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Abstract 
 
Hyperspectral remote sensing is applied widely for estimation biochemical 
parameters such as chlorophyll, and excessive heavy metal concentration in plant 
could cause a decrease in the level of chlorophyll content, therefore, it provides the 
possibility that monitor the heavy metal concentration using hyperspectral data. 
Estimating heavy metal concentration in the reed Phragmites Australis along Le An 
River using hyperspectral data from a spectroradiometer was the general objective of 
this research, and the study area is seriously polluted by mining activities, especially 
Dexing Copper Mine, which is the largest open-case mine in China. 
 
The first specific objective was to investigate the spatial distribution of heavy metal 
concentration in the study area. It was found that the heavy metal concentrations in 
down stream of Le An River were higher than upper stream due to two 
metal-polluted tributaries of Le An River, Dawu River and Jishui River. 
 
The second specific objective was to estimate chlorophyll content in Phragmites 
Australis using three hyperspectral vegetation indices: narrow-band NDVI, red edge 
position quantified by linear extrapolation and continuum removal normalized band 
depth (CRNBD). The CRNBD showed the highest determined correlation (R2) for 
calibrations and validations. The constant of NDVI chlorophyll prediction model 
was not at the 0.05 significance level when calibrated, and the constant of red edge 
position chlorophyll prediction model was not at the 0.05 significance level when 
validated. 
 
The third specific objective was to build heavy metal concentration prediction 
models. It was found that all heavy metals had a negative but low correlation with 
chlorophyll content, correlations with chlorophyll ranged from 0.322 to 0.376 at 0.05 
significance level. However, all these prediction models could not predict heavy 
metal concentration at the 0.05 significance level when validated. 
 
The overall results imply that hyperspectral vegetation indices could be correlated 
with chlorophyll content, while chlorophyll content in plants may be influenced by 
many other factors besides the heavy metals. To improve the models and this study, 
these factors should be considered. 
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Chapter 1 Introduction: 

1.1 Background of the research: 
Heavy metals are defined as metals with a density higher than 5g/cm3 (Lide, 1993), and exist 
in the environment naturally. Some of them such as Cu, Fe, Zn and Mg are essential 
elements for all living cells and play important roles in many physiological processes like 
metabolism, growth and development. Nevertheless, many problems arise when cells intake 
an excess of these essential elements or other heavy metals such as arsenic and lead, which 
are not known to have any essential functions, but are toxic and cause damages to living 
organisms (Moolenaar, 1998; Rozema et al, 1991;Verkleij et al, 2007).  
 
Excessive heavy metals in plants adversely affect plant growth and development (Vernay et 
al, 2007; Heckathorn et al, 2004; Chugh 1999). For instance, the level of chlorophyll will 
decrease if there are high heavy metal concentrations in leaves (Rozema and Verkleij, 1991). 
They also inhibit the growth of roots so that reduce plants capacity to absorb nutrients from 
soil to effect chlorophyll content indirectly, and leaves will be withered (Banninger, 1981; 
Hyde Hecker, 2003). Heavy metals can be passed on from plants and accumulate to toxic 
levels with deleterious effects on the body (Hyde Hecker, 2003; Moolenaar, 1998; Alloway, 
1995), therefore they also endanger animals and human health (Brown et al, 2005; Tandon et 
al, 2001; Leita et al, 1991). 
 
With the development of industry, the global demand for metals is increasing rapidly these 
decades because they can be employed in a wide range of applications for all aspects of 
daily life due to their functional qualities. Because of anthropogenic activities like 
metalliferous mining, increasingly more heavy metals are released and enter the 
environment, which contaminates the whole ecosystem (Moolenaar, 1998; Banninger, 1981). 
In China, a series of research studies, supported by the Co-operative Ecological Research 
Project (CERP) and started from 1987, demonstrated that heavy metal concentrations in 
water, soil and sediment had gone far beyond the standard level and seriously contaminated 
the areas around the Dexing copper mine, the biggest copper mine in China (UNESCO). 
 
The Poyang Lake is the largest fresh water lake in China, and the wetland is a crucial area 
for migrants in the winter. Ecological security of the Poyang Lake District is of high 
ecological, economical and social importance, therefore, it is crucial to study and protect the 
wetland ecological function and environment of Poyang Lake. However, a lot of research 
showed that the Poyang Lake district has been polluted by heavy metals in various degrees 
(Tu, 2005; Gong et al, 2006) owing to many heavy-metal contaminated rivers. One of these 
is the Le An River, which flows through the Dexing copper mine region and then discharges 
into Poyang Lake. Various policies and measures have been taken to manage the pollutants, 
protect and improve the current situation of Poyang Lake District (Jian et al, 2003; Lin et al, 
2003). Before measures and policies are taken, it is necessary to survey the present 
contaminated situation correctly and clearly in order to ameliorate the environment and 
achieve the best results. 



The Possibility of Assessing Heavy Metal Concentrations in reed along Le An River (China) using Hyperspectral Data 

- 2 - 

Remote sensing techniques have been proved to be the most successful means for 
quantifying and monitoring biophysical parameters non-destructively (Cohen et al, 2003; 
Wylie et al, 2002). However, a major limitation of traditional broadband sensors is that the 
spectral curve is non-continuous and narrow absorption is not detected (Blackburn, 1998a; 
Thenkabail et al, 2000) (Fig 1.1). Hyperspectral remote sensors measure reflected radiance 
in many narrow bands from the visible to the short wave infrared (Thenkabail et al, 2000), 
and thus hyperspectral data are applied widely not only for estimation of biophysical 
parameters (Broge and Leblanc, 2001; Mutanga and Skidmore, 2004a) but also of 
biochemical parameters such as chlorophyll (Fig 1.2). Hyperspectral techniques include 
beside others specific hyperspectral vegetation indices (Blackburn, 1998a; Filella and 
Penuelas, 1994). 
 
Excessive heavy metal concentrations in plants affect regular chlorophyll content so that the 
spectral curve of these plants is different from that of healthy plants that can be monitored 
by some hyperspectral vegetation indices such as red edge inflection point (Horler, 1983; 
Boochs, 1990; Smith, 2004; Filella and Penuelas, 1994; Hyde Hecker, 2003) (Fig 1.3). This 
research aims at analyzing the relation between selected hyperspectral vegetation indices 
and heavy metal concentrations in plants using field spectrometry. Moreover, this study will 
to assess the potential of hyperspectral images to predict the heavy metal concentrations in 
plants on larger scales. 
 

