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Assessing leaf spectral properties of Phragmites

Assessing leaf spectral properties of
Phragmites australis impacted by acid
mine drainage
The decanting of acid mine drainage (AMD) from the Western Basin on the Witwatersrand in late 2010 raised
concerns about AMD risks in other gold, coal and copper mining areas of South Africa. Field spectroscopy
and the use of vegetation indices could offer an affordable and easy means of monitoring the impact of mine
water and/or AMD on vegetation. The impact of raw and treated mine water or contaminated soil on wetland
vegetation often manifests in growth inhibition and reduction of foliar pigments and nutrient levels. Surveying
the impact on wetland vegetation or underlying soils can be difficult and expensive considering the cost of
laboratory analysis of samples. The potential of field spectroscopy for detecting the impact of mine water on
wetland vegetation was examined by assessing (1) whether there was a significant difference in leaf spectra
between sites receiving mine water and a non-impacted control site and (2) whether there was a gradation of
vegetation condition downstream from the decanting site. Two vegetation indices were derived from portable
field spectrometer-measured spectra of five green leaves of Phragmites australis – the chlorophyll red edge
position (REP) and the normalised difference vegetation index (NDVI) – for two dormant (winter) and peak
growth (summer) seasons in 2011–2012. Mean REP and NDVI values were significantly (p<0.05) lower for
affected sites compared to the control site for both seasons and years. The range of REP values for young
green leaves in winter for affected sites was 695–720 nm compared to the narrower range of 705–721 nm
for the control site. The mean REP values for young green leaves in winter was 708 nm for the affected sites
compared to 716 nm for the control site. The downstream gradation, however, fluctuated for REP and NDVI
over the study period. We conclude that field spectroscopy shows potential to serve as a relatively quick and
affordable means to assess the condition and health of vegetation affected by AMD.
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Introduction
The decanting of acid mine drainage (AMD) from the Western Basin gold mining void in South Africa, in late August
2010, highlighted the environmental risks of AMD.1-3 AMD occurs through the exposure to oxygenated water of
the naturally occurring mineral iron disulphide (FeS2).4,5 A number of chemical reactions result in the formation
of ferrous iron, sulphate and acidity.4,5 The solubility of trace and heavy metals in the environment increases
when exposed to AMD,2 which results in increased levels of these metals in water, sediments or vegetation.
The exceptionally high rainfall since 2009 in the Witwatersrand region increased the groundwater discharge and
enhanced the formation of AMD in the historical gold mining voids. Existing pump and treatment facilities could
not accommodate the increased AMD volumes which decanted through historical incline and ventilation shafts.2,3
Other sources of AMD are open-cast coal and copper mines elsewhere in South Africa, as well as mine dumps,
that contain iron disulphide and are exposed to oxygenated rainwater.1,3 AMD decants into natural wetland systems,
and affects natural ecosystems and agricultural lands.3,6 The extent and magnitude of the impacts of AMD need to
be determined and monitored to provide a basis for effective management.
Vegetation serves as the first trophic level linking the physical environment and the upper trophic levels of the
food chain.7,8 Therefore, monitoring of the condition and health of vegetation impacted by AMD could assist in the
identification of the extent and degree of affected areas in support of selecting appropriate management intervention
measures. Metal uptake into plant parts is dependent on aspects such as species, bioavailability and state of the
metal, preference of metals for certain vegetation species, metal speciation, soil organic matter, soil moisture,
as well as water or soil pH levels.9-12 Plant species less tolerant of mine water conditions such as low pH, high
sulphate levels and exposure to trace and/or heavy metals would show signs of toxicity, whereas some species
have the ability to adapt to these conditions and even experience stimulated growth.11 At low concentrations, Al, Co
and Ni have been reported to stimulate growth in some plant species.13,14 On the other hand, high concentrations
of metals such as Al (at low pH), As, Cd, Cr, Cu, Hg, Mg, Ni and Pb are likely to show toxicity impacts on
plants including significant changes in biochemical and physiological responses, and the modification of several
metabolic processes.10,15 Chlorosis may result from the inhibition of essential macronutrients in the presence of
some toxic trace elements in the water or substrate, or through the substitution of essential ions.8,16 For example,
high levels of Cu can substitute the Mg2+ molecule in chlorophyll, affecting photosynthesis negatively.17 Several
species have developed adaptive ways to tolerate metal toxicity, such as selective absorption, excretion, avoidance
of translocation to aerial parts through storage in roots, and the development of enzymes or proteins as means to
adapt to increased levels.8,16
Assessing the geographical extent and degree of impact of mine water on vegetation is time consuming and costly,
considering the deep intricate root systems of macrophytes and trees. Often, contaminated soils are covered by
vegetation and difficult to access.18,19 The cost of laboratory analysis of samples for various minerals or chemicals
can hugely increase the cost of assessments and continuous monitoring. Monitoring techniques for assessing
vegetation health should consider feasible, practical and affordable solutions, even if these are mere surrogates of
vegetation health.
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Remote sensing offers an alternative means of monitoring vegetation
health in areas impacted by mine water. Research has highlighted specific
absorption features in the electromagnetic spectrum that are highly
correlated with foliar biochemicals, such as carotenoids, chlorophyll
and nitrogen.20 An increase in foliar chlorophyll levels, for example,
results in higher absorption levels in the red region (reduced reflection),
whereas increases in biomass and leaf structure increase reflection in
the near-infrared (NIR) region.21 Furthermore, high chlorophyll levels
cause the broadening of the absorption pit in the red (660–680 nm) and
a shift of the red edge reflectance slope (680–760 nm) and the point
of maximum slope in the red edge known as the chlorophyll red edge
position (REP) towards the longer wavelengths, referred to as a red
shift.22,23 On the other hand, decreasing chlorophyll causes an increase
in reflectance in the red region of the electromagnetic spectrum, and a
shift of the red edge slope and REP towards the shorter wavelengths – a
blue shift. A number of vegetation health indices have been developed
in earth observation studies to assess both plant pigment and nutrient
status, and variability in leaf structure or biomass using the red, REP
and NIR bands.21

