chloride (mg/l) 24,84 214.89 92.47 36.58
camaldulensis
Eucalytpus sideroxylon | Ccciical conductivity 9972.05 | 49689.69 | 11462.43 7027.03
(mS/cm)
pH 6.51 8.44 7.35 0.19
Groundwater sulphate (mg/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

Groundwater level (mbgl) 4.92 19.94 12.60 2.147

The interpolated site characteristic surfaces shown in Appendix 5, and listed in Table 7.8
above were spatially linked to trees which were not experiencing winter-time plant water
stress, mapped using the predawn leaf water potential and the green normalized difference
vegetation index derived from Proba Chris imagery shown in Figures 7.1 to 7.6. The spatial
distribution of these unstressed areas for which site characteristic data were available,
were mapped using ArcGIS (version 9.3, 2009), and illustrated for each mining district in
Figures 7.7to 7.9.

The recommended unstressed areas proposed for planting Eucalyptus camaldulensis and S.
lancea in the Welkom mining district are shown in Figure 7.7. Quantitative site
characteristics, which were found to be significantly different (p <0.05; Table 7.5) from
stressed sites for E. camaldulensis, included the average soil depth, groundwater chloride
concentration, electrical conductivity, pH, groundwater sulphate concentration and total
dissolved solids and, for S. lancea, the average % clay in the topsoil, average soil depth,
groundwater chloride concentration, electrical conductivity, pH, total dissolved solids and

the groundwater 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 soil land-types are found in this area, Ae40 land-type comprised of eutrophic, red
massive or weak structured soils with a high base status, and the Dc9 land-type with non-
calcarious soils, high clay accumulation, strongly structured soil of a non-reddish colour and
the presence of one or more of the vertic, melanic or plinthic soils (ISCW, 1993). The
natural vegetation is categorised primarily as the grassland biome within the Dry Highveld
Grassland bioregion, with patches of the Azonal Vegetation biome forming part of the Inland

Saline Vegetation bioregion (Mucina and Rutherford, 2006).

Spatial patterns of unstressed E. camaldulensis and Searsia lancea sites shown in Figure

7.7extend across a relatively flat area, with an altitude ranging from 1290 to 1300 m and
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dominated by Ae40 and Dc9 landtype respectively. River networks are disconnected, as is
common in relatively flat areas, were the digital elevation models used which include sinks
in the area. The S. lancea sites also highlight the edges of the Pan, indicating that during the
dry season trees could access water from the Pan and are therefore categorised as unstressed
by the model.

To obtain more detailed subsurface information at selected sampling sites in the three mining
districts, resistivity measurements were acquired by geophysical specialists from the CSIR
using an ABEM Terrameter SAS1000. Geophysical studies have shown that resistivity
measurements have been successfully applied to detect subsurface lithologies, groundwater
depths, potential groundwater sources and plume contamination (Okereke et al., 1998;
Salem, 2000; Tabbagh et al., 2000). Resistivities measurements undertaken in the Welkom
mining district are illustrated in Figures 7.8a and 7.8b.

Figure 7.7/...
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Figure 7.7 A shaded selection of unstressed areas in the Welkom mining district recommended for

planting Eucalyptus camaldulensis and Searsia lancea tree 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 resistivity sampling site in the Welkom mining district, (clockwise)
arrows in the picture represent the location of trees at each sampling site; the block
demarcated in red represents the resistivity sampling area; unstressed areas mapped in

green and the resistivity profile observed at the sampling site.

The Dankbaar Pan is located on farmland within the Welkom mining district. The area is
very flat and the groundwater is reported to have very high salinity concentrations, being
influenced by drainage pathways from mining activities in the area. An older stand of
E.camalduensis trees and scattered S. lancea trees approximately 100m from the edge were
selected for ground-truthing measurements as shown in Figure 7.8a. The soils in the area
appear well developed and deep. The resistivity transect extends through most of the length
of the stand of Eucalyptus trees. The dark blue layers have a very low resistivity and is an
indication of groundwater saturation from approximately 4.9 m below the surface, as the
lower the resistivity the greater the moisture content or the higher the concentration of salts.

With salts from the Pan being visually evident, the very low resistivity 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 shallower soils are saline as well (Okereke et al., 1998; Salem,
2000; Tabbagh et al., 2000).

S. lancea sample site

Stat — End
y vire
— Sompiad Barbed wire fence
Depth _"I;.r.vitlnn S RMS error ~ 5..-}.". I Sice l

0.500
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Figure 7.8b Boet Van Der Berg 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 represents the resistivity sampling area; unstressed areas

mapped in green and the resistivity profiles observed on the farm at the S. lancea and E.
camaldulensis sampling areas.

Sample sites on Mr. Boet Van Der Berg’s Farm were selected for comparison with the
Dankbaar Pan sampling sites. Two locations were surveyed, a site consisting of a row of S.
lancea trees and a stand of older E. camaldulensis trees as shown in Figure 7.8b. These sites
are characterized by red and yellow apedals, freely drained deep soils with a high base
status. The predominant lithology group is Shale. Figure 7.8b 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 weathered shale, resulting in a clay horizon and shallow groundwater
sources. Topsoil layers (<1m) in both inverted sections are represented by much higher
resistivities compared to the deep layers, usually indicating drier soils were electricity is not
easily conducted. The intermediate resistivity zones (greens) probably indicate areas of

fractured shale rather than fully developed clay zones.

Sampling sites selected on Mr. Boet Van Der Berg’s Farm in comparison to the Dankbaar
Pan sites, indicated different subsurface groundwater depths and soil formations according to
the resistivity surveys. Soils in the area appear to be drier, being characterised by higher
resistivities in the topsoil layers (Figure 7.8b) with Shale being the predominant lithology
group. Pockets of darker blue areas could be an indication of subsurface water estimated at
an approximate depth of 4.98m at the E. camaldulensis site and 7.91m at the S. lancea site.

Groundwater saturation in the Dankbaar sampling area in Welkom, indicated in the resitivity
profile at an average depth of 7.91 m (Figure 7.8a) and the average groundwater table level
reported in Table 7.8, confirms the presence of shallow groundwater sources. This implies
that trees roots could access the “relatively” shallow groundwater and assist in containing
contaminated groundwater seeping into surrounding lands. However, measurements of
predawn leaf water potential undertaken during the drier winter months in 2004 and 2005,
indicate an average value of -1.4 to -1.5MPa, therefore characterising these trees as being
stressed. Also indicated are the high salinity levels in the area, illustrated by the high total
dissolved solids, groundwater chloride and sulphate concentrations reported in Table 7.8 and
shown in Figure 7.7 and is characterised by the fairly low resistivity values in Figure 7.8.a,
even in the shallower soils. 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 the movement of salts or pollutants to neighbouring streams and
rivers (Funke, 1990; Hodgson et al., 2001; Rosner et al., 2001; Naicker et al., 2003).

In the Vaal River mining district, trees which are not experiencing winter-time plant water

stress, and which are recommended for planting E. camaldulenis and S. lancea, are
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illustrated in Figure 7.9. Site characteristics of unstressed areas which were found to be
significantly different from the stressed areas are also shown (p < 0.05, Table 7.6). For the
recommended E. camaldulensis sites, these include electrical conductivity and pH, and for S.
lancea, the average % clay in the topsoil, electrical conductivity and pH. Groundwater table
levels were not significantly different in this area, indicating that trees during winter would
have access to water and would not be the limiting factor in the Vaal River mining district.
The results indicate that unstressed trees would be affected by salinity levels reflected by the

electrical conductivity of the groundwater and the pH of the groundwater.

The altitudinal gradient characteristic of the area ranges from 1280 to 1380 m. Geological
formations stretching across the recommended planting areas are classified as Alluvium,
Black Reef, Chert Rich dolomite, Dolomite Sand, Karoo and Ventersdorp (Anglo Ashanti,
2005). The major land-type characteristic in this area include Fal3, described as mesotrophic
to eutrophic soils, with minimal development usually shallow on hard or weathering rock
with or without intermittent diverse soils (ISCW, 1993).

Smaller areas in the region are represented by Bd13 and Bc23 land-types with red, yellow
and greyish soils having a high base 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 bioregion which generally experiences mean
annual rainfall below 600mm (Mucina and Rutherford, 2006). This 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.
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Figure 7.9 A shaded selection of unstressed areas in the Vaal River mining district recommended for
planting Eucalyptus camaldulensis and Searsia lancea tree 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 7.10 Western Complex resistivity sampling site in the Vaal River 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 observed near the tailing storage facility.