 
Fig 1.1 a traditional broadband spectral curve of green vegetation (Adapted from Cho, 

2007) 
 



The Possibility of Assessing Heavy Metal Concentrations in reed along Le An River (China) using Hyperspectral Data 

- 3 - 

 
Fig 1.2 a typical contiguous hyperspectral curve of green vegetation (Adapted from Cho, 

2007) 
 

 

Fig 1.3 hyperspectral curves of healthy and stressed green vegetation (Adapted from Zhang, 
2003) 

 

1.2 Research objectives: 

General Objective: 

 To predict heavy metal concentrations in plants using hyperspectral data 

 

Specific Objectives: 

 To understand the spatial pattern of heavy metal pollution in study area 

 To find relationships between leaf chlorophyll content and hyperspectral vegetation 

indices 
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 To find relationships between heavy metal concentrations and plant chlorophyll 

content 

1.3 Research questions: 

 How is chlorophyll content related to hyperspectral vegetation indices? 

 How is heavy metal concentrations related to chlorophyll content in plants? 

 Does heavy metal concentrations change regularly or not from Dexing Copper Mine to 

Poyang Lake in the study area? 

 

1.4 Research flowchart: 
 

 
Fig 1.4 Method Flowchart 
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Chapter 2 Background of research: 

2.1 Spectral reflectance 
Radiation interacts with target in three different ways: reflect absorb, or transmit. Equation 
2.1 is an energy balance equation showing the relationship among the mechanisms of 
reflectance, absorption and transmission (Lillesand and Kiefer, 2000). 

EI(λ) = ER(λ)+EA(λ)+ET(λ)     (Equation 2.1) 

Where EI is incident energy on the target, ER is reflected energy, EA is absorbed energy, and 
ET is transmitted energy.  
 

The interaction of the radiation with surface feature is dependent on not only the properties 
of features, it means that the different features can be distinguished on an image according to 
the proportions of energy reflected, absorbed, and transmitted, but also the properties of the 
wavelengths, if two features can be indistinguishable in one wavelength, they will be 
different in another wavelength band, therefore, each target has a different spectral response/ 
spectral signature (Lillesand and Kiefer, 2000). 
 
Remote sensing systems are designed to monitor reflected radiation, and reflection can be 
calculated as equation 2.2: 

pλ = ER(λ)/ EI(λ) * 100     (Equation 2.2) 

where pλ is expressed as a percentage, ER(λ) is energy of wavelengthλreflected from the 
target, and EI(λ) is energy of wavelengthλincident upon the target. 
 
pλ is called spectral reflectance, and a graph of the spectral reflectance of a target is termed 
a spectral reflectance curve, which gives us insight into the spectral characteristics of a target 
(Lillesand and Kiefer, 2000). And various kinds of surface materials can be recognized and 
distinguished from each other by their spectral signature using hyperspectral remote sensing  
 

2.2 Green vegetation reflectance 
Fig 2.1 shows typical spectral reflectance curve for healthy green vegetation.  
 
In the visible of the spectrum, the pigments such as chlorophyll in plant leaves cause the 
valleys at about 450 and 670um (called the “chlorophyll absorption bands”). Chlorophyll is 
the green pigment in green vascular plants, bryophytes and green algae, which is responsible 
for photosynthesis, a vital photochemical process (Salisbury and Ross, 1985a). Chlorophyll 
strongly absorbs energy in the blue wavelengths (400-500nm) and the red wavelengths 
(600-700nm), and reflects most energy in the green wavelengths (500-600nm) (Lillesand 
and Kiefer, 2000). Therefore, a healthy plant appears green because of the high absorption of 
blue and red energy and the high reflection of green energy. However, for a stressed plant, 
the low chlorophyll content leads to less absorption in the blue and red bands and high 
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reflection in the red bands and the plant turns yellow (Lillesand and Kiefer, 2000). Even 
though all pigments strongly absorb blue light, but chlorophyll dominates in the blue 
wavelengths because there are five to ten times as chlorophyll as carotenoid pigments in the 
plant (Belward and Valenzuela, 1991; Hyde Hecker, 2003).  
 
In the near-IR of the spectrum, the reflectance of healthy vegetation increases dramatically. 
From 700 to 1300um, the plant reflects 40 to 50 percent of the incident energy, most of the 
remaining energy is transmitted and absorption is less than 5 percent. The characteristics of 
plant reflectance in this spectral region are caused by the internal structure of plant leaves, so 
reflectance measurements in this range can be used to discriminate between species 
(Lillesand and Kiefer, 2000). 
 
In the short-wave infrared, the energy is mainly absorbed or reflected, with little 
transmittance. The valleys in reflectance at 1.4, 1.9 and 2.7um are caused by water in leaf 
that absorbs strongly at these wavelengths (called the “water absorption bands”) (Lillesand 
and Kiefer, 2000). 
 
Among five major absorption regions in the reflectance spectral curve, chlorophyll has two 
major ones in the visible region and these features for chlorophyll in the spectrum can 
determine chlorophyll content. 
 

 
Fig 2.1 Typical spectral response characteristics of green vegetation 

Source: Crum, Shannon; http:// www.rsunt.geo.ucsb.edu/rscc/vol2/lec2/2_2.html#21 
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2.3 Heavy metals and plants 
Metallic elements can be found in all living organisms and play a variety of roles: structural 
elements, components of control mechanisms, components of redox systems, stabilizers of 
biological structures, enzyme activators and so on. Heavy metals are defined as metals with 
a density higher than 5 g/cm3 (Lide, 1993), some of them are essential elements and their 
deficiency will lead to impairment of biological functions such as Cu and Zn. However, 
further supply of these essential elements does not lead to a growth increase, because 
beyond certain concentration all essential elements will become toxic (Bargagli, 1998). 
While, some of heavy metals are non-essential and even toxic for living organisms under 
certain conditions like Pb (Moolenaar, 1998; Rozema et al, 1991;Verkleij et al, 2007).  
 