from the West Rand Goldfield (i.e. the Western Basin), and joins its main
stem – the Rietspruit – some 6 km to the north of the mine water source
(Figure 1). The region experiences a mean annual rainfall of ~700 mm44
with characteristically wet summers and dry winters. The geohydrology
of the study area is complex, comprising contiguous dolomitic
karst aquifers and quartzitic fractured rock aquifers which produces
complicated drainage patterns and varied groundwater recharge
dynamics.2,45 Dolomitic springs along the reach of the Tweelopiespruit
contribute ~2 ML/day to this drainage.
Mine water decants onto the surface commenced in August 2002 via
boreholes and shafts (two ventilation shafts – Winze 17 and Winze 18)
and an abandoned incline (the Black Reef Incline).45 A high density
sludge (HDS) treatment plant with a capacity of ~12 ML/day was
commissioned to manage this decant, and the neutralised product is
then released into the Tweelopiespruit, generating a perennial flow of
similar magnitude. Natural run-off during the rainfall season increased
the stream discharge to ~24 ML/day for a mean annual flow of
~18 ML/day. These circumstances prevailed until early 2010, when
recharge during an abnormally wet summer precipitated unmanageable
quantities (>40 ML/day) of raw mine water discharge.46 A return to
pre-2010 water chemistry and flow conditions was only achieved
in mid-2012 as a result of a combination of factors, most notably a
reduction in rainfall and the commissioning of a refurbished HDS
treatment plant with a greater capacity of ~24 ML/day.

Trace and heavy metal contamination in the receiving water or substrate
or adsorbed into the plants can cause varied responses in vegetation
spectra.18,24,25 Zn was found to cause a traditional blue shift in the REP
with a decrease in the NIR24, and similarly the radionuclides Cs and Sr
at Chernobyl were highly negatively correlated to the REP, green and NIR
regions26. An opposite trend was observed in plants exposed to Cd24,
Pb27, a combination of heavy metals (As, Cd, Cr, Cu, Pb and Zn)18 and
radionuclides26, in which the REP decreased and the NIR increased with
exposure. Chlorophyll response was found to correlate only partly with
metal contamination18,19, in some instances estimated as merely 30%28.
This finding may be attributed to the unique absorption patterns and
storage location of heavy metals in plants12,29, hence spectral responses
may also be unique to plant species25. The efficiency of remote sensing
may require that relevant indices be investigated for each site, species
and set of mine water conditions prior to use in monitoring.

The circumstances described above gave rise to surface water chemistry
discharges characteristic of AMD into the Tweelopiespruit. Prior to
2010, the dominant treated mine water chemistry was characterised
by a circumneutral pH of 7, sulphate concentrations of ~2500 mg/L,
and iron and manganese concentrations of <1 mg/L and <20 mg/L,
respectively.46 In early 2010 to mid-2012, the dominant raw mine water
chemistry was reflected in a pH value of ~3, electrical conductivity (EC)
levels of ~300 mS/m, sulphate levels of ~3 000 mg/L, and iron and
manganese concentrations of ~200 mg/L and ~60 mg/L, respectively.46
The hillslopes on the mine property are dominated by grassland, except
for the narrow artificial wetlands in the stream channel, which are
primarily dominated by Phragmites australis. Downstream of the mine
property, the combination of treated and untreated mine water flows
through artificial wetlands in the Krugersdorp Municipal Nature Reserve
for a distance of about 5 km. Being a relatively small sub-catchment
(38 km²), run-off and potential contamination from adjacent land uses
are minimal. The wetlands are primarily dominated by Phragmites
australis and large stands of Populus x canescens. The Tweelopiespruit
exits the reserve prior to its confluence with the Rietspruit (Figure 1).

