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Abstract Recent advancements in hyperspectral re-
mote sensing technology now provide improved diag-
nostic capabilities to assess vegetation health conditions.
This paper uses a set of 13 vegetation health indices
related to chlorophyll, xanthophyll, blue/green/red ratio
and structure from airborne hyperspectral reflectance
data collected around a derelict mining area in
Yerranderie, New South Wales, Australia. The studied
area has ten historic mine shafts with a legacy of heavy
metals and acidic contamination in a pristine ecosystem
now recognised as Great BlueMountainWorld Heritage
Area. The forest is predominantly comprised of different
species of Eucalyptus trees. In addition to the airborne
survey, ground-based spectra of the tree leaves were
collected along the two accessible heavy metal contam-
inated pathways. The stream networks in the area were
classified and the geospatial patterns of vegetation
health were analysed along the Tonalli River, a major
water tributary flowing through the National Park. De-
spite the inflow of contaminated water from the near-

mine streams, the measured vegetation health indices
along Tonalli River were found to remain unchanged.
The responses of the vegetation health indices between
the near-mine and away-mine streams were found sim-
ilar. Based on the along-stream and inter-stream analysis
of the spectral indices of vegetation health, no signifi-
cant impact of the heavy metal pollution could be no-
ticed. The results indicate the possibility of the vegeta-
tion having developed immunity towards the high levels
of heavy metal pollution over a century of exposure.
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Introduction

Abnormal levels of heavy metal exposure are known to
adversely affect the photosynthetic process, leading to
heavy metal-induced stress in vegetation. High levels of
heavy metal concentration in the soil can inhibit enzyme
activity (Assche and Clijsters 1990), alter the physico-
chemical and biochemical processes (Nagajyoti et al.
2010) and may negatively influence the plant health,
growth and biomass accumulation (Clevers et al. 2004).
Mukhopadhyay and Maiti (2011) demonstrated that ad-
sorption and absorption of heavy metals in leaves could
be used as a reliable indicator of chemical, air and soil
pollution.

Heavy metal-induced changes in physiological pro-
cess and leaf chemistry, in turn, could cause significant
variation in the natural spectral characteristics of
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vegetation. These changes mainly occur in the visible
and near-infrared regions of the electromagnetic spec-
trum. Imaging spectroscopy has emerged as a promising
tool for monitoring vegetation health and induced stress
due to heavy metal pollution in remote and/or over
wider areas. Reusen et al. (2003) evaluated 18 potential
vegetation stress indices to estimate the heavy metal-
induced stress on Pinus sylvestris L. using Compact
Airborne Spectrographic Imager (CASI). The vegeta-
tion stress levels were then used to map the distribution
of heavy metal pollution over a region affected by
historical non-ferrous industrial activities in Maatheide,
Belgium. Rosso et al. (2005) measured several growth
and physiological parameters including shoot reflec-
tance in Salicornia virginica and correlated the symp-
toms with the contamination levels. The spectral re-
sponse was found to be sensitive to early stress levels
due to cadmium (Cd) and the lightweight petroleum.
Ren et al. (2008) studied the spectral response of paddy
plants grown in controlled amounts of lead (Pb)-con-
taminated soil. The contamination process reduced the
canopy chlorophyll content (CCC) and caused the can-
opy spectral reflectance to increase over the VNIR re-
gion. Spectral derivatives such as normalised spectral
absorption depth (Dn) and shifting distance (DS) of red
edge position (REPs) revealed the variations in Pb con-
centration for canopy leaves. Barry et al. (2008) inves-
tigated defoliation and discolouration on two Australian
Eucalyptus species (E. globulus and E. pilularis) using a
set of 15 reflectance vegetation indices. Li et al. (2015)
proposed a hyperspectral index to monitor the subtle
changes in CCC of rice due to arsenic stress. The pro-
posed index was reported to perform better than the
random forest model and other indices.