The Western Complex site is located approximately 200m from the edge of the Western
Complex TSF (Figure 7.10). A dirt road separates the E. camaldulensis site from the TSF.
This site is characterized by a cluster of young E. camaldulensis trees which appear
unhealthy with poor growth characteristics. However, moving away from the TSF the trees
appear healthier 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 of the soils. Higher porosity
means it should be easier for the plants to get to subsurface water. The 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 eventually porosity.
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A majority of the unstressed sites mapped for the Vaal River mining district extend across
Bd13 and Bc23 land-types with red, yellow and greyish soils having a high base status
(ISCW, 1993), low pH (minimum 6.75) and shallow groundwater table levels (an average
5.02 m) as shown in Table 7.8 and illustrated in Figure 7.10, from approximately 2.55m
below the surface. Tree plantings in these areas highlighted in Figure 7.9 in the Vaal River
mining district, could tap into the seepage water from the surrounding TSFs which are many
in the area, and transpire greater quantities of water than the grasslands and wetlands
presently in close proximity to the TSFs. Evaporation from groundwater sources, could
result in reduced water table depths and slower lateral flows into the neighbouring lands and
river systems such as the Vaal River, as it is known that the impact of the mines and the
TSFs extends far beyond their localities as a result of dust pollution and the extent of

groundwater plumes (Cogho et al., 1990; Vivier et al., 2001).

In the West Wits mining district, the spatial distribution of unstressed areas recommended
for planting E. camaldulensis and E. sideroxylon is shown in Figure 7.11. Quantitative site
characteristics for the unstressed areas, which were found to be significantly different (p <
0.05; Table 7.7) from the stressed areas, are also shown. These included groundwater
chloride concentration, electrical conductivity, pH, groundwater sulphate concentration, total

dissolved solids and the groundwater table level.

The geology in these recommended areas has been classified as Rooihoogte quartzite shale
chert breccia, Timeball Hill shale, Diabase intrusive, Timeball Hill ferruginous quartzite and
Hekpoort andesite agglomerate (Anglo Ashanti, 2005). Two land-types found in this area are
Fb15 and Fb5, described 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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Figure 7.11 A shaded selection of unstressed areas in the West Wits mining district recommended for
planting Eucalyptus camaldulensis and Eucalyptus siderxylon tree species. The graded scale
represents the maximum (light grey) and minimum (black) values of site characteristic data
representative of these unstressed areas.

Spatial patterns of unstressed trees mapped in the West Wit mining region extend across a
topographical gradient from 1400 to 1740 m. The area exhibits a much denser river network

with a higher mean annual rainfall of 651 mm compared to Welkom and Vaal River,
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indicating higher water availability during the dry season. Two resistivity surveys
undertaken on the Deelkraal farm and on the trial site just downslope from the Elandsridge
TSF in the West Wits mining district are illustrated in Figures 7.12a and 7.12b respectively.
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Figure 7.12a  Deelkraal farm resistivity 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 observed at the site.

The Deelkraal Farm Site is a very interesting site, consisting of a stand or block of E.
sideroxylon trees which extends to within approximately 10m of a little farm dam. The stand
of trees is dense, green and visually healthy along the riparian edge and at least 20m moving
upslope through the stand. However, very distinctly the trees begin to become less dense, the
canopy is open, leaf area, tree height and diameter decreases, leaf colour changes from bright
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dark green to yellow pale colour, and the trees are visually more stressed or unhealthy. The
resistivity profile was located through the stand of trees shown in Figure 7.12a. Low
resistivities from the start of the profile near the farm dam are indicative of wetter 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, as the upslope trees
become sparse and visually unhealthy, with drier surface conditions, there is also a very
distinct change in the resistivity profile. The drier conditions, possibly as a result of shallow
bedrock, are reflected in the high resistivities shown in dark brown to orange on the inverse
resistivity section. From the inverse model resistivity section 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 unhealthy trees could be a result of a change in geology in this site, deeper weathering
and more sediment deposition in the riparian zone, with the unstressed / healthy trees
accessing seepage water from the dam and groundwater. Water seepage from the dam can
also lower the resistivity significantly, especially if the water is saline. A good comparison
between unstressed / visually healthy trees seen out in the field and those predicted using the

predawn leaf water potential and GNDVI model for this area is shown in Figure 7.12a.

Figure 7.12b/...
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Figure 7.12b  Elandsridgeresistivity 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 observed downslope from the tailing 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 separates the trial
from the TSF. At the bottom of the trial approximately 20m from the last block of trees is a
wetland area. Sampling sites consisted of two blocks of E. camaldulensis trees of the same
age, illustrated as the 2" and 6" stand in Figure 7.12b. The resistivity profile is located

within the middle of the blocks and runs from the 2™ to 6™ block.
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The predominant lithology group is shale. At the top of the slope near the 2™ stand, the
medium to high resistivities are indicative of dry sand. This is underlain by weathered shale
with a low resistivity. The highly weathered shale has a high 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 grade into unweathered shale. In the
inverted section yellow/brown colours could be an indication of dry sand, blue highly
weathered clay-rich shale, and green fractured shale. The influence of contaminants from the
TSF at the top slope could affect salinity of the 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 salinity.

Salinity is commonly interpreted as the inverse 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 indication of lower 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 (6™ stand) close to the vlei or wetland indicating higher salinity and subsurface
saturated conditions. These results are supported by the significant differences in salinity
conditions identified for stressed and unstressed sites in the area (Figure 7.11), which
included groundwater chloride concentration, electrical conductivity, pH, groundwater

sulphate concentration and total dissolved solids.

Larger areas of unstressed sites were identified and are recommended for future plantings of
trees in the West Wits mining region (Figure 7.11) compared to smaller areas recommended
for Welkom and Vaal River districts. The West Wits area exhibits a much denser river
network, for trees to access water during the drier winter season. Furthermore, the changing
geological formations and groundwater saturation illustrated in the resistivity surveys
(Figure 7.12a and 7.12b) 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 salinity values are indicative of the contaminant
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flows from the TSFs, where again trees could possibly sequester contaminants in the area

and reduce lateral pollution into surrounding 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 resolution multispectral 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 section 5.3.2.3 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 data obtained 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 (using t-
tests)

e Interpolated site characteristic layers (Appendix 5) of unstressed areas, which
displayed significant differences from stressed areas, were spatially linked to trees
which were not experiencing winter-time plant water stress.

e The spatial patterns of unstressed trees have been illustrated in this chapter, as a
specific aim of this study was to correlate the spatial distribution of unstressed
trees to particular site characteristics that may be recognised and used to prioritise
sites for the establishment of future block plantings. It is noted that areas not
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 soil land-types are found in this area, Ae40 and
Dc9 land-type. In the Dankbaar sampling area in Welkom, the very 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 the “relatively” shallow groundwater and assist in containing contaminated
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 the movement of salts or pollutants to neighbouring
streams and rivers (Funke, 1990; Hodgson et al., 2001; Rosner et al., 2001; Naicker et al.,
2003).

In the VVaal River mining district, groundwater table levels were not significantly different in
this area, indicating 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 and the pH of the
groundwater. A majority of the unstressed sites mapped for the Vaal River mining district
extend across Bd13 and Bc23 land-types with red, yellow and greyish soils having a high
base status (ISCW, 1993), low pH (minimum 6.75) and shallow groundwater 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 West Wits 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 groundwater saturation 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 salinity values 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 is not the limiting 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 have been identified 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, which experienced 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 have 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 et al., 2001; Naicker et al., 2003; Winde 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 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 demonstrates that there has been extensive
research on the detection and measurement of plant water stress using ground-based and
remote sensing technologies. This review of commonly used ground based measurements of
plant water stress and spectral reflectance indices was used as a stepping stone to further
develop spectral plant water stress relationships for specific tree species in this research
study. The review clearly highlights that ground-based techniques are more suited for
localised measurements and for ground-truthing of remotely sensed data. The 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 potential has been identified as a key
methodology for linking remotely sensed assessments of plant water stress to actual plant
water stress in the landscape. However, in large scale remote sensing applications which
could stretch across several kilometres, practical approaches for ground truthing remote
sensing imagery are advised, such as using predawn leaf water potential measurements to

identify the extremes in plant water stress within a region.