2.3.1 Heavy metal tolerance mechanisms   
Heavy metals are absorbed by plants root from soil, and depending on the internal regulating 
system, plants may show three different types of uptake (Bargagli, 1998; Hyde, 2003).  
- Excluders have developed the mechanism that selectively takes up only the amount of 
heavy metals they need.  
- Indictors take up and accumulate metals through some mechanisms, such as chelation, 
localization and chemical inactivation. However, after a certain level of heavy metal 
concentration, indictors cannot regulate the uptake and continue to absorb heavy metals 
passively up to the toxic quantities until plants die. 
- Accumulators accumulate high concentrations of heavy metal from soil, regardless of the 
heavy metal toxicity  
For indictors and accumulators, heavy metals are continually absorbed into plants, the 
tolerance limit will be exceeded and plants die. (Bargagli, 1998; Hyde Hecker, 2003) 
 

2.3.2 Impacts of heavy metals toxicity on plants 
The main plant responses to heavy metal toxicity include leaf discoloration, chlorosis, 
necrosis, dwarfism, gigantism, leaf expansion inhibition and root growth inhibition 
(Banninger, 1981; Hyde Hecker, 2003). Within in plant cells, excessive certain heavy metals 
can modify the permeability of the plasma membrane, causing the leakage of ions and 
solutes. Several metals like copper have a high affinity for sulphydryl and carboxyl groups, 
which leading to induce a decrease in the plasma lemma ATP- ase activity. In addition, some 
cell components can be damaged by free radicals formed by metal participation (Bargagli, 
1998; Moolenaar, 1998). 
 
Excessive heavy metals also have many negative effects on chlorophyll. Some metals have a 
high affinity for sulphydryl groups can cause the inhibition of enzyme and chlorophyll 
synthesis (Bargagli, 1998; Moolenaar, 1998). Otherwise, the high heavy metal 
concentrations induce the deficiency of essential nutrients. As, manganese (Mn), Zn and 
rubidium (Rb) compete with essential elements such as phosphorous (P), magnesium (Mg), 
Mg and potassium (K), respectively. And displacements of these essential elements could 
decrease the levels of chlorophyll content (Rozema and Verkleij, 1990). 
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Chapter 3 Materials and Methods: 

3.1 Background of the study area:  

Country 

The study area is Dexing Copper Mine area, Jiangxi Province, in the northeast of China. 
 

The Dexing copper mine area 

Dexing copper mine is the largest opencast mine in China and world-class large scale as well, 
which is located near the Dexing City in the northeast of Jiangxi Province. Dexing copper 
mine owns abundant copper resource that provides 50 years of mine exploitation. In 2003, 
Dexing produced over 120,000 tons of copper metal, accounting for about a quarter of the 
total national output (BIOTEQ; Jiangxi Copper Company). Dexing copper mine is located 
on the upper river of the Le An river, which flows into Dexing, Loping and Poyang cities, 
converges with the Xin river to form the Rao river at Caijiawan, and finally flows into the 
Poyang lake, and Dawu river which flows into the Le An river at Gukou; Jishui river, 30 
kilometers long, is another metal-polluted tributary of the Le An river joining it at Daicun, 
draining three mines for copper, zinc and lead (UNESCO) (Fig 3.1). 
 

Tailing and its effects 

The CERP research shows that heavy metal polluted sediment is the major environmental 
problem in the Le An River and its influx into Poyang Lake, which include the upper stream 
of Le An River, the river section from Dexing Copper Mine to Caijiawan and the whole of 
Jishui River, covering about 160 kilometers. Age determination (by 137Cs) in sediment shows 
that copper contaminated sediment started from the early 1960s, just when the Dexing 
Copper Mine ran. In recent years, the ecosystem becomes more and more deteriorative 
because of at least three pollution sources: release of sediment-bound heavy metal pollutants; 
discharge of the Dexing copper mine tailings and discharge of metal and organic pollutants 
from Jishui River. Three measurements were used to evaluate the impact of the heavy-metal 
contamination on the aquatic ecosystem, measurements of heavy-metal concentration in 
environmental media, testing of heavy-metal concentration biology toxicity and ecological 
assessment of the spatial distribution of species and their abundance in the water and the 
sediment. The results show that the ecosystem along Jishui River (about 30km) and from 
Gukou to Daicun, also 30km, along the Le An River, was severely damaged; between 
Daicun and Hushan, for another 30km, along the Le An River, the ecosystem was 
moderately damaged; and the downstream of Le An River to Caijiawan, it was potentially 
polluted by copper and zinc sediment (UNESCO).  
 

Why select this area 

A series of researches have proved that Le An river has been polluted by heavy metals from 
Dexing copper mine (UNESCO; Wan, 2004) and this river had negative effects on the 
environment of Poyang Lake (Tu 2005; Gong et al, 2006). Poyang Lake is the largest 
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freshwater lake in China, located in the north of the Jiangxi Province, one of the ten 
ecological conservation areas in China, and also listed as one of the global important 
ecological areas regulated by World Wildlife Fund (WWF). The environment and climatic 
conditions of Poyang Lake are suitable for migratory birds to live through the winter. There 
are more than 300 kinds and a million plumes of birds, among which 50 kinds are rare birds. 
It becomes one of the biggest bird conservation areas in the world, especially, white cranes 
(LakeNet).  

 
Fig 3.1 Study Area 

 

3.2 Data collection: 

3.2.1 Field method 

Sample design 

In the study area, 21 Phragmites Australis leaves sample points were collected along these 
three rivers, Le An River, Dawu River and Jishui River, which are polluted by heavy metal 
contamination discharged from Dexing Copper Mine and other local scattered mining 
distributing along them (Fig 3.2). Dawu River and Jishui River flows into Le An River at 
Gukou and Daicun respectively. Le An River is divided into three sections by these two 
rivers, the upper, middle and down stream of Le An River. 10 leaves sample points were 
collected along Le An River, 3 sample points were in upper stream, 3 in middle stream and 4 
in down stream. There were 2 leave samples along Dawu River and 9 along Jishui River 
(Tab 3.1, Fig 3.3).  

 

Fig 3.2 Dexing Copper Mine area 
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Table 3.1 GPS of sample points 

 
 

 

Fig 3.3 21 Phragmites Australis leaves sample points in the study area 

 

Leaves collection and spectral measurements 

Leaves were collected from five plots at each sample point; at each plot, about 10 
Phragmites Australis leaves were cut from the upper part of the Phragmites Australis to 
obtain a representative sample for each point, and then wrapped in aluminum foil, labeled 
and put into sample bags. These samples were placed in vacuum flask that was filled with 
ice, however, there is no lab available to determine chlorophyll content in the study area, all 
leave samples were sent to lab on the third day, so to keep leaves sample refresh, ice were 
changed every day.  
 
In this research, measurements were carried out with a field spectrometer, Analytical 
Spectral Devices (ASD) Field Spec. Because of cloudy weather, it was not possible to 
measure spectral reflectance of leaves in the field. All samples were transported to a 

Dexing Copper Mine 
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darkroom for lab measurements. For each sample point, about 20 to 25 leaves were layered 
as flat as possible, and ten measurements were taken to minimize the random noise. The 
following picture shows all 21 average reflectance curves of leave samples (Fig 3.4).  