Abandoned mine sites often leave a legacy of soil
contamination, making it necessary to study such cases
for guidance on protection and future mitigation strategies
(Kostarelos et al. 2015). The town of Yerranderie in New
South Wales, Australia, had several silver-lead-zinc mines
that were abandoned since the late 1920s. In a previous
study, Harrison et al. (2003) used core and surface sedi-
ment samples as well as samples from the surface water-
courses to evaluate the distribution of lead (Pb), arsenic
(As), zinc (Zn), copper (Cu), cadmium (Cd),mercury (Hg)
and silver (Ag). The study reported that the metal concen-
trations at some places were up to 400 times higher than
the ANZECC (Australian and New Zealand Environment
and Conservation Council) and ARMCANZ (Agriculture
and Resource Management Council of Australia and New

Zealand) guideline thresholds. Wright (2005) found 80
times higher levels of zinc above background in some
parts of the Grose River where runoff occurs from areas
surrounding the zinc-rich coalmine (canyon coalmine).
Archer and Caldwell (2004) studied the response of six
native species to metal contamination surrounding a silver
mine in Yerranderie, i.e. common rush (Juncus usitatus),
spiny headed mat rush (Lomandra longifolia), couch
(Cynodon dactylon), bracken fern (Pteridium esculentum),
black wattle (Acacia decurrens) and tea tree (Melaleuca
alternifolia). Although different species were reported to
exhibit variable proportion of accumulation of different
metals, interestingly, C. dactylon, J. usitatus and
P. esculentum displayed tolerance to high Cd concentra-
tions while C. dactylon, J. usitatus, M. alternifolia and
L. longifolia tolerated significantly higher Pb concentra-
tions than the other species. Shamsoddini et al. (2014)
employed ground-based spectroscopy to analyse metal
contamination in the soil around some of the silver-zinc
mine shafts located in this area. The study results exhibited
higher accuracy for estimating As and Pb compared to
other heavy metals through the spectral characteristics of
the soil, while the approach failed for Ag.

Studies, to date, in this area have been based on ground-
based point sampling method to investigate the contami-
nation level in water (Wright 2005), soil (Harrison et al.
2003; Shamsoddini et al. 2014) and vegetation (Archer and
Caldwell 2004). All precedent studies on this important
region have confirmed the presences of excessive heavy
metal in soil, water and vegetation; further studies are
required to understand the effect of heavy metal on the
local ecosystem and the distribution of heavy metal con-
tamination at a larger spatial extent. However, the ground-
based studies have been impeded by the difficult terrain
and thick vegetation. By using airborne hyperspectral im-
aging technique for the first time, this study aims to assess
the variability of vegetation health conditions as a response
to contaminated water intake. Moreover, study of this area
(Yerranderie) is significant for its rich history ofmining and
being a part of aUnitedNations Educational, Scientific and
Cultural Organization (UNESCO) recognised world heri-
tage site. Besides, the primary runoff in this area, Tonalli
River, is the one of the major tributaries of Lake
Burragorang which supplies approximately 80% of the
potable water for the Greater Sydney region (Harrison
et al. 2003; Shamsoddini et al. 2014). The investigation
and monitoring of Yerranderie’s water, land and vegetation
does not only affect the preservation of local environments
but also the well-beings of five million people that inhabit
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the Greater Sydney Region. Furthermore, the significance
is not limited to this specific area—although a global
estimate of abandoned mines is absent, Australia alone
has more than 50,000 abandoned mines (Unger et al.
2012). These sites are potential source of heavy metal
pollution and the employed remote sensing methodology
is more suitable compared to ground-based sampling tech-
niques to monitor such areas on large spatial scales.

Materials and methods

This section details the datasets used and processworkflow
undertaken in this study. This includes description of the
study area, field campaign to collect different in situ data
(soil sampling and spectral measurements), source of an-
cillary information (contour data as geospatial layers),
airborne camping undertaken to collect the hyperspectral
data (sensor characteristics, configuration and flight de-
tails), radiometric correction and mosaic procedures, veg-
etation mask preparation, generation of vegetation indices,
creation of stream buffer, and along and inter-stream anal-
ysis of the vegetation (Fig. 1).