Remote sensing research has identified several individual spectral bands and vegetation
spectral reflectance indices which have been used to detect plant water stress. The collation
of this information (section 3.2, Table 3.1) will be useful to researchers of several disciplines
who are actively applying remote sensing technologies to vegetative research. Many of these
earlier studies as shown in section 3.2, Table 3.1, have focused on broad spectral
bandwidths, and it is recommended that plant stress researchers further investigate the
potential of narrow hyperspectral bandwidths to detect and interpret patterns of plant stress.
Furthermore, the importance of the red edge, defined 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 regions 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 specialised high spectral resolution investigations to be
undertaken with reduced data volumes in a cost-effective manner. Developers of remote
sensing technologies should utilise the findings of these types of studies in order to optimise
sensor systems. Optimal hyperspectral bands which best characterise different vegetation
classes should be incorporated into multispectral systems through sensor modifications or
spectral filters. Using this approach, researchers would no longer be restricted to existing
specifications, but could tailor remote sensing model inputs to a particular application. The
ultimate goal is to move from impractical, large data volumes and expensive sensor
development towards practical low data volumes, high temporal resolution and cheaper
sensor development. Most spectral indices have been derived 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 must be evaluated against ground-truth data.

8.2 GENERAL SYNTHESIS ON VEGETATION SPECTRAL
REFLECTANCE INDICES

Vegetation spectral reflectance indices, which were previously tested using hand-held
spectral reflectance measurements (Chapter 4),were successfully applied to satellite medium
and high resolution remote sensing data (Chapter 5) and the airborne multispectral and
hyperspectral remote sensing data. The general trends identified in the use of vegetation
spectral reflectance derived from different sources of remote sensing data to detect plant

water stress included:

= Three spectral indices, viz. 695/690 (Carter, 1994), (850-710)/(850-680) (Datt, 1999)
and (710/760) (Carter, 1994), derived from the red and near-infrared regions of the
electromagnetic spectrum using leaf-level spectral reflectance data (Chapter 4), were
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) (Penuelas et al., 1997), which was designed
to capture changes in plant water content, when derived from leaf-level spectral
reflectance data, was correlated to measurements of predawn leaf water potential.
Such findings substantiate the importance of hyperspectral remote sensing research
and the use of high spectral resolution data to identify subtle relationships between
plant water content and narrow-band spectral reflectance data.

= Broadband vegetation indices, which capture changes in the visible region of the
electromagnetic spectrum and which 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
normalised difference vegetation index (NDVI), the greenness normalised difference
vegetation index (GNDVI) and the red edge normalised difference vegetation index
(RENDVI).

= Narrow-band vegetation indices which are sensitive to 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 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 data, was 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 patterns of winter-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 medium spectral resolution satellite data.

= Two individual spectral wavebands acquired using airborne multispectral remote
sensing data (Chapter 6), the green and blue band, which are sensitive to changes in
plant pigment content in the visible region of the spectrum, was related to total

carotenoid pigment content.
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= Five vegetation spectral indices, four of which are sensitive to changes in plant
pigment content ((850 — 710)/(850 — 680) (DATT, 1999), PSRI, GNDVI, NDVI),
and normalised difference water index (NDWI) which captures changes in plant
water content, performed well when applied to airborne hyperspectral remote sensing
data (Chapter 6).

= The DATT (1999) spectral reflectance model (850 — 710)/(850 — 680), when derived
from airborne remote data, was considered to be a fairly robust index, which 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, near-infrared and short-wave infrared
region of the airborne hyperspectral data.

= 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 site- and species-specific, this model should not be applied across the Vaal River
and Welkom mining districts. It is recommended future studies test this model on

other species at other sites.

8.3 CONCLUDING REMARKS

Spectral reflectance analyses undertaken consistently identified specific spectral wavelengths
which are useful as indicators of plant water stress, and could be further linked to other plant
physiological conditions. Spectral bands extracted from the visible and near-infrared regions
of the spectrum (550, 676, 680, 690, 695, 705, 710, 750, 760, 800, 900, 970 nm), including
the red-edge region defined from 690 to 740 nm, used to derive the models for mapping
spatial patterns of plant water stress in the Welkom, Vaal River and 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 globe (Curran et al.,
1990; Carter, 1993; Baret et al., 1994; Filella and Penuelas 1994; Gitelson and Merzlyak,
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1996; Lichtenthaler et al., 1996; Blackburn, 1998b; Lelong et al., 1998; Blackburn, 1999;
Gitelson et al., 2002; Clay et al. 2006; Fitzgerald et al. 2006; Blackburn 2007; Campbell et
al. 2007).

The preliminary findings that plant stress does influence the wood anatomical characteristics,
specifically radial vessel diameter, vessel frequency and wood density in E. camaldulensis,
E. sideroxylon and S. lancea were shown for the three mining districts (Appendix 6). In
general, trees experiencing 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, 1982; Zhang et al., 1988; February, 1993; February, 1994;
February et al., 1995; Lovisolo and Schubert, 1998; Naidoo et al., 2006). However, sites
which were influenced by high levels of contaminated water also displayed smaller vessel
diameters, indicating that the uptake of contaminants could affect the wood anatomy of
plants. Trees 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 including the Copenhagen Accord (2009) to support sustainable use of our
natural resources and protection of our country’s environmental assets, including sustaining
and protecting our water resources and biodiversity assets in South Africa. Considering these
global and local pressures, efforts to reduce the movement of polluted water from near
surface seepage and groundwater shallow aquifers into lands adjacent to the TSFs are
paramount. Recommendations to use tree belts to absorb and transpire greater quantities of
water than the grasslands and wetlands presently in close proximity to the TSFs could reduce

water table depths and slow lateral contaminated 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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confirms the presence of “relatively” shallow and saline groundwater sources. This would
imply that trees roots could access the “relatively” shallow groundwater even during the dry
winter season and assist in containing contaminated groundwater seeping into surrounding

lands.

Exploration of relationships between vegetation indices derived from leaf-level, satellite and
airborne spectral reflectance data and ground-based measurements used as ‘“surrogate”
measures of plant water stress revealed that several prominent and recurring spectral
reflectance indices could be applied to identify plant water stress within the Welkom, Vaal
River and West Wits mining districts. The models recommended for mapping and detecting
spatial patterns of plant water stress when using different sources of remote sensing data

include:

= Chlorophyll b DATT spectral reflectance model (section 4.3.2.3) when derived
from leaf-level spectral reflectance data, could be applied across all three mining
districts.

= Predawn leaf water potential GNDVI spectral reflectance model (section 5.3.2.3)
and predawn leaf water potential water band index spectral reflectance model
(section 5.3.3.3) when utilising satellite multispectral and hyperspectral remote
sensing data.

= Carotenoid content green band spectral reflectance model (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 and hyperspectral resolution data.

It is evident from the proposed models that chlorophyll content, carotenoid content and
predawn leaf water potential are important “surrogate” measures of plant water stress for the
three species E. camaldulensis, E. siderxylon and S. lancea investigated in the Welkom, Vaal

River and West Wits mining districts.
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It is also recommended that future studies test the model derived between predawn leaf water
potential and the water band index, which achieved the highest adjusted R? value (90.5%)
when using hyperspectral satellite imagery obtained for the West 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 density) in E.
camaldulensis, E. sideroxylon and S. lancea trees in the three mining districts (Appendix 6).
Therefore, it is also recommended that a more rigorous approach, using simple wood coring
technologies, could be developed to improve our understanding of long-term manifestations
of water and contaminant stress on wood anatomy of plants without compromising on

biomass production.