Phragmites australis, Typha capensis and alien poplar trees (Populus x
canescens) are known to tolerate conditions associated with mine
water.19,30 These species are largely found in natural wetlands in
South Africa. Phragmites australis, known to be tolerant to low pH
levels, reduces the uptake of heavy metals through plaque formation
at its roots30, yet still adsorbs a significant amount and releases a low
amount of heavy metals, and so is considered appropriate for use in
phytoremediation31-36. Metals are mostly stored in rhizomes, with
lower concentrations in stems and leaves, although certain metals are
exceptions.35,37-40 Compared to Phragmites australis, Typha capensis
and poplars are less prevalent across both disturbed and pristine
wetland types in South Africa, and therefore provide less opportunity
for monitoring downstream from a decanting site. Poplars are also less
suitable for monitoring because they often are targeted for invasive alien
species control.

Our sampling sites were designated Sites 1 to 9, and two additional sites
(Sites 10 and 11) were added as controls (Table 1; Figure 1). Control Site
10 was chosen for comparison of the water chemistry and trace element
levels in the sediment and Phragmites australis as it had similar geology
to the Tweelopiespruit. Control Site 11 was chosen for comparison of the
leaf spectra results to the Tweelopiespruit. Control Site 11 (Figure 1, inset
map 1) is located approximately 24.5 km north-northeast in the valley of
the Skeerpoort River (25° 53’ 40” S; 27° 45’ 48” E), which flows through
the John Nash Nature Reserve. This area receives a similar mean annual
rainfall of ~700 mm.44 The Skeerpoort River, fed by dolomitic springs
yielding a total discharge2 of 9.5 Mm3/annum, is considered to be in a
near pristine condition. The site has shown no land use impact for the
past 50 years, and, in particular, has not experienced any AMD impacts.
Average water chemistry (measured since 1964) shows mean pH as
above 7, EC at 32.4 mS/m (s.d.=2.58) and mean sulphate levels as
8 mg/L (s.d.=3.8). The control Phragmites australis population occurs
here on the edge of an artificial wetland.

The aim of our research was to assess whether leaf-level spectroscopy
could serve as a means of assessing and monitoring vegetation health
impacted by AMD. Leaf reflectance of Phragmites australis sites affected
by a combination of raw and treated mine water was compared to that
of a control site to determine if there were differences in spectral indices
of vegetation health. Green leaves in the dormant and peak growth
seasons were sampled for a 2-year period. Two vegetation indices were
derived from the leaf spectra: the chlorophyll REP41 and the normalised
difference vegetation index (NDVI)42,43. The variation of these indices was
also assessed per site to determine a gradation of vegetation condition
with distance downstream from the mine water source.

Materials and methods

Data collection

Study area and background

A study was conducted in 2009 to compare the AMD chemistry of the
Tweelopiespruit sites with a non-AMD control site. Water, sediment and
plant material were collected in the winter of 2009 from five sites along
the Tweelopiespruit (Table 1, Sites 1–5) and at a control site (Site 10).
At each site, sediment was collected from 100 mm below the water

The study area was located along the Tweelopiespruit (around 26°06’S
and 27°43’E) situated west of Johannesburg, South Africa (Figure 1).
The word ‘spruit’ refers to a creek or small tributary stream. The
Tweelopiespruit is the first drainage to receive mine water discharge
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Figure 1:

Inset map SOUTH AFRICA: Orientation map of Johannesburg in relation to South Africa. Inset map 1: The study area is located in the Gauteng
Province to the west of Krugersdorp and Johannesburg. Mine dumps and slimes dams follow the watershed running from east to west, indicating
historical and current mining operations on the Witwatersrand. Control Site 11 is located in the Skeerpoort River in the Cradle of Humankind World
Heritage Sites (CoHWHS). Main map: The Tweelopiespruit drains from the mine property on the watershed northwards through a nature reserve
to the confluence with the Rietspruit. Acid mine drainage was decanted at the Black Reef Incline (BRI) and at two ventilation shafts (Winze 17
and 18) in 2010 into the Tweelopiespruit. Dolomitic springs contribute fresh water to the surface stream. Sites 1 and 6 are located on the mine
property and Sites 2–9 in the nature reserve along the stream where Phragmites australis occurs.