Study site description

The study was performed over the forested landscape in
Yerranderie, located 65 km southwest of Sydney in the

Blue Mountains National Park, New South Wales
(NSW), Australia (34′ 7′ 9.25″ S, 150′ 30′ 8.20″ E
coordinate and 640 m msl altitude). The area was his-
torically mined for silver, lead and zinc mines which
have been abandoned since the late 1920s. The location
of ten such abandoned mine shafts is shown in Fig. 2 as
yellow-coloured triangles.

The Tonalli River (Fig. 2) flowing diagonally from a
southwest to northeast direction over the area is a trib-
utary of Lake Burragorang that supplies 80% of the
drinking water for the Sydney Region (Harrison et al.
2003; Shamsoddini et al. 2014). The forest cover, under
primary investigation in this study, consists of different
verities of Eucalyptus tree species such as white strim
bark, grey gum, red gum and iron bark.

Soil sampling and spectral measurements

A field campaign was performed along two down
streams (N1 and N2 in Fig. 2) running from the
abandoned Silver Peak (M6) and Colon Peak (M7)
mineshafts. On-site spectral measurements of 53
bare ground and 51 vegetation leaf sample spectra
were collected using a hand-held spectroradiometer
(ASD Fieldspec Pro 3). In addition, the location
coordinates of the sampling points were acquired
using a differential global positioning system—
DGPS (OmniSTAR HP).

Hyperspectral 
data

Atmospheric 
correction

Classification (Max 
likelihood)

Vegetation Soil Water

Soil Samples 
(with GPS)

Lab Analysis

Geo-spatialised

50-buffer

Contour data

Strahler 
hydrology model

Digital elevation 
model (DEM)

Along stream 
analysis

Inter stream 
analysis

Results

Ordered 
stream

Veg. indices

Fig. 1 Data and process workflow
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Geospatial layers

A 10-m spaced topographic contour data was acquired
in digital format from Land and Property Information,
NSW (LPI 2015). The location of underground mines
was obtained from a Historic Yerranderie Town Map
provided by NSW National Park (NSWNP 2015) and
geospatialized in ArcGIS™.

Airborne campaign

Airborne hyperspectral datasets were acquired over this
area using an on-board pushbroom-type HySpex VNIR
1600 sensor. The sensor was configured in the spectral
mode of 160 wavelength bands over 400–1000 nm at
3.7 nm spectral and 12 bit radiometric resolution. Config-
ured with a fore-optics of 17 degree field of view (FOV),
the VNIR hyperspectral datasets were acquired at approx-
imately 0.5 m ground resolution over approximately
0.6 km of the swath. The datasets were available as level
2 (L2)-processed ortho-rectified products inWorldGeodet-
ic System (WGS84) datum andUniversal TransverseMer-
cator (UTM) projection system. In total, 13 image strips
ranging between 10 and 12 km in length were collected
over the area. The flight was conducted between 9:55 am

and 10:55 am AEST covering the abandoned mine sites
around Yerranderie and the surrounding vegetation cover.

Pre-processing—radiometric correction and mosaic

Out of the total 13 image strips, eight image strips were
selected, based on the required subset coverage of
11.5 km × 7 km area around Yerranderie (Fig. 2). The
selected strips were radiometrically corrected for atmo-
spheric noise and converted to true reflectance using
Fast Line-of-sight Atmospheric Analysis of Spectral
Hypercubes (FLAASH) based on MODTRAN4 model
(FLAASH 2009; FLAASH 2016) available in the image
analysis software (ENVI™ 4.8). FLAASH uses the
following radiometric model for spectral radiance at a
sensor pixel, L in VNIR wavelengths over flat and
Lambertian surfaces.