This study has clearly demonstrated the potential of using remote sensing technologies
together with ground-based measurements to detect winter-time plant stress in E.
camaldulensis, E. sideroxylon and S. lancea trees in the Welkom, Vaal River and West Wits
mining districts. Such methodologies could be easily transferred to other industries 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 spatial patterns 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 companies, such are AngloGold Ashanti together
with government line departments such as Department of Agriculture, Forestry and Fisheries
(DAFF) and Department Water and Environmental Affairs (DWEA), use information
generated from such studies to support the development of catchment or site monitoring
tools which can be used to assess the water use within a catchment on a regular time-step,
and which can assist water and mine managers when making decisions regarding the water
resources within catchments. More specifically, such operational tools could then be used to

illustrate the “spatial” benefits of programmes such as the Mines Woodlands Project.
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APPENDIX 1:
REVIEW PAPER
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Review of commonly used remote sensing and ground-based
technologies to measure plant water stress
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plazt water strass. Measorements at predewn diectly avaluabe
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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

Page 228




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

Tale 1

Soma milestonss In the historical development of undarstanding of vegsetation spactral refisctance
characterigtics In spacific reglons of the slectromagnatic spactrum

Reglon of thes cpaairum Yegestation cpeotral reflactancs charaosisriciics Awthoris)
W%, HIR and MR Fig , cellulis strucnise smd waler conent of leaves L5 {1977}
1 550 12 1 750 fin Corgelation of MIE reflectance io leaf water (oalents Tuckei {1985
SWIR {1 40010 T 500 i) Eeflectanze is infuesced by hguid waser o plast lssus Tucksr (19809
Ceocato et al, {2001}
VIS Chasages in fed, greed iid bloe reBzotinge dus oo chilonogl s Mugths | 1982)
detenoraton
Fed Edge Wovement of ved edge fowards shorier wavelesg s during sesescencs | Collins e ol (19E3)
of #lress induzed chlorosis Eock et al. (1588);
Sliiom aiwd Woust {1985
Fed Edge Fed edge defined From S50 10 T80 s i8 also sznsibive o chloroplsll Huoiler e al. {1583}
conlent Curran etal. (15540
BlackBurn {1999
Red Wavelzngihs Drsipdac ezt i the slope of the red wavelesprhs wowands longss wave- | Horler et al. {1583

lengths as chlotophyl coment i ncreses

Thezimatic Band 5i0 T
{1 550 b 1 750 nim and
2 080 o 2 350 aa)

Batio of Bad 5 to 7 leghdy corpelased welth water compem of solls asd
vegetation

Welusichk el Felletier (1586, 1998)

V15 and KIK Estimated chioropbyll o, & and dotal capseenoid conlent using equations | Lichesnthaler (1987)
and specifie extinotion coeflcizals
Red Edge Isscicase i the relative proposiics of chlorophyll o will resedi s move- | Cheyod and Blaret (1988

ment of red edge wwards longer wavelzngths, independent of total chilo-
roqilivil contemt and wice versa

IR (700 to 13040 g and MIE {1
000 I 00 pe)

Dietection of plast waler stvess in cak, sweeigom and conifemn

Humil and Hodk (1539

EnDaad 1 600 s

B hip betwesn the equivalet water thickaess sl
motatiie ekl inder herween refectince vlue messured at 1 600 g

sl gelleclance value secasused o 820 nm

Humil and Hook (15389

550 and 700 am Waxinmm sentivity 1o wide range of chloroplsll contents Curran etal. (15540}
Caelion and Meralyak (1554)
Lichesnihaler &2 al, (1995}
Dt {15595
Eed Edge Chlorophyll coaent of branches of 8l jene (Pinwes efliiond engein) Curran etal. (15940
predicied using red sdge
WIS {491 do 575 nan); Red (547 do Iscreased pellectance la reapoase to plaak sivess pegardlzss of ihe sivzss | Casver (L9593}
TEL g aggal
IR platean Weak waler absnrpruon feaiures 6t 1 000 ad 1 200 gon Cran (1995}
ey of the 2 waer-ab features as leaf ared index Asner [1998)
incezased
B50 nm and 1240 nm Hormalised difference waler index an an estimmaie of vegetation witer | Gran (19595)

LomnlEan

2, P00 and longer than 750 nm

Speaific wavelengihs ssnaliive o pgment venations and chleooplyl
assewament al leal level for maple and chestoul lzaves

fneelson and heralyak (15545

Eeflectance af 550 e 700 nin, and
500 and 570 am

Highly correlaned in yellow-gresn o dark green leaves

Cacclion and Meralyak (1554)

Fdaximum pefectance at T30 nin,
lirsest pefleciance bermeen 400 o
500 i,

Highly correlated in chestmt leaves

Cacclion and Meralyak (1556)

670 in 80 aay Reflectanze st €20 b 680 nim was las ersitive 0o chlorophndl o abowe 70 | Lichesnihaler e al. (1998)
mg-m? kn tobaceo leaves (Micofiona sabacwn L) Sue tosarenation of the
relanonship beiween light absorption and pigment concestration.

Vis, IR Eeflectanze ol wavelengihs wath hagh absorpiom coefficesma abould be | Lichesmthaber e al. (1996)
mowe seRsitive b low concentrations of chloroplyll o, wihile spectral HlackBurn {1959)
regeons with low absorpilon should B mons sensitbs to higher chlone-
byl concenirations

520, 700 and 750 ain Thee relectance bedices (B B md B_J R Jwere idestilisd as Licheznthaler 2 al, {1995}
haviing sereng binear relatonshijs with tnel chlophyll concestration | Crrelson and Meralyak (1596)
af the leaf soale i horse chestmo (descalas hippocastasm L) and Carelson o al. (200
Farway magle (doer ploemoide: L) laves Blackburn {1999

SWIR (1530 sl 1720 nin} Eeflectance is infuesced by hquid waser in plast lissue gnd can be wsed | Footry aad Bavet {1957)

a5 g etmabe for wegetation waber conlent
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VIS, MK, SWIR Waruability s tissue aptical properties s wavelength Szpendeit A {19983
Civeen feliags bowest variason in V15, bighest KIE
Staading Bier nom i VES and NI, lghest m SWIR
Wiondy sless lowest vasiation in SWIE highsst ia KIR

1 T8 i, 2 00D s, 2 3040 i Feanises gssiiited with Hgnin and other organ comgounds A {199

E50, 35, and 470 nm

Coagentrations of dloeaplyll a Cdoroplyll B, sl carctensids wene
bt corelated with reflectance badices (R, B, and B}, respece
sively in the leaves of 4 decidoous tree species an didferent stapes of
SENZELEniE

Blacklvem (1958)

76 and E1D nin

Chleroplyll 2 sl chlorophyl]l & concentrations were strongly conrdated
with refiectance index () in the visible wavelesarhs and reflectince
imdex I'F:mj i the near-advirsd on bracken (Preridiom ageilin)
casnpees. Possible correlation (o casopy strociural developoent which
Bies o rect dafusscs o near-anlered rell solemce.

Blackvam (19580

TED b B30 nin, 530 and THD nin

Higher reflectance vilues betwesn T40 0o 820 nim; and moe pro-
anunzed maximom dope betwesn S50 and 760 nm (red edge) i relared
o wegetation with healthier green leaf development, .2, higher hinmmass
and leaf area index

Lelong etal. (1954
Tazquemond (1953

Baret and Jacquemonsd (15543
Baret et al (1994)

Fidella and Pesuslas (1594)

Red and NIR

Relation heiween water Sebiciency (strems) io spectral featunes bn the
T80 i B30 mim and ped edgs range i whear

Lelong etal. [155)

Red Edge

The figst devivative of preudoabscsbanze, 5{log L Hellzotince), was
Bighly correlated wath canopy pigment conceatration pee wl ansa s
the red edge region. Canopy and leaf scale comoenivations per usit miss
of uhdoropluyll ., cidosopluyll &, el carotesoids were strongly relabed
o B{Log LRefectance) and the second derivative of pseudnahsnriance
{00 Lig | Relecance), but different wavelengihs weee optimal a1 cach
seale.

Blazktvems (1999

WIS

Moderately corrslated o choeoplyll con i

Blackvamm (1959

WIS {Gveenl and MIE

Batho sk s highly correlated 1 chloroplnll conceiliaton

Blazklvems (1999

Red Edge

Wanvelesgrh position of red edge related to chloroplyll concealration,
and charactertatics of the smplitnde of the 1* and 2 derivatives of
reflectance and paeudn absorhance were more steasgly cornelated with
clibornpiyll

Black vara (1999

Red, MIH
(R0 mem, 700w, 380 nm}

Vegelaton indices wsed 1o predt chlonophn] comem of cucalvpe vegs
elation o the bead and crows scale

Dart {1999)

250, 710 and ERD ass

350, 70 and 80 s wavelengihi peoduced the baghea corrdations
welih lead chloropdnd] comtemi

Dart {1995

Hed Edge Wirh decreasing chlorophnll content, senzscence of steessed duzed | Stone et al. (2000} Bock et al.
chboroms the red edge moves to shormer waveleagths, and i Sue i a {19ED)
peducsion i the depth and breads of the chlosoplyll ahsorption fare | Dan (1999

VIS5, NIR Helancnships Betwesn apectral rebeonance peopertics of Svcahpius | Shome el al. [2001)

wegetation and a rasge of pliviclogse d and monphological parametenn.
Resulty indscate 2 abaft of red edpe tvovands dhorter wavelangtha wity

dezigindg chlorophnll coatent.