Table 1:

Sample sites along the affected Tweelopiespruit and two unaffected control sites

Site numbers

Location

Treatment

Sampling

1–5

Tweelopiespruit

Acid mine drainage

Once-off analysis of water, sediment and plant material (2009) to
determine chemistry and mineral contents

6–9

Tweelopiespruit

Acid mine drainage

Spectral analysis of Phragmites australis leaves in winter and
summer over 2 years (2011–2012)

10

Muldersdrift se loop in the Walter
Sisulu Botanical Gardens

Control (near-pristine conditions – no
acid mine drainage)

Once-off analysis of water, sediment and plant material (2009) to
determine chemistry and mineral contents

11

Skeerpoort River valley in the John
Nash Nature Reserve

Control (pristine conditions – no acid
mine drainage)

Spectral analysis of Phragmites australis leaves in winter and
summer over 2 years (2011–2012)

column, in close proximity to Phragmites australis. Specimens of the
rhizomes, stems and leaves of Phragmites australis were also collected
at each site and subsequently dried in an oven at 65° C for 3 days. Water
samples were analysed for pH, EC and sulphates (SO4), while element
concentrations in the water, sediment and plant material were assessed
using inductively coupled plasma elemental analysis.

Nature Reserve at the chalets. Phragmites australis occur here on the
sides of an artificial wetland flanked on both sides by indigenous trees.
At each sampling site, sampling points were selected based on the
availability and accessibility of green leaves during the dry period
(June 2011). Sampling was carried out in the dormant (winter) and
peak growth (summer) periods of 2011 and 2012 (Table 2). At each
sampling point, five green leaves were collected for leaf level spectral
reflectance measurements from five different stems of Phragmites
australis within an area of 4 m². In the winter, these leaves were primarily
small green leaves of new growth, whereas in the summer they were
large mature leaves.

Green leaves of Phragmites australis were sampled in 2011–2012 to
compare the physiological differences between the sites affected by AMD
(Sites 6–9) and a site not impacted by AMD (control Site 11). Sites 6–9
are situated on the Tweelopiespruit (Figure 1) and control Site 11 in the
unspoilt Skeerpoort River valley (Figure 1, inset map) in the John Nash
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samples taken from the top 100 mm on the sides of the wetlands show
that the highest values for As and Fe were recorded at the decanting site
(Site 1) and Site 5, whereas Al was the highest at Sites 2 and 5. Cr, Pb
and Zn measured highest at Site 4. Site 5 (or Site 9) show the highest
measurements for Cu, Mn, Ni and U, although Cr, Pb and Zn also were
high at Site 5. Metals accumulated primarily in the rhizomes of the reeds
with lower concentrations in the aerial parts. No consistent trend could
be noted for all the metals downstream from the decant site.

Number of samples per site, season and year
Year 1 (2011)

Year 2 (2012)

Winter

Summer

Winter

Summer

Site 6

24

24

24

24

Site 7

1

7

7

7

Site 8

19

19

19

19

Site 9

12

12

12

12

Site 11

10

8

8

9

A tier 1 risk assessment, where site concentrations are rated in respect
to regulatory standards, was done of the top 0.5 m of wetland sediment
(below 1 m the water surface) at three sites in the Tweelopiespruit. This
assessment also indicated high levels of Ni and U above acceptable
standards of the European Union and the South African National
Nuclear Regulator.47

Leaf level spectral reflectance measurements

Green leaf spectra of affected sites compared to the

An analytical spectral device, the FieldSpec Pro spectroradiometer
(Analytical Spectral Devices Inc, Boulder, CO, USA), was used to
record the leaf spectra of the five collected green leaves of Phragmites
australis. The instrument has a spectral range of 350–2500 nm and
a bandwidth of 3 nm re-sampled to 1 nm (http://www.asdi.com). A
contact probe was used for spectral reflectance measurements to
avoid external factors (such as light illumination differences). The
contact probe enables calibration with a white reflectance panel, and
has a dark panel for measuring reflectance. For each sampling point,
the five leaf spectra were leaf averaged. The REP linear extrapolation
method41 was derived from the spectral measurements using a threestep procedure:
Calculate maximum first derivative spectrum
FDR(λj) = (Rλ(j +1) - Rλ( j ))/Δλ

Equation 1

Calculate the reflectance at the inflexion point
Rre = (R670 + R780)/2

Equation 2

Calculate the red edge position
REP = 700 + 40 ((Rre – R700)/(R740 - R700)).