L ¼ Aρ
1−ρeS

� �
þ Bρe

1−ρeS

� �
þ La ð1Þ

where ρ is the pixel surface reflectance, ρe is an average
surface reflectance for the pixel and a surrounding region,
S is the spherical albedo of the atmosphere, La is the
radiance back scattered by the atmosphere, and A and B
are coefficients for atmospheric and geometric conditions.

Fig. 2 The study area indicating mine sites (M1–M10), Tonalli River and its tributaries divided into two groups near mines (N1–N7) and
away from the mine sites (A1–A7)
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The values of A, B, S and La were determined from
MODTRAN calculations that using the nadir viewing
sensor orientations. The atmospheric model based on
Sub-Arctic Summer (SAS), rural-type aerosol settings
with visibility factor of 40 km, solar angles calculated
from date and time of data acquisition, and mean surface
elevation (640 m from msl) were selected for the
MODTRAN calculation.

The corrected set of stripes was then mosaicked
together with a 15-pixel feathering distance and colour
balancing of overlapping adjacent stripes to remove
radiometric abnormalities between the stripes (ENVI-
Mosaicking 2013). The resultant reflectance spectra of
the vegetation obtained through the airborne campaign
were verified against the respective spectra of the col-
lected vegetation samples using ASD Fieldspec (Fig. 3).
The radiometrically corrected mosaicked product was
deemed suitable for further analysis.

The spectral plot in Fig. 3 shows the comparison of leaf
reflectance spectra of a single reference location obtained
from the ground-based spectrometer and vegetation cano-
py reflectance spectra of the respective pixel acquired from
the airborne imaging. A similar trend of both the reflec-
tance curves is an indicative of proper radiometric correc-
tion performed by the MODTRAN model in the removal
of atmospheric effects of the airborne data. The selected
wavelength bands are shown with the vertical red lines in
Fig. 3.

Vegetation mask

A supervised maximum likelihood classification
(Richards and Richards 1999) in ENVI™ 4.8 was used

to classify the image into three major classes, i.e. bare
ground, vegetation and water.

To compensate for the geometric inaccuracies of the
hyperspectral data and dilution of precision (DOP) of
the hand-held DGPS sensor measurements around the
high Eucalyptus canopies, a 5 m × 5 m bounding box
was created around individual sampling points and the
pixels were treated as pure (homogeneous class) ground
truth samples. With the hyperspectral data available at a
spatial resolution of 0.5 m, a single bounding box
equates to 100 pixels. Thus, a total of 5300 bare ground
and 5100 vegetation ground truth pixels were obtained
around the 53 bare ground and 51 vegetation sampling
locations, respectively. In addition, another set of 5300
bare ground and 5100 vegetation pixels were visually
identified using a combination of wavelength bands—
455, 560 and 610 nm from the high-resolution
hyperspectral data, covering the entire scene to justify
a balanced sampling approach (Wei and Dunbrack
2013). The Tonalli River flows as a narrow stream,
densely covered by the adjacent vegetation (tree cano-
pies), and had a low water level during the period of the
airborne campaign, as such pure water pixels are unable
to be identified in the river. Instead, a total of 1000
sample water pixels were selected from a small water
damwithin the spatial extent of the hyperspectral image.
The ‘field-derived’ and ‘image-identified’ samples were
mixed and half of the total samples per class were
randomly selected for supervised classification and the
remainder used for accuracy assessment.

The performed classification achieved a classifica-
tion accuracy of 99.38% for vegetation, 98.35% for soil
and 94.86% for water. All 160 bands were used in the
classification process. The classified vegetation class
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was used as a spatial mask for the vegetation condition
analysis. The process of vegetation masking excluded
the soil and water pixels being incorrectly treated for
vegetation condition assessment, thus eliminating any
unanticipated source of error in the analysis stage. The
output, vegetation class was used as a vegetation mask
for the radiometrically corrected and mosaicked
hyperspectral product for further analysis.