S0 and 570 aes

Waser bnsdet i derived from the o between reflectance measured at
SU4) e el 970 nm and wsed &8 a measure of plant waler conlest

Champages tal (2003)

HIK, Red Edgs Cancgy level apeotral aad thermal sstmation of water stais and satro- | Fitzgerald oo al. (2006)
g content using spectral and thermal indices
MIH and VIS Dlegree of wates siress stroagly correlaied o spectral bands from VIS | De Tareg al. (2006)
aind MIR reghons viz 636, E11, 360, 250 binds wsiag lwgerspectra and
milispectral dale
Theemial Bussls Dletection of wiler stress using thermal remote seasing imigery Sepulcre=Cantd et al. (2006)
HIK and 5WIR Tndices formulaced froen the weaker BMIR laquid water absorphion Basds | Hasris cc el (2006)
(80 and 1200) are Hngar in response to mosture focnstions, and e
seronghy coovslased to ol ogical measunes, Could b wed b eati-
miaizs nzar-surface and susface wetness at ihe landscape scade.
Hed Edge Dietectson of planl water stress using wiveleras meolaed with red | Clay et al. (2006)
el Blazklvers [2007)

Cannpiell st all (20T

FIZ = Vinible; NIR

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,
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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
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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
LEEN 03TR-4733 (Print ) = Waner 24 %l 35 Mo, 5 Ociober 20049
[E5H 1ELG=T950{Uheling) = Water 24 %l 35 Mo, 5 Ociober 20049

Page 232




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

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
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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
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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
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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 GROUND-BASED 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, lamps, spot 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 regulator should be set to exhaust during setup. This regulator closes clockwise and
opens anti-clockwise.

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 rubber bung with prestik. Place in chamber.
Replace the chamber and ensure it is properly fastened. During measurement, if a noise is
created from air escaping, this indicates that there is a leak in the seal between the leaf stalk
and the prestik around the rubber bung. If this is the case, the procedure should be re-started
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 allows air into the 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.
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B. Analytical measurement of leaf chlorophyll pigment content

Collection of leaf samples:

1.

In preparation for the field sampling, ensure that a cooler box with sufficient ice packs and
ice is on-hand to keep leaf samples frozen.

Label zip-lock plastic bags using a permanent 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 to ensure that 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 transferred from cooler box into a

deep-freezer and are kept frozen until laboratory analysis.

Laboratory analysis:

10.
11.

In the laboratory ensure minimal unnatural light and draw blinds if necessary.

Using a sharp pair of scissors, cut 2 to 3 leaves into fine pieces.

Clean, dry and label 25 centrifuge test tubes representing 5 samples of 5 replications each.
Place test tube into 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% methanol to each sample using a bottle dispenser.

Dissolve leaf sample in methanol using an ultra 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 speed 6 for 8 minute.

Using a finette pipette dispense 2ml of supernatant from each centrifuged test tube into
cuvette. Dilute with 2ml of methanol.

Read the samples through a spectrophotometer calibrated at 665.2 nm, 652.4 nm and 470 nm.
Relative pigment contents can be estimated using the equations developed by Lichtenthaler
(1987):
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Chlorophylla =16.72 €.665.2 3-9.16 €.652.4
ChlorophylIb =34.09 €.652.4 3-15.28 €.665.2
Chlorophylla+b =1.44€.665.2 3-24.93@.652.4_

€000+ A470-1.63 Ehlorophyl1a 1104.96 Fhlorophyl b ]
221

Carotenoidx+c¢ =

C. Leaf chlorophyll fluorescence measurements using fluorescence meter

1. 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. Connect the PAR clip cable to
the fluorescence meter accessory jack.

2. 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
connector) and (bottom right saturation connector and left small trigger connector).

3. Power the fluorescence meter on only when all components are connected properly.

4. Use the selection wheel on front panel to navigate between the available measurement
options.

5. Set 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.

6. Set the run data screen model to auto-log and ensure that the number of samples and the file
number is 1 when starting measurements.

7. 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.

8. Always press the ‘measure’ tab using the option on the front panel rather than the trigger
switch on the PAR clip, as the trigger switch is quite sensitive and sometimes does not work.

9. Only up to 25 readings can be stored on the fluorescence meter before the internal program
begins to 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 data.

10. In order to export data to floppy disc all files must be ‘tagged’ using the tag option and then
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 each evening. 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 tied up lightly to
prevent moisture loss.

To obtain a representative sample, collect leaves from midway and upper regions of the tree.
Set up a field scale and labelled specimen containers.

Calibrate the scale using an empty specimen container.

Prepare 5 replicates for 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 into specimen 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 material is lost.

Setup scale and appropriately labelled small 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 from specimen 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 opening 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 at 60 degrees

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 terms: Constant + Datt + Species + Datt.Species
Summary of analysis

Source d.f. S.S. m.s. A F pr.
Regression 5 37.99 7.5985 3434  <.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) tpr.
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
Species Searsia lancea -1.90 1.16 -1.63 0.107
Datt.Species E_sider -4.31 2.25 -1.92 0.059
Datt.Species Searsia lancea 3.80 1.62 2.35 0.022
Parameters for factors are differences compared with the reference level:

Factor Reference level

Species E_camal

Chapter 5 (Section 5.3.3.3) Selection of the best model when using the Hyperion data

Regression analysis

Response variate: PLWP_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 of observations is estimated to be 0.564.
Estimates of parameters

Parameter estimate s.e. t(18) tpr.
Constant 20.97 1.68 1251 <.001
WBI -22.77 1.69 -13.49  <.001

Chapter 5 (Section 5.3.3.3) Selection of the best model when using the Proba Chris data
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Regression analysis

Response variate: PLWP

Fitted terms: Constant + GNDVI + Species + GNDVI.Species + District + GNDVI.District
Summary of analysis

Source d.f. S.S. m.s. A 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 -60.29 443 -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 6.3.1.3) Selection of the best model when using the multispectral airborne

imagery

Regression analysis
Response variate: Cxc_J2005

Fitted terms: Constant + GREEN + District + Species + GREEN.Species + GREEN.District

Summary of analysis

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 of parameters

Parameter estimate s.e. t(65) tpr.
Constant 2.262 0.474 4.78 <.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 2.28 0.026
Species E_sider -4.70 1.60 -2.94  0.005
Species Searsia lancea 0.083 0.435 0.19 0.850
GREEN.Species E_sider 0.0672 0.0246 2.73  0.008
GREEN.Species Searsia lancea -0.00315 0.00648 -049  0.628
GREEN.District Welkom 0.00792 0.00858 092 0.359
GREEN.District West Wits -0.0156 0.0100 -155  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 (Section 6.3.2.3) Selection of the best model when using the hyperspectral airborne
imagery

Regression analysis

Response variate: PLWP

Fitted terms: Constant + NDWI + District + Species + NDWI.Species
Summary of analysis

Source d.f. S.S. m.s. A F pr.
Regression 7 64.52 9.2177 34.96 <.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) tpr.
Constant 2.43 1.60 152  0.134
NDWI -3.15 1.42 -222  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
Species Searsia lancea 0.740 0.237 3.12 0.003
NDWI.Species E_sider 27.60 2.68 10.31  <.001
NDWI.Species Searsia lancea -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 bho2 -27.98600952 | 26.52464388
Welkom bh93 -27.98652955 | 26.52633130
Welkom bh94 -27.98327699 | 26.54610434
Welkom bh95 -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 VrmO7 -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 MBHS8 -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 interpolated groundwater table level 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 bh94 -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 MB04 -26.42003194 | 27.37186118
West Wits MBO03 -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 Al Interpolated surfaces of average soil depth and chloride concentrations in the Welkom

mining district.