Equation 3

control site
Overall, the average reflectance spectra of green leaves for both winter
and summer of the 2 years show normal vegetation curves peaking in
the green, absorbing in the red and having high reflectance in the NIR
region (Figure 2). The average reflectance spectra for the affected sites
are higher than that of the control site in the visible region (VIS) over the
two winter periods, although are very similar in the NIR. Both summer
periods show higher average reflectance spectra in the VIS and NIR for
the affected sites in comparison to the control site.
Both winter and summer seasons over the 2 years show a blue shift for
the affected sites, compared to control Site 11 (Figure 3). The double
peak feature41,48 and blue shift is particularly visible in the winter season
of the first year (Figure 4), and less obvious in the second year.
The behaviour of the double peak feature of the first derivative in the red
edge region between 660 nm and 780 nm was captured in the linear
extrapolation REP model by Cho and Skidmore41. The dominance of
the first peak (at around 700 nm) is associated with low chlorophyll
and the dominance of the second peak is associated with high levels
of chlorophyll.41 The control site shows a dominance of the second
derivative peak (at about 725 nm) in the red edge region when compared
to the affected site (Figure 6). Hence, the control site shows high levels
of chlorophyll for all the sampling periods, compared to the affected
sites. In the winter of both years the differences between control Site 11
and affected sites are particularly visible, with the affected sites showing
medium levels of chlorophyll compared to the control site, which shows
higher levels of chlorophyll (Winter Year 1 and Year 2 in Figure 4).

The NDVI was derived from the spectral measurements according to
the formula
NDVI =

R845 – R665
R845 + R665

Equation 4

Green leaf spectra of individual sites compared to the

Data analyses

control site

The raw and derivative reflectance spectra were used to explore the
differences between sites and seasons. For each vegetation index, the
mean and standard deviation values were derived for sites affected by
mine water and for the control site for the two seasons and years. A
one-way analysis of variance (ANOVA) and post-hoc Tukey honest
significant difference (HSD) test were performed in Statistica (version 7,
StatSoft Inc.) to assess the significance of differences between the sites
affected by mine water and the control site.

When comparing the average green leaf reflectance of each site over the
two seasons and years, the control site seems to have lower reflectance
in the VIS region than the other sites throughout the time periods
(Figure 5). The control site shows more dominance of the second red
edge derivative peak around 720 nm when compared to the affected site.
In winter, the control site reflectance lies within the range of the other
sites for the NIR region of the spectrum. In summer, however, it is lower
in the NIR compared to the other sites. None of the affected sites show
particular differences compared to the others in average reflectance
spectra over the sampling period.

In addition, the mean and standard deviation values were calculated for
each site for the two seasons and years to investigate the variation in
gradation from upstream to downstream. ANOVA and post-hoc Tukey
HSD tests were repeated to assess differences between sites for the
sampling periods.

Most of the sites show a blue shift for the winter and summer seasons
over the 2 years, compared to the control site (Figure 6). Leaves of the
control site seem to have higher chlorophyll absorption levels compared
to the affected sites in both winters (Figure 7). In the summer months,
the affected sites appear to have slightly higher chlorophyll absorption
levels compared to the control site. In the winter of Year 1, Site 7 shows
the most stress. Only a single new green leaf was available at this site for
sampling. The leaf structure is least developed (Figure 6, Year 1 Winter,
Site 7) and chlorophyll levels are much lower compared to all the other
sites. These observations support the circumstances that describe the
period of greatest raw mine water discharge into the Tweelopiespruit.

Results
Element analysis of water, sediment and plant material
The pH and EC show an improvement downstream of the decant site
(Table 3), yet no consistent trend is shown in sulphate levels downstream.
A high concentration of heavy metals (Table 3) was found in sediments
and the rhizomes, stems and leaves of Phragmites australis. Sediment
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Water chemistry and metal concentrations in sediments and rhizomes, stems and leaves of Phragmites australis, sampled in the winter of 2009
along five sites downstream of the decant site in the Tweelopiespruit. Control Site 10 was located in the Walter Sisulu Botanical Gardens. Elevated
concentrations of sulphates, Al, Cu, Mn, Ni and total U are seen when comparing the Tweelopiespruit to the control site. Fe is high at both sites,
testifying to the naturally high Fe content of the geology. Control Site 10 has high Al, which can be attributed to a sewer pipe leak in the stream
draining through the Botanical Gardens.

Constituents
Water chemistry:
pH
EC
SO4
ICP water scan (mg/L):
Al
As
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Total U
Sediment samples (mg/kg):
Al
As
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Total U
Rhizomes:
Al
As
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Total U
Stems:
Al
As
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Total U
Leaves:
Al
As
Cr
Cu
Fe
Mn
Ni
Pb
Zn
Total U

Site 1

Site 2

Site 3

Site 4

Site 5

Control Site 10

4.7
143
720

7.5
287
2 022

7.3
261
1 897

7.4
256
1 474

7.2
266
1 685

7.9
14.1
7

16
0.32
<DL (0.025)
0.345
460
46
3.6
0.05
2.3
0.002

0.17
<DL (0.010)
<DL
<DL (0.025)
2.61
5.8
0.09
<DL (0.02)
<DL (0.025)
0.001

0.32
<DL
<DL
0.169
34
6.6
0.55
<DL
0.26
<DL (0.001)