 
Fig 3.4 21 reflectance curves of leave samples 

 

3.2.2 Field Spectroradiometer 
In this research, reflectance spectrums of targets were measured by a field spectroscopy, 
FieldSpec Pro FR, manufactured by Analytical Spectral Devices, which is a portable 
spectroradiometer measuring the absolute or relative light energy through a fiber optic 
bundle and can be used both in the lab and field. Inside the instrument the light is projected 
onto a diffraction grating and separated into the different wavelengths, and then the 
separated light is detected by the different detectors of the instrument. The 
Visible/Near-infrared (VNIR) part of the spectrum, 350-1050nm, is measured by a 
512-channel silicon photodiode. Each channel corresponds to an individual detector to 
receive light within a narrow (1.4nm) bandwidth. The Short-Wave Infrared (SWIR) part of 
the spectrum is measured by two scanning spectrometers. The first spectrometer measures 
light between about 900 and 1850nm while the second measures between 1700 to 2500nm, 
and the spectral resolution varies between 10nm and 12nm. The measured results are 
interpolated by the ASD software to produce readings at every 1nm (Bertels, 2006). 
 

3.2.3 Laboratory Analysis 

Chlorophyll content 

At each sample point, representative leaves were cut into pieces and dipped in mixed liquid 
(acetone: ethanol: H2O= 45:45:10) for 24h, then Lichtenthaler (1987) method was used to 
determine Chlorophyll a and b, and then obtain the total chlorophyll content (Appendix A). 
 

Heavy metal concentration 

Heavy Metal Concentrations are determined by atomic absorption spectrophotometer, 
TAS-990, manufactured by Puxitong Company in China. The heavy metal concentrations 
(Pb, Cu, and Zn) determination operating procedures follow National Standard of China 
(GB/T 5009.12, GB/T 5009.13, and GB/T 5009.14). The heavy metal concentrations were 
displayed in Appendix A.  
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3.3 Spectral measurement: 
To minimize the effect of random noise on the spectra, the ten spectral measurements of 
each set leaves were averaged. So there are 21 averaged lab spectra of green leaves, one for 
each plot.  
 

3.3.1 Narrow-band NDVI 
Normalized difference vegetation index (NDVI) is developed by Rouse (1974) and widely 
applied on estimating many plant chemicals such as chlorophyll content (Gamon et al., 1993; 
Gamon et al., 1995; Peñuelas et al., 1993). It is based on the difference between the strong 
absorption in the red wavelength and abrupt maximum reflectance in the near infrared (NIR) 
caused by leaf chlorophyll.  
The equation is as follows: 

NDVI= (NIR - red)/ (NIR + red)   (Equation 3.1) 

Broadband NDVI uses average spectral reflectance over a wide range broadband widths 
resulting in loss of critical information that are available in specific hyperspectral bands 
(Blackburn, 1998; Thenkabail et al., 2000). And many studies have demonstrated major 
limitations with the broadband NDVI. They showed that broadband NDVI can be unstable 
and sensitive to soil color, canopy structure, leaf optical properties and atmospheric 
conditions (Huete and Jackson, 1988; Middleton, 1991; Qi et al., 1995; Todd et al., 1998). 
Furthermore, broad-band NDVI asymptotically approaches a saturation level after a certain 
biomass or leaf area index (LAI) (Sellers, 1985; Gao et al., 2000), but Narrow-band NDVI 
improved LAI or biomass estimation (Gong et al., 2003; Lee et al., 2004; Mutanga and 
Skidmore, 2004) 
 
Hyperspectral remote sensing has provided more additional bands for vegetation analysis and 
hyperspectral data provides additional bands in the red (600–700 nm) and red-edge/NIR 
(700–1300 nm) regions. Therefore, narrow-band NDVIs can be calculated from all two-band 
combinations between red or far-red (600– 740 nm) and NIR (756–1000 nm) in order to 
determine the best NDVI (Cho, Skidmore, et al, 2007).  
 

3.3.2 Red edge position  
Red edge is the transition between the low reflectance in red region (680nm) and high 
reflectance (780nm) in NIR region in leaf spectral curve caused by the effects of strong 
chlorophyll absorption in the red wavelengths and abrupt high reflectance in the NIR 
wavelengths (Horler, 1983; Kumar, 2001) (Fig 3.5). It has been reported that red edge 
position (REP) has strong relationship with chlorophyll content in leaves that low leaf 
chlorophyll content lead to “blue shift”, REP moves towards the shorter wavelengths, while 
high chlorophyll content cause “red shift”, REP moves toward the longer wavelengths 
(Horler, 1983; Buschmann and Nagel, 1993; Dawson and Curran, 1998) (Fig 3.5). These 
characteristic shifts in the red edge position can be used to estimate changes in leave 
chlorophyll; so many researches have applied REP on assessing the leaf chlorophyll content 
to predict plant growth conditions (Horler, 1983; Boochs, 1990; Smith, 2004; Filella and 
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Penuelas, 1994; Hyde Hecker, 2003).  
 
There are many algorithms to calculate red edge position; one of them is that red edge 
position can be defined as the wavelength around 720nm that reaches its maximum value in 
the first derivative curve of the original plant reflectance spectra (Tsai and Philpot, 1998; 
Dawson and Curran, 1998; Shunlin, 2004).The first derivative of the original spectral was 
calculated by the finite approximation method (Tsai and Philpot, 1998). 
The equation is as follows:  

dy/ dxi= (yj-yi)/ (xj-xi)         (Equation 3.2) 

Where y is the reflectance at each wavelength and x is the wavelength. 

 
Fig 3.5 red edge position (Adapted from Cho, 2007) 

However, it has been well documented that the maximum first derivatives of continuous 
spectral reflectance curve appear within two principal spectral regions (around 700nm and 
725nm) causing a bimodal distribution of REP data around 700nm and 725nm and a 
discontinuity in the REP/chlorophyll relationship (Horler et al. 1983) (Fig 3.6), and it has 
been reported that the double-peak is caused by natural chlorophyll fluorescence emission at 
690nm and 730nm (Zarco-Tejada et al. 2003). Other studies also have revealed the existence 
of this phenomenon; Boochs et al. found two peaks in winter wheat at 703 and 735nm in 
1990, Smith et al (2004) also detected peaks in canopy spectra of grass near 702nm and 
725nm. Clevers et al. (2004) used the Analytical Spectral Devices (ASD) FieldSpec FR 
spectroradiometer with a 1nm spectral resolution and observed two peaks in canopy spectra 
of grass near 700 and 720nm. 