Vegetation indices

Pure vegetation-masked spectra from the airborne
hyperspectral imagery (160 spectral bands) were spec-
trally downscaled and resampled to a set of 14 spectral
bands, i.e. 450, 515, 531, 550, 570, 670, 700, 710, 720,
740, 750, 762, 780, and 800 nm. These 14 spectral
bands were then used to produce hyperspectral vegeta-
tion indices related to chlorophyll, xanthophyll, blue/
green ratio and canopy structures which are closely
related to vegetation health. A list of vegetation indices
used in this study are provided in Table 1. A set of 15
reflectance indices related to vegetation health have
been earlier used for studying different species of Euca-
lyptus (Barry et al. 2008). It was recommended to use

multiple reflectance indices since no individual indices
were found robust for all the different types of stress and
on the different species. The selection of resources of
indices (Table 1) in this study was improved upon this
recommendation to obtain a comprehensive validation
of the results in this study.

Digital elevation model and stream buffer creation

The measurements from the digital contour map were
interpolated to produce a 1-m resolution digital eleva-
tion model (DEM) for the area in ArcGIS™. The DEM
was further processed using the hydrology toolbox to
create the stream network map of the area as per Strahler
stream classification scheme. In this scheme, waterways
are given an order according to the number of additional
tributaries associated with each waterway (Strahler
1952). First-order streams are the lowest level of the
permeant watercourses before they merge into the
second-order stream, i.e. the Tonalli River.

The vegetation stress analysis due to heavy metals
was focused around a 50-m buffer zone along the first-
order streams. In this regard, the first-order streams were
considered to be comprised of similar kind of

Table 1 List of vegetation indices employed in this study

Indices Equation Reference

Related to chlorophyll levels

Vogelmann (VOG) VOG = R740/R720 (Vogelmann et al. 1993)

Red edge (RE) RE = R750/R710 (Zarco-Tejada et al. 2001)

TCARI TCARI ¼ 3� R700−R670ð Þ−0:2� R700−R550ð Þ � R700
R670

� �h i
(Haboudane et al. 2002)

TCARI/OSAVI TCARI
OSAVI ¼ TCARI

1þ0:16ð Þ� R800�R670
R800�R670þ0:16

h i (Haboudane et al. 2002)

MCARI2 MCARI2 ¼ 1:2� 1:2� R800−R550ð Þ−2:5� R670−R550ð Þ½ �
2�R800þ1ð Þ2− 6�R800−5�

ffiffiffiffiffiffi
R670

pð Þ−0:5 (Haboudane et al. 2004)

Related to xanthophyll levels

PRI570 PRI570 ¼ R570−R531
R570þR531

(Gamon et al. 1992)

PRI515 PRI515 ¼ R515−R531
R515þR531

(Hernández-Clemente et al. 2011)

Blue/green ratios

G G ¼ R550
R670

(Zarco-Tejada et al. 2005)

BGI2 BGI2 ¼ R450
R550

(Zarco-Tejada et al. 2005)

Related to canopy structure

NDVI NDVI ¼ R800−R670
R800þR670

(Rouse et al. 1974)

RDVI RDVI ¼ R800−R670ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R800þR670

p (Roujean and Breon 1995)

TVI TVI = 0.5 × [120 × (R750 −R550) − 200 × (R670 −R550)] (Broge and Leblanc 2001)

MTVI1 MTVI1 = 1.2 × [1.2 × (R800 − R550) − 2.5 × (R670 −R550)] (Haboudane et al. 2004)
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vegetation. Furthermore, the vegetation along the first-
order streams is more likely to receive a similar amount
of water year-round, thereby normalising to some de-
gree the effects of water stress on reflectance spectra of
vegetation.

Along-stream vegetation analysis

To analyse the variation of vegetation health along the
Tonalli River, the vegetation indices’ values within a
search radius of 50 m were averaged every 10 m along
the length of the Tonalli River. A lengthwise profile of
vegetation health along the Tonalli River was used to
analyse the variation.