0.10
<DL
<DL
<DL
0.09
1.1
0.13
<DL
<DL
<DL

0.11
<DL
<DL
<DL
0.38
6.5
0.19
<DL
<DL
<DL

0.10
<DL
<DL
<DL
0.23
0.03
<DL (0.025)
<DL
<DL
<DL

12 100
427
44
40
53 500
2 200
318
19
246
24

26 700
26
54
67
24 900
3 400
280
19
114
19

275
3
4
36
5 700
274
27
<DL (2)
21
5

13 800
17
86
45
18 800
635
57
19
340
10

19 200
171
75
189
32 400
24 100
565
38
316
122

14 600
5
142
26
31 400
804
55
23
94
1

607
22
9
13
32 400
3 900
43
1
53
1

11 800
14
38
39
14 600
701
125
9
73
16

1 400
3
16
8
1 900
621
23
3
27
4

844
4
5
10
4 300
208
10
1
97
2

8 000
23
32
46
15 800
3 400
119
10
118
20

305
1
8
4
757
37
3
1
8
0.1

18
<DL (1)
<DL (2.5)
5
66
96
<DL (0.025)
<DL(2)
44
<DL (0.1)

32
<DL
<DL
4
173
113
<DL
<DL
39
<DL

12
<DL
<DL
<DL (2.5)
7
32
<DL
<DL
17
<DL

17
<DL
<DL
<DL
10
81
<DL
<DL
122
<DL

11
<DL
<DL
6
86
50
3
<DL
90
<DL

61
<DL
5.4
<DL
129
32
<DL
<DL
21
<DL

105
<DL (1)
<DL (2.5)
3
193
964
<DL (2.5)
<DL (2)
136
1

99
<DL
<DL
4
155
386
3
<DL
35
<DL (0.1)

61
<DL
<DL
<DL (2.5)
90
878
3
<DL
35
<DL

43
<DL
3.4
4
83
920
<DL
<DL
146
<DL

164
<DL
5.6
8
320
568
9
<DL
100
<DL

49
<DL
2.3
3
177
132
<DL
<DL
8
<DL

EC, electrical conductivity (mS/m); ICP, inductively coupled plasma; DL, detection limit.
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Figure 2:

Average leaf reflectance (%) of green leaves at sites affected by acid mine drainage compared to the control site, per season and year.

Figure 3:

The chlorophyll red edge region for affected sites and the control site.
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Figure 4:

Comparison of first derivative reflectance curves of affected sites and the control site. The dominance of the first peak (at around 700 nm) is
associated with low chlorophyll levels and the dominance of the second peak is associated with high levels of chlorophyll. The control site
consistently shows dominance of the second peak over all seasons and years.

Figure 5:

Average reflectance (%) of green leaves per sampling site for both seasons and years. Only a single new growth green leaf was available on the
day of sampling for Site 7 in winter of Year 1.
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The single leaf sampled in Year 1 Winter at Site 7 also is evident in
Figure 7, where the second derivative peak shows a blue shift towards
690 nm and no double peak feature. There is a greater variation of
chlorophyll absorption levels, the location of the second derivative peak
and the double peak feature between sites during the winter season
(Figure 7, see Year 1 and 2) compared to the variation of these features
between sites in the summer seasons. In the winter, Site 6 shows a
double peak feature in the second red edge derivatives, with the change
in the first peak around 695 nm more prominent compared to the second
peak near 720 nm. In the winter of Year 2, Site 9 follows a similar pattern.
In contrast, Site 8 matches the slope of the control site more closely for
both winters, with the peak near 720 nm.

in winter compared to the summer seasons. The average REP value
increased from winter to summer for the affected sites, and decreased
slightly in the control site for the same period.
NDVI values also show a greater variation in the winter period for the
affected sites compared to the control site (Table 4). In all instances,
the ranges of NDVI values of the affected sites and control site overlap
largely for both seasons and years. Average NDVI values in the winter
were significantly lower (p<0.05) for affected sites than for the control
site, whereas the average NDVI values in the summer were closer in value.

Downstream gradation of spectral indices
Generally, average REP and NDVI values in winter increase from Site 6
to Site 8 (downstream) and drop at Site 9 (Table 5), except for Site 2
in the winter of Year 1, where only one new green leaf was available. In
summer, an opposite trend is noted for average REP values: in general,
the average REP decreases downstream from Site 6 to Site 8 and then
increases again at Site 9. Average NDVI in summer shows less distinct
patterns downstream of Site 1. For the first three sites (6, 7 and 8), average
REP in summer decreased from Year 1 to Year 2, whereas the average
NDVI values decreased in winter and increased in summer. There appears
to be a gradient of the REP values only in the winter of Year 1. On average,
the control site values change slightly over the 2 years; however, affected
sites (Sites 6–9) show more fluctuation, particularly in REP values.