 
Fig 3.6 the regions of double – peak (Adapted from Cho, 2007) 
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To retrieve a single red edge, a new linear extrapolation technique was introduced to solve 
this problem, which was developed by Moses Azong Cho. This new method is based on 
linear extrapolation of two straight lines (Eq. 3.3 and 3.4) through tow points on the far-red 
(680nm to 700nm) and two points on the NIR (725nm to 760nm) flanks of the first 
derivative reflectance spectrum of the red edge region (Fig 3.7).  

 
Fig 3.7 the linear extrapolation technique for extracting the red edge position (REP) – 

wavelength of the meeting point between two straight lines extrapolated on the far-red and 
NIR flanks of the first derivative spectrum (Adapted from Cho, 2007) 

 
Then the red edge position is defined by the wavelength value at the intersection of the 
straight lines (Eq. 4.3) (Cho, 2007). 

Far-red line: FDR = m1λ + c1     (Equation 3.3) 

NIR line: FDR = m2λ + c2     (Equation 3.4) 

Where m represents the slope of the straight lines and c represents the intercept. At the 
intersection, two lines have the same λ (wavelength) and FDR values. And the red edge 
position is the λ at the intersection, given by:  

    (Equation 3.5)  
Therefore, four points are required to retrieve the red edge position by this linear 
extrapolation technique, two bands near 680nm and near 700nm to calculate m1 and c1 for 
the far-red line and two bands near 725nm and near 760nm to calculate m2 and c2 for the NIR 
line (Cho, 2007). 
 

3.3.3 Continuum removal normalized band depth 

Compared with many vegetation indices, the Continuum Removal Normalized Band Depth 
(CRNBD) developed by Kokaly and Clark (1999) is a different method to determine leaf 
biochemical concentrations (Curran, 2001; Mutanga and Skidmore, 2004b, Huang, 2004), 
because CRNBD involves several processing steps and hyperspectral bands.  
 
The first step is to estimate the continuum line. Continuum line serves as a reference for 
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estimating the depth of the absorption features in following steps, which are characteristic of 
some chemicals; if a leaf lacks certain chemicals that absorb energy, the continuum will lack 
the absorption features. Continuum line can be calculated by many methods, Gaussian 
model or line segments that connect local maximal spectral reflectance points were used in 
this study (Kokaly and Clark, 1999) (Fig 3.8). In the second step, the continuum-removed 
spectrum (CR) is calculated by dividing the reflectance value for each point by the 
reflectance value of the continuum line at the corresponding wavelength (Fig 3.9); therefore, 
the new spectral values (CR) are between 0 and 1. And band depth (BD) is computed by the 
following equation: BD=1-CR (Fig 3.10), BD is then divided by the BD at absorption pit 
center which is the deepest point in the absorption pit, and then obtain CRNBD (Fig 3.11) 
(Kokaly and Clark, 1999; Mutanga and Skidmore, 2004b; Hyde Hecker, 2003). 
 
Continuum removal is applied on the wavelengths that cover features of interest (Clark and 
Roush, 1984), and this paper focuses on the chlorophyll, so Continuum Removal is applied 
on regions ranging visible from NIR, where chlorophyll is dominate factor. So the deepest 
point in this region can reduce the effect of other pigments or chemicals. 
 

 
Fig 3.8 Original spectrum and continuum line 

 

 
Fig 3.9 Continuum removed spectrum (CR) = original spectrum / continuum line 
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Fig 3.10 Band depth (BD) = 1-CR 

 

 
Fig 3.11 Continuum removed normalized band depth (CRNBD) = BD / Absorption center 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Absorption pit center at 
675nm 
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Chapter 4 Results: 

4.1 Chlorophyll content  
There was a wide range of chlorophyll content from 5.29 mg/L to 15.66 mg/L in the all 
sample points (Tab 4.1). According to the distribution of sample points in the study area, 
chlorophyll content of each sample could be analyzed along three rivers. It is shown that the 
average chlorophyll content in plant along Le An River was highest, 10.86 mg/L, among 
these three rivers, while the mean chlorophyll content in Dawu River plants was lower, and 
along Jishui River was lowest, 8.01 mg/L (Tab 4.1). Fig 4.1 is boxplots of chlorophyll 
content in study area, and all sample points were within the range of normal distribution.  
 

Table 4.1 Statistics of Chlorophyll Content in the study area  

 
 

 

Fig 4.1 Boxplots of chlorophyll content in Study Area 
 

4.2 Heavy metal concentrations and distribution 
In this study, concentrations of three heavy metals (Cu, Pb and Zn) were determined for the 
following distribution analysis to understand the spatial pattern of heavy metal pollution in 
the study area. Before the following analysis, the Zn concentration at sample point A14 was 
taken out, because the site of sample point 14 was not contaminated severely by heavy 
metals, and the Cu and Pb concentration at this sample point were very low, while the Zn 
concentration at this point was unexpectedly high, 790mg/kg, it might be a measurement 
error. Therefore, in my study, there were 20 sample points for Zn and 21 points for Cu and 
Pb. 
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4.2.1 Heavy metal concentrations 
In the study area, Cu concentrations changed from 60 mg/kg to 576 mg/kg, with the highest 
variation coefficient, 0.61. It means that Cu concentration obviously varied in the study area. 
Zn concentrations varied from 310 mg/kg to 790 mg/kg. Compared with Cu concentration, 
the variation coefficient of Zn concentration was lower, 0.22. Pb concentration ranged from 
0.74 mg/kg to 7.13 mg/kg with variation coefficient of 0.53 (Tab 4.2). Fig 4.2 is boxplots of 
these three heavy metals in the entire study area. Sample point A13 and sample points A12, 
A12, A15 and A16 were beyond the range of normal distribution of Cu and Pb 
concentrations in the study area, and all of them were collected from Jishui River (Tab 3.1).  
 

Table 4.2 Statistics of Cu, Pb and Zn Concentrations in the study area 
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 Fig 4.2 Boxplots of concentrations (a) Cu (b) Pb (c) Zn in the study area 
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4.2.2 Heavy metal distribution 
Heavy metal distribution was analyzed in two aspects: i) heavy metal distribution along Le 
An River: upper, middle and down stream, and ii) five drainage areas of study area: three 
parts of Le An River, Dawu River and Jishui River. The aspect i) will be analyzed using two 
criteria: the average of heavy metal concentrations and the heavy metal concentrations at 
each sample point. 
 