Page 250



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

26483516 26501394 26519272 26537150 264555028 26572906 Interpolated surfaces used to characterise
1 1 1 1

unstressed sites in Welkom

27 924356
27924356

@ Hydrochemistry sample points
[ ]tailingsdams
Electrical conductivity msicm
Value
High : 3682.83

27943107
27943107

27961858

-27 961858

Low : 54.7801

-27 930609
1
T
27980609

-27 999360
1
T
27999360

28018111
28018111

26483516 26501394 26519272 26537150 26555028 26572906

B 26433516 26501394 26519272 26537150 26555028 26572006
1 1 1 1

27 924
27924356

@

PH
Value

27 943107
@
27943107

High : 8.68326

27961858
@
27961858

Low : 7.75617

27 930609
1
T
27930609

T
27999360

-27 999360

28013111
28018111

26483516 26501394 26519272 2537150 26555028  2p572906

Figure A2 Interpolated surfaces of electrical conductivity and pH in the Welkom mining district.
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Figure A3 Interpolated surfaces of sulphate concentrations and total dissolved solids in the Welkom

mining district.
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Figure A4 Interpolated surfaces of topsoil clay (%) and groundwater table level in the Welkom

mining district.
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Figure A5 Interpolated surfaces of electrical conductivity and pH in the Vaal River mining district.

Page 254




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

26530174 266098052 26715930 26733808 2751686  2p760564 26787442 Interpolated surfaces used to characterise
unstressed sites in Vaal River
g g Average % clay in topsoil
Value
High : 26

26930553
26930553

Low:7

+
8
¢
X
@
o

26949304

@ Hydrochemistry Sample Points
[ ]tailingsdams

26965055
26968055

26936306
26936306

27 005557
7005557

=2

26580174 26598052 26715930 26733808 26751686 26769564 2678744

26620174 26598052 26715930
1

B Groundwater level sample points
Water level m
Value

26930553
26930553

High : 6.37473

. Low : 2.95783

g g
P L P 0051 2 3 4
¥ ¥ o —— KT
&
26580174 26 139'8 052 26715930
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Figure A7 Interpolated surfaces of chloride concentrations and electrical conductivity in the West
Wits mining district.
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Figure A8 Interpolated surfaces of pH and sulphate concentrations in the West Wits mining district.
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APPENDIX 6:
DIFFERENCES IN XYLEM VESSEL
CHARACTERISTICS AND WOOD DENSITY
RESULTING FROM PLANT STRESS

ABSTRACT

The aim of this preliminary study was to evaluate whether differences in wood anatomy
characteristics, such as xylem vessel diameter, vessel frequency and wood density, could be

used as non-destructive measures for identifying trees experiencing plant stress.

Seventy two wood core samples were extracted and analysed from two forestry species,
Eucalyptus camaldulensis and E. sideroxylon, and the indigenous Searsia lancea in Welkom,
Vaal River and West Wits mining districts. A predawn leaf water potential of -0.8 MPa was
used as a benchmark to separate stressed from unstressed trees. Relative differences in radial

vessel diameter, vessel frequency and wood density were examined.

Comparisons of the radial vessel diameter and vessel frequency measurements revealed
significant differences in three of the five comparative sampling sites (p <0.05). Density
analyses were significantly different for all five comparative sampling sites (p <0.01).In
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 water also displayed smaller vessel diameters, indicating that uptake of
contaminants could affect the wood anatomy of plants. Trees considered to be experiencing

higher plant water stress displayed higher vessel frequency.
The primary conclusion was that plant stress does influence the wood anatomical
characteristics (radial wvessel diameter, vessel frequency and wood density) in E.

camaldulensis, E. sideroxylon and S. lancea in the three mining districts.

Keywords: plant stress, radial vessel diameter, vessel frequency, wood density
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INTRODUCTION

Variations in the wood anatomical characteristics and the structure of trees result from a
complex web of plant physiological interactions and environmental forcing functions
(Downes et al., 2002). Several studies have revealed relationships between wood anatomical
characteristics and environmental forcing factors such as temperature and rainfall (Lovisolo
and Schubert, 1998; Zimmermann, 1983; February et al., 1995; Thomas et al., 2004; Naidoo
et al., 2006). It is therefore useful to know how trees respond to the various individual
contributing factors that result from varying environmental conditions, including water stress

and environmental pollution.

Studies have indicated that plant stress resulting from varying levels of environmental
contamination and water availability may manifest in plants as differences in xylem vessel
size, vessel frequency and wood density characteristics (Lovisolo and Schubert, 1998;
Zimmermann, 1983; Zhang et al., 1988; February, 1993; 1994; February et al., 1995;
Thomas et al., 2004; Naidoo et al., 2006). In the gold and uranium mining regions of South
Africa, environmental hazards resulting from the storage of high pulverised rock waste in
tailings storage facilities contribute towards contamination and pollution of the environment
(Van As, 1992; Straker et al., 2007).

The degradation of the environment and surrounding lands spreads far beyond these waste
deposits and tailing storage facilities, with erosion and acid mine drainage from tailing
storage facilities having severe impacts on nutrient cycling in polluted soils (Witkowski and
Weiersbye, 1998b; Weiersbye et al., 2006). Research has shown that xylem vessel diameters
increase, while vessel frequencies decrease with increases in available water (Zhang et al.,
1988, February, 1993; 1994; February et al., 1995; Naidoo et al., 2006). Furthermore, it has
also been shown through tree ring analysis that transition metals and metalloids are taken up
and manifested in the anatomy of trees (Watmough, 1999; Edmands et al., 2001; Padilla and
Anderson, 2002; Yu et al., 2007).
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This study presented a unique opportunity to examine the xylem anatomical responses in
plants attributed to water or contaminant stress in mining environments. Relative differences
in xylem vessel diameter, vessel frequency and wood density attributed to plant stress were
identified in wood cores extracted from Eucalyptus camaldulensis, Eucalyptus sideroxylon
and Searsia lancea in Welkom, Vaal River and West Wits gold mining districts. This
preliminary research study may usefully contribute towards a more rigorous approach to
developing quantitative wood anatomy as a non-destructive tool for identifying trees which

are experiencing plant stress.

MATERIALS AND METHODS

This study was conducted during winter in July 2004. Seventy two wood core samples were
extracted from two forestry species, Eucalyptus camaldulensis and Eucalyptus sideroxylon,
and the indigenous Searsia lancea in Welkom, Vaal River and West Wits mining districts.
Trees sampled were selected from comparative sampling sites reported on in Chapters 4 to 6.
Table B.1 provides a descriptive summary of the sampling sites including the mining district
and species sampled, their geographical location, local soils and geology and a classification

of stressed and unstressed sites.
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Table B.1  Description of the comparative wood core sampling sites classified according to predawn leaf water potential.
Site classification
Mm".]g Tre_e Site Geogr_a bl Site Description Soil Description Geology R
District | Species Code Coordinates predawn leaf water
(dd) potential (MPa)
VR SL RLVR1 -26.92301; Sampled on a slightly raised topography near a mine | Glenrosa and/or Mispah forms (other soils Dolomite/ stressed
26.69820 dump; lower contaminant levels and total dissolved may occur), mesotrophic, lime rare or Quartzite (-1.07)
solids. absent in the entire landscape, average soil
depth 421.7 mm.
VR SL RLVR2 -26.93418; Approximately 1 km southwards from RLVR1, Glenrosa and/or Mispah forms (other soils Dolomite stressed
26.69592 between two tailing storage facilities, higher total may occur), mesotrophic, lime rare or (-1.18)
dissolved solids, higher water availability due to absent in the entire landscape, average soil
seepage from the two tailing storage facilities depth 421.7 mm.
VR EC ECVR1 -26.99288; Sampled near a tailing storage facility deep Plinthic catena: dystrophic and/or Dolomite stressed
26.78289 groundwater table ~ 20m. mesotrophic; red soils not widespread, (-0.93)
upland duplex and margalitic soils rare,
average soil depth 918.1 mm.
VR EC ECVR2 -26.99332; high water availability, located within a water Glenrosa and/or Mispah forms (other soils Dolomite unstressed
26.78250 channel which flows parallel to the tailing storage may occur),eutrophic, lime rare or absent in (-0.57)
facility. the entire landscape, average soil depth
421.7 mm.
VR EC ECVR3 -26.92922; Approximately 200 m from the edge of the Western Plinthic catena: eutrophic; red soils not Andesite stressed
26.68182 Complex tailing storage facility, a cluster of young E. | widespread, upland duplex and margalitic (-0.96)
camaldulensis trees which appeared to be visually soils rare, average soil depth 387 mm.
unhealthy showing signs of reduced biomass,
reduced tree height and yellow to brown leaf colour.
VR EC ECVR4 -26.92970; Close to tailing storage facility20 m northwards from | Plinthic catena: eutrophic; red soils not Andesite unstressed
26.62100 site ECVR3, clump of green healthy trees. widespread, upland duplex and margalitic (-0.68)

soils rare, average soil depth 387 mm.
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Site classification