In the summer seasons, the profile of the second red edge derivative
peaks are closely matched for all sites. The affected sites tend to
medium levels of chlorophyll (a double peak profile), compared to the
higher chlorophyll levels of the control site (profile skewed towards
second peak) for the summers of Years 1 and 2. The affected sites show
more change in the second derivative profile around the first peak, near
690 nm, compared to the control site. For all the sites, the control shows
the strongest dominance of the second derivative peak, indicating the
highest levels of chlorophyll.

Variation of spectral indices between affected and
control sites

When comparing all sites to one another (a combination of 10 pairs;
Bonferroni-corrected p<0.005), Sites 6 and 11 are significantly different
from one another in both seasons and years for both REP (Table 6) and
NDVI (Table 7). Sites 6 and 8 also differ significantly for both seasons
and years for REP. Few significant differences between sites are noted
for NDVI.

REP and NDVI values between the affected sites and the control site
for each season and year show significant differences (p<0.05). Sites
affected by mine water had significantly lower REP values (p<0.05)
over the two seasons and years compared to the control site (Table 4).
Sites affected by mine water show a higher variability of REP values

Figure 6:

The chlorophyll red edge region for Sites 6–9 and 11. A blue shift in the red edge region of the Tweelopiespruit sites is visible, indicating lower
chlorophyll levels. A higher reflectance in the near-infrared region is visible for the Tweelopiespruit sites in both seasons and years. The control site
shows a red shift in the red edge region in both seasons and years, indicating higher chlorophyll levels. Control Site 11 shows a lower reflectance
in the near-infrared region in the summer seasons of both years.
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Figure 7:

Comparison of first derivative reflectance (FDR) curves for Sites 6–9 and 11. Only a single new growth green leaf was available on the day of
sampling at Site 7 in winter of Year 1. In winter, Site 6 shows a dominant first peak in the FDR whereas the control and Waterfall sites show
dominance of the second peak of the red edge in the FDR. In the summer of both years, chlorophyll levels increased, as is shown by the
dominance of the second peak for most sites. Control Site 11 shows consistency in the second peak of the red edge FDR for both seasons
and years.

Table 4:

Means and standard deviations for red edge position (REP) and normalised difference vegetation index (NDVI) values for sites affected by acid
mine drainage and an unaffected control site, in winter and summer over 2 years

Vegetation index

REP

Year

NDVI

Year 1

Season

Year 2

Year 1

Year 2

Winter

Summer

Winter

Summer

Winter

Summer

Winter

Summer

Affected sites

708.17±5.9

710.86±4.5

707.27±6

708.98±3.5

0.76±0.02

0.76±0.05

0.74±0.03

0.78±0.02

Control Site 11

715.85±2.7

714.20± 2.5

713.17±4

711.66±4

0.81± 0.01

0.78±0.01

0.77±0.01

0.79±0.01

Table 5:

Means and standard deviations for red edge position (REP) and normalised difference vegetation index (NDVI) values for each site affected by acid
mine drainage and an unaffected control site, in winter and summer over 2 years

Vegetation index

REP

Year

NDVI

Year 1

Season

Year 2

Year 1

Year 2

Winter

Summer

Winter

Summer

Winter

Summer

Winter

Summer

Site 6

705.46±5.5

714.13±3.4

704.49±5.6

710.86±3.1

0.75±0.05

0.75±0.02

0.73±0.03

0.78±0.02

Site 7

686.95*

712.14±2.6

710.61±.0

709.46±1.5

0.54*

0.76±.02

0.77±0.03

0.80±0.01

Site 8

711.31±2.4

707.69±2.6

711.73±3.1

705.60±2.8

0.79±0.02

0.76±0.01

0.77±0.02

0.78±0.02

Site 9

710.09±4.8

708.60±5.1

703.66±4.3

710.32±2.1

0.77±0.04

0.76±0.02

0.72±0.01

0.79±0.02

Control Site 11

715.85±2.7

714.20±2.5

713.17±4.0

711.66±4.0

0.81±0.01

0.78±0.01

0.77±0.01

0.79±0.01

*Only a single new growth green leaf was available on the day of sampling for this season and year.
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One-way analysis of variance (Tukey’s honest significant difference test) results of comparisons between red edge position values at sites affected
by acid mine drainage and that of an unaffected control site, in winter and summer over 2 years