Heavy metal distribution in Le An River 

As mentioned above, Le An River was divided by Dawu River and Jishui River into three 
parts, namely the upper, middle and down streams. Fig 4.3 showed the average of Cu, Zn 
and Pb concentration in three parts. All heavy metal (Cu, Zn and Pb) concentrations 
increased along Le An River from upper to down stream. Down stream of Le An River 
contained the most heavy metal concentrations. From the results of ANOVA, it was found 
that all three heavy metals in upper, middle and down stream of Le An River were not 
significantly different with each other, and Cu, Pb and Zn concentrations in upper and down 
stream had the greatest mean difference (Tab 4.3). 
 

 
 
 
 
 

 
 

Fig 4.3 Concentrations (a) Cu (b) Pb (c) Zn of samples from upper, middle and down 
stream of Le An River 

 

(a) 

(b) 

(c) 

Cu concentration (mg/kg) 
Upper Stream: 104  
Middle Stream: 170  
Down Stream: 252  

Pb concentration (mg/kg) 
Upper Stream: 1.41  
Middle Stream: 2.87  
Down Stream: 3.14 

Zn concentration (mg/kg) 
Upper Stream: 437  
Middle Stream: 443  
Down Stream: 493  



The Possibility of Assessing Heavy Metal Concentrations in reed along Le An River (China) using Hyperspectral Data 

- 20 - 

Table 4.3 Results of ANOVA for heavy metal concentrations in Le An River 

 
 
Figure 4.4 showed the distribution of Cu, Zn and Pb concentrations along Le An River at 
each sample point. In total there were 10 sample points along Le An River. For all three 
heavy metals, the concentrations increased gradually starting at sample point A00, then 
reached a local maximum concentration at sample point A02 except for Pb, and the 
maximum concentration at A17, and decreased down stream towards sample point A20. 
Because Dawu River and Jishui River flow into Le An River at the site of sample point A02 
and A17, where the heavy metal pollutants were discharged into Le An River and heavy 
metal concentrations became higher. 
 

 
 

 
 

Fig 4.4 Concentrations (a) Cu (b) Pb (c) Zn distribution along Le An River 
 

(a) 

(b) 

(c) 
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Heavy metal distribution in five drainage areas 

The averages of heavy metal concentrations of five drainage areas were shown in the 
following figures (Fig 4.5). It was found that because of Dawu River and Jishui River, heavy 
metal concentrations became higher along the Le An River from upper stream to down 
stream, and Dawu River and Jishui river contained the most Cu and Pb concentration, 
respectively, both of them had the highest Zn concentration, 560mg/kg and 561nm/kg for 
Dawu River and Jishui River. 
 

 

 
 

 
 
 
 
 
 
 

 
 
Fig 4.5 Concentrations (a) Cu (b) Pb (c) Zn distribution in study area (Le An River, Dawu 

River and Jishui River) 
 
 
 
 

(a) 

(b) 

(c) 

Cu concentration (mg/kg) 
Upper Stream: 104  
Dawu River: 334  
Middle Stream: 170  
Down Stream: 252  
Jishui River: 274  

Pb concentration (mg/kg) 
Upper Stream: 1.41  
Dawu River: 3.14  
Middle Stream: 2.87  
Jishui River: 3.94  
Down Stream: 3.14 

Zn concentration (mg/kg) 
Upper Stream: 437  
Dawu River: 561  
Middle Stream: 443  
Jishui River: 560  
Down Stream: 493  
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4.3 Correlation between spectral reflectance and chlorophyll content 
Three hyperspectral vegetation indices: Narrow-band NDVI, red edge position (REP) and 
continuum removed normalized band depth (CRNBD) were used to correlate with 
chlorophyll content and build chlorophyll prediction models. In my study area, 21 sample 
points were divided into two parts; one part (14 sample points) was used as calibration data 
to build a regression model for predicting chlorophyll content, while the other part (7 sample 
points) was used as validation data to test the predictive power of the model. Linear or 
stepwise regression was then carried out on the calibration data. 
 

4.3.1 Narrow-band NDVI 
As mentioned above, Narrow-band NDVI was calculated by any combination of red band 
and NIR band. In this research, red band was selected from 631nm to 738nm and NIR band 
was chose from 753nm to 990nm. Among these narrow-band NDVIs, the best combination 
of red and NIR was 738nm and 753nm with R2 = 0.606, F = 29.185, P = 0.000 and N = 21.  
 
Therefore, linear regression was carried out on the calibration data between chlorophyll 
content and the combination of 738nm and 753nm to build chlorophyll content prediction 
model. As a result the model below was obtained:  

Y = 172.924x – 1.731              (Model 1) 

Where Y is chlorophyll content and x is value of Narrow-band NDVI calculated from the 
combination of 738nm and 753nm. 
 
This model had R2 of 0.579 (P = 0.002, df = 13), while it was found that the constant of this 
model was not significant at 0.05 level (Appendix B- (a)). 

 

4.3.2 Red edge position (REP) 
Red edge is the transition between the low reflectance in red region (680nm) and high 
reflectance (780nm) in NIR region (Horler, 1983; Kumar, 2001). Therefore, the first 
derivative was applied on wavelengths 680nm – 760nm to locate red edge position. As 
mentioned in 3.3.2, it was found that in the first derivative of reflectance there were two 
dominant peaks in the red – edge around 700 and 725nm (Fig 4.6).  
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Fig 4.6 the regions of two peaks around 700nm and 725nm 

 
To retrieve the red edge position, four points are required by this linear extrapolation 
technique, two bands near 680nm and near 700nm to calculate m1 and c1 for the far-red line 
and two bands near 725nm and near 760nm to calculate m2 and c2 for the NIR line (Cho, 
2007). And in this research, these four points were 680nm and 697nm for far – red line and 
732nm and 760nm for NIR line. After calculation, there was only one red edge position for 
each sample point, and then linear regression was carried out on the calibration data between 
chlorophyll content and the REP to build chlorophyll content prediction model. 
As a result the model below was obtained:  

Y = 0.517x – 360.142              (Model 2) 

Where Y is chlorophyll content and x is the REP. 
 
This model had R2 of 0.480 (P = 0.006, df = 13) (Fig 4.7). The plot of measured chlorophyll 
against predicted chlorophyll and the results obtained from the testing of Model 2 are 
displayed in Figure 4.8 (a) and other information of model 2 was in Appendix B- (b). While 
the P-value of constant of red edge position model was not at the 0.05 significance level 
when validated. 
 