Inter-stream vegetation analysis

The inter-stream vegetation condition assessment was
targeted to examine the spatial abundance of healthy/
unhealthy (high/low vegetation index value) pixels
within streams near potential heavy metal contamina-
tions against the streams free from sources of pollu-
tion. Streams near abandoned mines were labelled as
near (N1–N7) to mine streams and others as away
(A1–A7) to mine streams (Fig. 2). To analyse the
inter-stream vegetation condition, a superimposed his-
togram approach has been used. A histogram natural-
ly creates a plot of frequency measures of a variable
over quantised bins. The reported frequency in the
histogram was used as an indication of the spatial
abundance of healthy/unhealthy (high/low vegetation
index value) pixels. All the near (N1–N7) and away
(A1–A7) from the mines stream histograms were then

superimposed. Interpretation of the superimposed his-
togram is visually simple and has been conceptualised
in Fig. 4. Conceptually, the frequency distribution of
near mine (N) and away from mine (A) streams
should be similar and should almost overlap each
other, when both the streams are surrounded by the
vegetation of similar health conditions. On the other
hand, if the vegetation in the near mine streams is
affected by pollution then the frequency distributions
should be skewed opposite to each other, i.e. N
towards the lesser vegetation index values and A
towards higher vegetation index values. The relation-
ship will invert when the vegetation index values are
inversely proportional to the health parameters, as in
the case of PRI570 and PRI515.

Results and discussion

Along-stream vegetation analysis

Figure 5 plots the variation of vegetation indices’ values
along the flow path of the Tonalli River, which is the
major river in the study area. Linear values of all the
indices were plotted on the primary Y-axis except the
value of TVI, which was scaled logarithmically and
plotted on secondary Y-axis since the data range of
TVI was disproportionate from the range of the rest
indices. During periods of heavy rainfall, metal contam-
inants from the nearby derelict mines in Yerranderie are
transported to the Tonalli River and, from there, to Lake
Burragorang (Wright 2005). The objective of the along-
stream analysis on the vegetation along the Tonalli River
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Fig. 4 Conceptual representation of superimposed histograms for
scenarios a both near to mine (N) and away frommine (A) streams
have similar spatial abundance of healthy/unhealthy pixels, and b

near to mine (N) streams have lower spatial abundance of healthy
pixels and away from mine (A) streams have higher spatial abun-
dance of healthy pixels
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was to identify any variation in the vegetation reflec-
tance properties because of the prevalent heavy metal
pollution. Spectroscopic reflectance indices of the veg-
etation generally exhibit a decreasing tendency (rela-
tionship is inverted for PRI570 and PRI515) in response
to stress. However, all the plots in Fig. 5 show only a
minor variation of the indices’ values related to chloro-
phyll, xanthophyll, blue/green ratio and canopy struc-
tures along the flow path direction. Moreover, there was
no major drop in the vegetation indices response where
the first-order tributary streams from the abandoned
mines (N1–N7) join the Tonalli River and beyond.
Tolerance to acidic soil and contamination from Pb
and Cd has been previously reported on few
phytostabilisation plant species present in the study area
(Archer and Caldwell 2004). The fact that all the indices
related to bio-physiochemical parameters point to no
significant variation in the gross forest health despite
the presence of high level of contamination supports the
conclusion that the hyperspectral analysis shows no
major impact of heavy metal contamination on the veg-
etation of the studied area and leads the possibility that
the vegetation might have developed resilience against
the level of contamination in the area.

Inter-stream vegetation analysis

Figure 6 shows an inter-comparison of vegetation con-
dition around first-order streams with a nearby