Winter
Site

Site 6

Summer

Site 7

Site 8

Site 9

Year 1

Site 6

Site 6

Site 7

Site 8

Site 9

Site 6

Site 7

0.001572*

Site 8

0.000260*

0.000142*

Site 9

0.015534

0.000171*

0.892458

Control Site
11

0.000128*

0.000128*

0.096354

0.026698

Site 6

Year 2

Site

Site 7

0.979306

Site 8

0.000128*

0.287634

Site 9

0.000278*

0.757268

0.242868

Site 11

0.982198

0.997376

0.000143*

0.010255*

Site 6

Site 7

0.051613

Site 8

0.000227*

0.737012

Site 9

0.998182

0.044005

0.000411*

Control Site
11

0.000378*

0.902817

0.939755

0.000531*

Site 7

0.981764

Site 8

0.000224*

0.833052

Site 9

0.999469

0.990858

0.001677*

Site 11

0.585091

0.795103

0.000162*

0.547314

Significant at Bonferroni corrected p<0.005.

*

Table 7:

One-way analysis of variance (Tukey’s honest significant difference test) results of comparisons between normalised difference vegetation index
values at sites affected by acid mine drainage and that of an unaffected control site, in winter and summer over 2 years
Winter
Site

Site 6

Summer

Site 7

Site 8

Site 9

Year 1

Site 6

Site 6

Site 7

Site 8

Site 9

Site 6

Site 7

0.000144*

Site 8

0.001675

Site 9

0.221851

0.000128*

0.633513

Control Site
11

0.000636*

0.000128*

0.737477

*

0.000128

*

0.172045

Site 6

Year 2

Site

Site 7

0.937296

Site 8

0.255557

0.999973

Site 9

0.020227

0.994186

0.635443

Site 11

0.000427*

0.817806

0.037587

0.538753

Site 6

Site 7

0.064084

Site 8

0.000143

*

0.892472

Site 9

0.871981

0.029987

0.000140

Control Site
11

0.000291*

0.946163

0.996746

*

0.000180*

Site 7

0.199364

Site 8

0.480289

0.467222

Site 9

0.005334

0.924787

0.184808

Site 11

0.004045*

0.971400

0.114219

0.993404

Significant at Bonferroni corrected p<0.005.

*

Discussion and conclusions

Winter seasons presented more distinct differences in REP and NDVI
values between affected sites and control Site 11. In addition, leaves
of control Site 11 seemed to have higher chlorophyll absorption in the
winter of both years, based on the dominance of the second derivative
peak of the first derivative spectra of the REP region. The opposite trend
of an increased reflectance in the NIR (i.e. biomass) and a reduction in
chlorophyll (or REP values) was, on the other hand, particularly visible
in the summer months, similarly to findings reported by others.24,27
The pattern was, however, less distinct in winter months, although leaf
maturity may influence the responses in both the red and NIR regions in
this instance.

Field spectroscopy shows potential as a means to assess the impact
of mine water on wetland vegetation and to monitor impact over time.
The REP and NDVI values for affected sites were significantly lower
compared to the control site for both winter and summer seasons over
the 2 years. The mean and standard deviation of REP and NDVI can
therefore potentially serve as surrogates for establishing impact on
wetland vegetation and monitoring vegetation condition over time in other
areas of South Africa. It remains to be established whether the method
is site and species specific, or whether it also applies to other sites
regardless of mine water characteristics and environmental conditions.
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Both REP and NDVI showed significant differences between the affected
and control Site 11; however, in comparison, REP and NDVI values for
individual sites yielded fewer significant differences between affected
sites and control Site 11. The inconsistent responses of REP values of
individual sites affected by AMD compared to control Site 11 are similar
to those noted for Phragmites australis at two affected sites compared
to a control site in Hungary.19 Regardless, the presence of high levels of,
among others, Al, As, Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn and total U in the
soils found in parts of the Tweelopiespruit47 may have a toxic effect on
plants, hence at some sites the REP and NDVI indices show significant
differences from control Site 11. Metal concentrations in sediments
at particular sites were found to vary, not only as noted by Venter et
al.47 at, for example, the Hippo Dam wetland, but also between the two
studies at similar sampling points. Variation in metal concentrations
may be attributed to the natural variation of water depth, flow and
presence of vegetation in parts of a wetland. Variations in stream flow
and pH during rainfall periods, when a larger volume of raw mine water
and AMD floods through the spruit, would also cause changes in the
bioavailability of metals from the stream bed and vegetation, contributing
to further temporal and geographical variations in metal concentrations.
In any event, the differences between sites are difficult to explain
and can be attributed to a number of possible factors influencing the
signatures. Further exploration of temporal and spatial variation of the
metal concentrations and affected vegetation is essential to further the
understanding of the impact of AMD in the Tweelopiespruit.

South African Inter-Ministerial Committee: Expert Team. Mine water
management in the Witwatersrand Gold Fields with special emphasis on
acid mine drainage [document on the Internet]. c2010 [cited 2014 Jan 28].
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