N!m".]g Tre_e Site Geogrg Bl Site Description Soil Description Geology e
District | Species Code Coordinates predawn leaf water
(dd) potential (MPa)
Www ES ESWW1 -26.43899; Extreme opposite direction of ESWW?2 within the Glenrosa and/or Mispah forms (other soils Shale stressed
27.33024 stand, Thinner trees, less dense and visually may occur), non calcarious, lime rare or -1.78
unhealthy, lower water availability. absent in upland soils but generally present
in low-lying soils, average soil depth 503
mm.
WwW ES ESWW2 -26.43969; Stand of dense, green and visually healthy trees along | Glenrosa and/or Mispah forms (other soils Shale stressed
27.32871 the riparian edge, approximately 10m from farm may occur), non calcarious, lime rare or -0.95
dam, high water availability, shallow groundwater absent in upland soils but generally present
table <~ 5m. in low- lying soils, average soil depth 503
mm.
w SL RLW1 -27.96695; Approximately 100 m from the edge of the Dankbaar | Prismacutanic and/or pedocutanic Shale stressed
26.55075 Pan, located on cattle farmland, trees high water diagnostic horizons dominant. Non -1.31
availability, very flat area, groundwater reported to calcarious. In addition, one or more of:
have high electrical conductivity levels influenced by | vertic, melanic, red structure diagnostic
drainage pathways from the pan. horizon, average soil depth 748.3 mm
W SL RLW2 -28.03361; Approximately 20 km away from the pan on an Red-yellow apedal, freely drained soils; red, Shale stressed
26.51199 agricultural farm. eutrophic, high base status, >300 mm deep -1.37

(no dunes), average soil depth 1245.4 mm.

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

EC = E. camaldulensis; ES = E. sideroxylon; RL = S. lancea
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In the field, five replicate trees were sampled at breast height on comparative sites in each of
the three mining districts. Wood cores were extracted, sealed in plastic zip-lock bags, and
then analysed for xylem vessel diameter, vessel frequency and wood density. Some of the
very dry cores broke into fragments and were consequently excluded from the analysis.
During this survey, predawn leaf water potential measurements were used to classify
stressed and unstressed sites, were a value of -0.8 MPa was used as a benchmark to separate
stressed from unstressed trees (Cleary and Zaerr, 1984). The comparative sampling sites

were also provided with a unique code to facilitate comparative analyses.

At the CSIR Forestry and Forests Products laboratory, radial strips of uniform thickness
were cut from the wood cores using a twin-blade saw and stored at a constant temperature of
24°C and 65% relative humidity. Strips were scanned at 0.5 mm intervals in a radial-
longitudinal face from pith-to-bark using a gamma-ray densitometer, which was custom
made in South Africa (1997), to determine the density profile. Pith-to-bark radial strips used
for density measurements were then cut in transverse sections (25 um) using a Leica base
sledge microtome (Germany). Sections were mounted in ethanol on a glass slide and
examined using a Leica fluorescent microscope (Germany). Measurements of radial vessel
diameter (in mm) and vessel frequency were determined from pith-to-bark under 50x
magnification with exposed window of 2 mm in radial direction and 0.5 mm in tangential

direction (1 mm square) using image analysis software (Leica Qwin, Germany).

Statistical analyses of the radial vessel diameter, vessel frequency and wood density of the
comparative sampling sites were undertaken using STATISTICA version 5.5 (1999). Means
and standard deviations of the sites were derived, and significant differences between sites

were determined using the t-test.

RESULTS

Comparisons between radial vessel diameter, vessel frequency and density measurements
were undertaken to detect any significant differences between the five comparative sampling

sites. The means and standard deviations for each sampling site and statistical tests for
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significant differences are shown in Table B.2. The mean radial vessel diameter
measurements ranged from 49.31 um for the E. camaldulensis site sampled close to the
Western Complex TSF in Vaal River (ECVR3) to 88.80um for the E. camaldulensis site
sampled near Mispah TSF in Vaal River (ECVR1). The mean vessel frequency
measurements ranged from 10.78 for ECVRL1 to 19.51 for S. lancea sampled on farmland in
Welkom (RLW?2). The lowest density measurements were obtained for E. camaldulensis
trees sampled in a water channel near the Mispah TSF in Vaal River (ECVR2), while the
highest density measurements were obtained for E. sideroxylon trees sampled in West Wits
(ESWW1).

Significant differences between the means of each comparative sampling site were assessed
using a t-test (Table B.2). Comparison of the radial vessel diameter measurements revealed
significant differences between three of the five comparative sampling sites. The results
indicated that there were no significant differences in radial vessel diameter for the sites
RLVR1 and RLVR2 (t = 0.28, 74df, P = 0.777) and ECVR1 and ECVR2 (t = -1.47, 63df, P
= 0.146). Vessel frequency measurements revealed that there were also no significant
differences between sites RLVR1 and RLVR2 (t = -0.38, 74df, P 0.708) and ECVR3 and
ECVR4 (t = -1.36, 74df, P = 0.178). However, the results of the density analyses were

significantly different for all five comparative sampling sites.
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Table B.2  Means and standard deviations of xylem vessel and density characteristics measured from the five comparative sampling sites.
. Summary Site Site Site Site Site Site Site Site Site Site
Variable | o tistics | RLVRL | RLVR2 | T | Ecvri | Ecvr2 | Tt | Ecvrs | Ecvra | Tt | Eswwi | Eswwz | TS | Riwa | Rowz | FES
Radial' Mean 6228 | 6277 | t=o028 | 8880 | 8439 | t=-147 | 4931 | 6624 |t=-1035| 59.95 | 6650 | t=-265 | 5353 | 60.41 | t=382
d;;e:feier 74df 63df 53df 74df 47df
S arill P=0777 P =0.146 P < 0.001 P =0.010 P < 0.001
(pum) e 7.76 6.99 1553 | 9.99 4.34 9.09 12.31 8.98 1039 | 3.92
Deviation
Vessel Mean 1789 | 1753 | t=-038 | 1078 | 1215 | t=238 | 1308 | 1432 | t=-136 | 1531 1314 | t=232 | 1553 | 1951 | t=288
frequency 74df 59df 74df 58df 43df
mm? | Standard P =0.708 P = 0.020 P=0178 P =0024 P = 0.006
aa 4.24 4.08 3.05 1.77 433 354 4.98 2.84 818 | 245
Deviation
Sensit Mean 0.8454 | 0.8690 | t=747 | 0.7233 | 0.6675 | t=-10.58 | 0.7621 | 0.7803 | t=-312 | 0.8729 | 0.8032 | t=12.94 | 0.8342 | 08179 | t=-291
( e:;]'%’ 92df 73df 80df 83df 75df
g Standard P < 0.001 P < 0.001 P = 0.002 P < 0.001 P = 0.005
Desiation | 00133 | 0.0170 0.0311= | 0.0182 0.0222 | 0.0330 00215 | 0.0299 0.0329 | 0.0198

EC = E. camaldulensis; ES = E. sideroxylon; RL =S. lancea; W = Welkom; VR = Vaal River, WW = West Wits
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Pith to bark measurements were then compared for each comparative sampling site in order
to investigate the trends across the width of the core samples. Figure B.1 illustrates the radial
vessel diameter, vessel frequency and wood density measured from pith to bark for selected
comparative sampling sites. In general minor differences were visible between samples for
the first 7 mm measured from pith to bark, as shown in Figure B.1a, b, d and e. However,
consistently larger differences were apparent between E. camaldulensis trees (ECVR3 and
ECVR4) sampled near the Western Complex tailing storage facility in Vaal River mining
district (Figure B.1c). Figure B.lc illustrates larger mean radial vessel diameter
measurements from pith to bark at the ECVR4 site compared to ECVR3 site. Differences in
radial vessel diameter measurements were also visible between comparative sampling sites
ESWW1 and ESWW2 in West Wits, and RLW1 and RLW2 in Welkom. Radial vessel
diameters measured between 9 and 38 mm were generally larger at ESWW?2 and RLW?2 site
compared to ESWW1 and RLW1 site respectively.