abandoned mine in its path (N1–N7) or away from
abandoned mine (A1–A8) contaminations using the
conceptualised superimposed histogram method. Ac-
cording to the method, the frequency distribution curves
of near to mine (N1–N7) and away from mine (A1–A8)
streams should overlap each other, when vegetation
around both the streams is of similar health conditions.
However, if the vegetation in the near to mine streams
(N1–N7) is affected by pollution then corresponding
frequency distribution curves will not overlap. Instead,
the peak values of the frequency distribution curves
around near to mine streams (N1–N7) should be signif-
icantly lower than that of away from mine streams (A1–
A8). This behaviour would be invert when the vegeta-
tion index values are inversely proportional to the health
parameters (PRI570 and PRI515). In this analysis, the
superimposed histograms of the different vegetation
indices generated for (N1–N7) and (A1–A8) found to
overlap each other in variably for each vegetation indi-
ces (Fig. 6). This strongly suggests that the vegetation
condition was similar for both the mining and non-
mining streams, more particularly the percentage of
vegetation cover with healthy spectral response was
identical. Similar to the along-stream analysis, the
inter-stream analysis of the vegetation indices related
to chlorophyll, xanthophyll, blue/green ratio and canopy
structures supports a similar conclusion. Although a
contrast of the vegetation indices’ values was likely
between the contaminated streams (near to the mine
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Fig. 6 Superimposed histograms showing the spatial abundance of healthy/unhealthy pixels based on a chlorophyll, b xanthophyll, c blue/
green ratio and d canopy structure
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shafts) and un-contaminated streams (away from the
mine shafts), the observation was not unaccountable
since other species (C. dactylon, J. usitatus and
L. longifolia), resilient against heavy metal contamina-
tions, have been previously identified in this region
(Archer and Caldwell 2004).

Conclusions

In this study, the health condition of vegetation exposed
to heavy metal pollution was assessed at a very high
spatial extent and resolution around Yerranderie’s derelict
mining area using airborne hyperspectral data in this
study. The method is identified as a useful tool to monitor
vegetation condition on a larger spatial extent, although
more understanding of the spectral response Eucalyptus
trees to heavy metal stress needs to be obtained.

This study adopted a systematic approach to first
radiometrically correct and analyse the hyperspectral
data. Then a set of 13 different vegetation indices related
to different bio-physiochemical parameters (chloro-
phyll, xanthophyll, blue/green/red ratio and structure)
were derived over the VNIR (400–1000 nm) portion of
the electromagnetic spectrum. The selected indices in-
dicated natural levels of values in the region. Future
spectroscopic analysis therefore could employ SWIR
(1000–2500 nm) region of electromagnetic spectrum
to identify possible variation of reflectance properties
due to the heavy metal stress.

A superimposed histogram method was proposed to
visualise vegetation indices data from around multiple
contaminated and un-contaminated streams. The meth-
od simplifies the comparative interpretation of the veg-
etation health status through use of frequency distribu-
tion curves of vegetation indices. Furthermore, the tech-
nique retains information for each pixel in a zone (N1–
N7 or A1–A7) in the corresponding frequency distribu-
tion curve, which is lost when using statistical mean or
median value for the entire zone instead. Therefore, the
method could also be used as a lossless inter-
comparative visualisation tool in other scenarios as well.

Along-stream analysis for the Tonalli River and inter-
stream analysis for the first-order tributaries was restrict-
ed to a buffer distance zone of 50 m. Vegetation in these
buffer zones is more likely to comprise of similar type of
Eucalyptus species. Therefore, the approach is suitable
to evaluate stress in vegetation due to heavy metal by
eliminating bias from secondary sources.

The along-stream analysis indicated no major decline
of the vegetation profile along the Tonalli River despite
the inflow of water contaminated with heavy metals
through first-order tributary streams from the abandoned
mines (N1–N7). The inter-stream comparison of the veg-
etation indices revealed similar response of vegetation in
streams near and away from the abandoned mine loca-
tions. Our observation through airborne spectroscopy on
tree-type forest vegetation cover is therefore in line with
the results of Archer and Caldwell (2004) with
understorey plant species. Their report identified few
potential phytostabilisation plant species (C. dactylon,
J. usitatus and L. longifolia), due to tolerance of acid soils
and tolerance and/or accumulation of significantly higher
concentrations of Pb and Cd. It is therefore highly likely
that, 97 years after the mining activity has ceased in this
area, local vegetation may have developed sufficient
resistance and adapted to the heavy metals.
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