 
Fig 4.7 Chlorophyll content prediction Model 2 
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4.3.3 Continuum removed normalized band depth (CRNBD) 
Continuum removal is applied on the bands that cover features of interest (Clark and Roush, 
1984), and this paper focuses on the chlorophyll, so Continuum Removal is applied on 
400nm – 550nm and 551nm – 755nm, where chlorophyll is dominate factor. After several 
processing steps were taken, a stepwise regression was carried out on the calibration data 
between chlorophyll content and the wavelengths. The results are displayed in Table 4.4, and 
coefficients and ANVOA results for these models are in Appendix B - (c).  
 

Table 4.4 Results of CRNBD using Stepwise Regression 
 

CRNBD
Model R R Square 

Adjusted R 
Square 

Std. Error of the 
Estimate 

1 0.775(a) 0.600 0.567 2.38872 
2 0.877(b) 0.770 0.728 1.89268 
3 0.927(c) 0.860 0.818 1.54850 
4 0.977(d) 0.955 0.935 0.92837 

 
Model 1: (Constant), nm747 
Model 2: (Constant), nm747, nm537 
Model 3: (Constant), nm747, nm537, nm667 
Model 4: (Constant), nm747, nm537, nm667, nm669 
 

Although model 4 had highest R2, in coefficients table, the constant of model 4 was not 
significant (P >0.05), and when tested for collinearity the four wavelengths were found that 
667nm and 669nm were not independent of each other. While, the tolerances of the 
coefficients of model 3 ranged from 0.815 to 0.950, meaning they were independent of each 
other, otherwise, all the coefficients of model 3 were significant, and R2 of model 3 was 
higher than model 2 and 1 (Appendix B - (c)).  
 
Therefore, model 3 was most suitable to predict chlorophyll content: 

Y= 245.165*λ(747nm)-195.135*λ(537nm)+311.075*λ(667nm)-300.323     (Model 3) 

Where Y is chlorophyll content and λ (747nm), λ (537nm), λ (667nm) are values that 
calculated from the original reflectance at wavelengths 747nm, 537nm and 667nm using 
CRNBD, respectively.  
 
This model had R2 of 0.860 (P = 0.000, df = 13). The plot of measured chlorophyll against 
predicted chlorophyll and the results obtained from the testing of Model 3 are displayed in 
Figure 4.8 (b).  
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Fig 4.8 Validation of chlorophyll prediction models (a) Model 2 and (b) Model 3. The 
following table of each figure show results of test for regression lines, the broke line is Y=X 

as a reference line. P-value marked by * are significant at 0.05 level. 
 

Among three chlorophyll prediction models, Model 3 had the highest determinant 
coefficient and could predict the chlorophyll content of the test data with 0.05 significance 
level. While the P-value of constant of Narrow-band NDVI model was not at 0.05 
significance level when calibrated, and the P-value of constant of red edge position model 
was not at 0.05 significance level when validated. And it was also found that validation points 
of Model 3 distributed along the reference line and the biases were not very large. 

 
 
 
 

(b) 
Model 3  

  Linear model 
R2 = 0.718 
P = 0.016 
df = 6 

(a) 
Model 2  

 Linear model 
R2 = 0.657 
P = 0.027 
df = 6 
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4.4 Correlation between heavy metal concentrations and chlorophyll 

content 
To build heavy metal concentration prediction models, the linear regression was used to find 
the relationships between chlorophyll content and heavy metal concentrations. Before this 
step, some sample points must be taken out because they beyond the range of normal 
distribution, which were A13 for Cu concentration and A11 A12, A15 and A16 for Pb 
concentrations (Fig 4.2 (b)), and these sample points had not been used to build the heavy 
metal prediction models, and sample point A19 was also taken out due to dredging activities, 
then linear regression was carried out on the calibration data (Cu, 13; Pb 11 and Zn 13), and 
the other sample points (Cu, 6; Pb 5 and Zn 6) was used as validation data to test the 
predictive power of the heavy metal prediction models. 
 

Cu concentration prediction model 

The Cu concentration prediction model below was obtained by linear regression carried out 
between Cu concentration and chlorophyll content on the calibration data:  

Y = - 28.288x + 496.156              (Model 4)  

Where Y is Cu concentration and x is chlorophyll content. 
 
This model had R2 of 0.335 (r = - 0.681, P = 0.038, df = 12) (Fig 4.9 (a)). The plot of 
measured Cu concentration against predicted Cu concentration and the results obtained from 
the testing of Model 4 are displayed in Figure 4.10 (a) and other information of model 4 was 
in Appendix C- (a). While the results showed that model 4 could not predict Cu 
concentration with 0.05 significance level when validated.  
 

Pb concentration prediction model 

The Pb concentration prediction model below was obtained by linear regression carried out 
between Pb concentration and chlorophyll content on the calibration data:  

Y = - 0.225x + 4.945              (Model 5) 

Where Y is Pb concentration and x is chlorophyll content. 
 
This model had R2 of 0.376 (r = - 0.636, P = 0.045, df = 10) (Fig 4.9 (b)). The plot of 
measured Pb concentration against predicted Pb concentration and the results obtained from 
the testing of Model 5 are displayed in Figure 4.10 (b) and other information of model 5 was 
in Appendix C -(b). While the results showed that model 5 could not predict Pb 
concentration with 0.05 significance level when validated. 
 

Zn concentration prediction model 

The Zn concentration prediction model below was obtained:  

Y = - 23.516x + 714.146              (Model 6) 
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Where Y is Zn concentration and x is chlorophyll content. 
 
This model had R2 of 0.322 (r = - 0.593, P = 0.043, df = 12) (Fig 4.9 (c)). The plot of 
measured Zn concentration against predicted Zn concentration and the results obtained from 
the testing of Model 6 are displayed in Figure 4.10 (c) and other information of model 6 was 
in Appendix C-(c). While the results showed that model 6 could not predict Zn concentration 
with 0.05 significance level when validated. 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 

Fig 4.9 Heavy metal concentration prediction models (a) Model 4 (b) Model 5 and (c) 
Model 6. P-value marked by * are significant at 0.05 level. 

 

(a) 

(c) 

(b) 

Model 4  
 
R2 = 0.335 
r = - 0.681 
P = 0.038* 
df = 12 

Model 5  
 
R2 = 0. 376 
r = - 0.636 
P = 0.045* 
df = 10 

Model 6  
 
R2 = 0.322 
r = - 0.593 
P = 0.043* 
df = 12 
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Fig 4.10 Validation of heavy metal prediction models (a) Model 4 (b) Model 5 and (c) Model 
6. The following table of each figure show results of test for regression lines, the broke line 

is Y=X as a reference line. 
 