Figure B.2 illustrates differences in mean vessel frequency measured from pith to bark at the
five comparative sampling sites. Differences in mean vessel frequency, measured from pith
to bark, were highly variable across the wood core samples (Figure B.2 a to d). Vessel
frequencies ranged between 5 and 40 mm™. Mean vessel frequencies were generally higher,
between 11 and 38 mm from pith to bark, at the RLW2 site when compared to RLW1
(Figure B.2e).
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Figure B.1 Radial vessel diameter measured from pith to bark for a) S. lancea at site RLVR1 and
RLVRZ2, b)_E. camaldulensis at site ECVR1 and ECVR2 and c) site ECVR3 and ECVR4 in
Vaal River, d) E. sideroxylon at site ESWW1 and ESWW2sampled in West Wits and, €) S.
lancea at site RLW1 and RLW2sampled in Welkom.
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Figure B.2 Mean vessel frequency measured from pith to bark for a) S. lancea at site RLVR1 and
RLVRZ2, b) E. camaldulensis at site ECVR1 and ECVR2 and c) site ECVR3 and ECVR4 in
Vaal River, d) E. sideroxylon at site ESWW1 and ESWW2sampled in West Wits and, €) S.
lancea at site RLW1 and RLW2sampled in Welkom.

Figure B.3 illustrates differences in density measured from pith to bark at the five
comparative sampling sites. Density measurements ranged from 0.6 to 0.95g.cm®.
Incremental measurements were generally higher at the RLVR2 site compared to RLVR1
site (Figure B.3a). Minor differences were apparent at the four remaining comparative
sampling sites, as shown in Figure B.3 b to e. In general, density measurements were less
variable across the sites when compared to mean radial vessel diameter and vessel frequency

measurements.
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Figure B.3 Density measured from pith to bark for a) S. lancea at site RLVR1 and RLVR2, b) E.
camaldulensis at site ECVR1 and ECVR2 and c) site ECVR3 and ECVR4 in Vaal River, d)
E. sideroxylon at site ESWW1 and ESWW2 sampled in West Wits and, e) S. lancea at site
RLW1 and RLW2 sampled in Welkom.

DISCUSSION

Statistical comparative analyses were undertaken for xylem vessel size, frequency and wood
density measurements for the five comparative sampling sites. Comparison of the radial

vessel diameter and vessel frequency measurements revealed significant differences in three
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of the five comparative sampling sites (p <0.05). However, the results of the density analyses

were significantly different for all five comparative sampling sites (p < 0.01).

Site RLVRL1 is characterised by S. lancea trees that were sampled on slightly raised
topography near a TSF, an area considered to have lower contaminant levels and total
dissolved solids compared to S. lancea trees sampled at Site RLVR2, approximately 1 km
southwards between two TSFs. Site RLVR2 has higher total dissolved solids and higher
water availability due to seepage from the two tailing storage facilities (Weiersbye, 2005).
Wood density measurements were found to be statistically different at the two sites (p<
0.001); while radial vessel diameter (p = 0.777) and vessel frequency (p = 0.708)

measurements were not significantly different.

At sites ECVR1 and ECVR2, E. camaldulensis trees were sampled near a TSF located in the
Vaal River mining district. Trees sampled at Site ECVR2 were located within a water
channel which flows parallel to the tailing storage facility. Vessel frequency measurements
were significantly different (p = 0.020) between the two sites, with lower frequency
measurements obtained at ECVR1 compared to ECVR2 site. Wood density measurements
were also significantly different (p < 0.001), with lower values obtained at the ECVR?2 site,
where trees were sampled in a water channel. Radial vessel diameter measurements were not
significantly different at the two sites (p = 0.146). Differences in vessel frequency and wood
density could imply differences in wood anatomy characteristics resulting from contaminant

up-take from the water channel.

At sites ECVR3 and ECVR4, E. camaldulensis trees were also sampled approximately 200
m from the edge of the Western Complex TSF located in Vaal River. Site ECVR3 was
characterised by a cluster of young E. camaldulensis trees which appeared to be visually
unhealthy, showing signs of reduced biomass, reduced tree height and yellow to brown leaf
colour. Approximately 20 m northwards lay Site ECVR4 consisting of a clump of healthier,
young green E. camaldulensis trees. In general, the mean radial vessel diameter, vessel
frequency and wood density measurements were higher at ECVR4 site compared to ECVR3
site. However, significant differences were determined between radial vessel diameter (p <

0.001) and wood density (p = 0.002) measurements. Differences between vessel frequency
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measurements were smaller and were not significant (p = 0.178; mean difference = 1.24 mm’

2).

Sites ESWW1 and ESWW?2 consisted of a stand of E. sideroxylon trees, which were situated
approximately 10 m from a small dam on the Deelkraal Farm in the West Wits mining
district. The stand of trees could be characterised as being dense, green and visually healthy
along the riparian edge, but at least 20 m ahead, the trees began to thin, became less dense
and were visually more stressed or unhealthy. The ESWW?2 site was located along the
riparian edge and the ESWWL1 site at least 20 m ahead within the stand. Radial vessel
diameter measurements were generally larger in trees sampled along the riparian edge (Site
ESWW2) compared to trees sampled away from the farm dam (Site ESWW1) (p = 0.010).
Vessel frequency (p = 0.024) and wood density (p <0.001) measurements were significantly
higher in the more stressed trees sampled within the stand (Site ESWW1) compared to the
trees sampled along the riparian edge (Site ESWW?2).

Site RLW1 was characterised by S. lancea trees located approximately 100 m from the edge
of Dankbaar Pan, which is located on cattle and agricultural farmland within the Welkom
mining district. This area is very flat and the groundwater is reported to have high electrical
conductivity levels influenced by drainage pathways from the pan itself (I. Weiersbye, 2004
pers comm.). The comparative Site RLW2 was selected approximately 20 km away from the
pan on an agricultural farm. A trend of larger radial vessel diameters and vessel frequencies
was observed in trees sampled on the agricultural farmland (Site RLW2) compared to trees
sampled near the pan (Site RLW1). In contrast, the mean wood density measured in trees
near the pan (Site RLW1) was greater compared to trees sampled on the agricultural
farmland (Site RLW2). Radial vessel diameter (p = < 0.001) and vessel frequency (p =
0.006) and wood density (p = 0.005) measurements were significantly different at the two

sites.

In general, trees experiencing higher plant water stress displayed smaller vessel diameters
(Site ECVRS, Site ESWW!1), compared to less stressed or healthy trees (Site ECVR4, Site
ESWW?2). These results are in accordance with studies which indicated that water stress in

plants induces a decrease in xylem vessel diameters (Zimmerman and Milburn, 1982; Zhang
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et al., 1988; February, 1993; 1994; February et al., 1995; Lovisolo and Schubert, 1998;
Naidoo et al., 2006). However, sites which were influenced by high levels of contaminated
water (ECVR2, RLW1) also displayed smaller vessel diameters, indicating that the uptake of
contaminants could affect the wood anatomy of plants. Trees considered to be experiencing
higher plant water stress displayed higher vessel frequency (Site ESWW1, Site RLW2).

Incremental pith to bark measurements of radial vessel diameter, vessel frequency and wood
density for each comparative sampling site clearly illustrated differences in the wood
anatomy of each comparative sampling site. Consistently larger radial vessel diameter values
were obtained for each segment measured from pith to bark at Site ECVR4 when compared
to ECVR3; in contrast to larger wood density values obtained at Site ESWW1 when
compared to ESWW2. Greater variability in vessel frequency measurements were observed,
while less variability in the wood density measurements from pith to bark between sites were

found.

CONCLUSION

It can be concluded from this preliminary study that plant stress does influence the wood
anatomical characteristics (radial vessel diameter, vessel frequency and wood density) in E.
camaldulensis, E. sideroxylon and S. lancea in the three mining districts. However, more
detailed plant physiological studies are required to improve our understanding of long-term
manifestations of water stress on wood anatomy of plants. This preliminary study
highlighted the potential for using simple techniques to obtain wood cores to investigate
wood anatomy of trees. A more rigorous approach should be adopted for developing a tool
for identifying trees which are experiencing plant stress without compromising on biomass

of the trees.
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