It was found that all three heavy metals had negative correlations with chlorophyll content 
when calibrated; however, all heavy metal concentrations prediction models not predict 
heavy metal with 0.05 significance level when validated. 

(a) Model 4 
           Linear model 
R2 = 0.463 
P = 0.137  
df = 5 

Model 6  
  Linear model 

R2 = 0.366 
P = 0.203  
df = 5 

(c) 

Model 5  
 Linear model 

R2 = 0.628 
P = 0.110  
df = 4 

(b) 
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Chapter 5 Discussion: 

5.1 Heavy metal concentrations and distribution 
In this study area, heavy metal concentration varied with the site of sample point. It was 
found that Dawu River contained the most Cu concentration, because this river flow through 
Dexing Copper Mine area and was contaminated by waste water coming from the tailing, 
and containing a large amount of various pollutants, mainly Cu and Zn, therefore, Dawu 
River was a main Cu pollution source for Le An River (UNESCO). The results also showed 
that Jishui River contained the most Pb concentration. It has been reported that Jishui River 
was a main Pb pollution source for Le An River, because there are many scattered mines, 
mainly by local industries, discharges metal pollutants into Jishui River, one of them is a 
lead-zinc mine (UNESCO). And both Dawu River and Jishui River were the source of Zn 
pollution for Le An River. 
 
Because of this two river, the average of heavy metal concentrations in the upper, middle 
and down stream of Le An River became higher and higher. Dawu River and Jishui River 
flow into Le An River at sample point A02 and A17 respectively, where fig 4.4 showed that 
there was a increase in the level of heavy metal concentrations. Then Cu and Zn 
concentration decreased along middle stream until sample point A17, while Pb increased, 
because Pb is a very persistent pollutant in the environment and Pb and its compounds have 
low solubility and relative freedom from microbial degradation (Alloway, 1995).  
 

5.2 Correlation between spectral reflectance and chlorophyll 

5.2.1 Hyperspectral vegetation indices and chlorophyll 
For this study, the results showed that all hyperspectral vegetation indices had a positive 
correlation with chlorophyll content, and continuum removed normalized band depth 
(CRNBD) method was better than Narrow-band NDVI and red edge position. Kokaly and 
Clark (1999) has demonstrated that the normalized band depth approach decreases 
sensitivity to changing leaf water content, which was applicable for this study, because 
measurement of leaf spectra were carried out in the lab and not in situ. And this advantage 
over other two indices can be owed to, for example, the normalization of the band depth (BD) 
to the BD at absorption feature center, or involve several hyperspectral bands. The major 
limitation of Narrow-band NDVI is that this index was calculated by only two bands, and 
could not cover the whole regions dominated by chlorophyll or involve several bands like 
CRNBD; therefore, Narrow-band NDVI could not take full advantage of plentiful bands 
provided by hyperspectral remote sensing. In addition, to improve the results of the red edge 
position, perhaps higher order derivatives, second derivative, or polynomial fitting technique 
could be used. 
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5.2.2 Chlorophyll prediction models  
Among the three chlorophyll prediction models, Model 3 had the highest determinant 
coefficient and all coefficients were at 0.05 significance level. While the P-value of constant 
narrow-band NDVI model was not at 0.05 significance level with chlorophyll when 
calibration, and the P-value of constant of red edge position model was not at 0.05 
significance level when validated. 
 
Model 3 was obtained by the stepwise regression carried out between the CRBND and 
chlorophyll content, wavelengths 537nm, 667nm and 747nm were selected as giving the 
highest R2 for the calibration data and the validation data at 0.05 significance level. These 
bands lie in the green, red and NIR light regions, respectively, which were dominated by 
chlorophyll. As mentioned in 2.2, chlorophyll reflects most energy in the green wavelengths 
causing a peak at green light region around 550nm, and absorbs most energy in the red 
wavelengths leading to “chlorophyll absorption bands” at around 670nm, and in the NIR of 
the spectrum, the reflectance increases dramatically from about 700 to 800nm. Therefore, the 
combination of these three bands had the highest and significant determinant coefficients with 
chlorophyll than other two vegetation indices, which involve one or two bands. 
 

5.3 Correlation between heavy metals and chlorophyll 

5.3.1 Heavy metals and chlorophyll 
The results showed that all three heavy metals were negatively correlated with chlorophyll 
content on the calibration data, because excessive heavy metals have direct or indirect 
negative effects on chlorophyll in plants.  
 

Copper (Cu)  

Excessive Cu in plant inhibits the enzyme activity of chloroplast, which leads to 
inhibition of chlorophyll synthesis and a decrease in the level of chlorophyll content. 
Redundant Cu concentrations have a high affinity for sulphydryl groups or replace 
Fe, Zn and Mg of the chloroplast protein, which causes the change of ion 
composition and deactivation of the chloroplast protein. In addition, excessive Cu 
inhibits root growth, induces root sclerosis, and reduces ability to absorb nutrients 
from soil, resulting in a lack of Fe, which is an important element for chlorophyll 
synthesis and photosynthesis (Lin and Xu 2007; Moolenaar, 1998; Rozema and 
Verkleij, 1990). In this research, Cu was found to have spearman correlation 
coefficient r = - 0.681, R2 = 0.335, P < 0.05, N = 12 with chlorophyll. 
 

Lead (Pb)  

Pb is a non-essential element for plants and when is released into the environment, it 
has a long residence time compared with other pollutants (Alloway, 1995). 
Photosynthesis is one of the most vulnerable processes to Pb, because the 
replacement of the central atom of chlorophyll molecules, magnesium (Mg), by Pb 
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is an important damage mechanism in stressed plants and this substitution prevents 
photosynthetic light-harvesting in the affected chlorophyll molecules, resulting in a 
breakdown of photosynthesis (Kupper et al, 1996). In this research, Pb was found to 
have spearman correlation coefficient r = - 0.636, R2 = 00.376, P < 0.05, N = 10 
with chlorophyll. 
 

Zinc (Zn) 

Excessive Zn concentrations induce a decrease in the level of chlorophyll content 
through disturbing the metabolism of iron, for instance, excessive Zn inhibit root 
growth and affect the uptake of Fe from soil, interfere the translocation of Fe or 
change the availability of Fe in the leaf and so on, and Fe is an essential element for 
phytoferritin, which was the indispensable matter for photosynthesis to compose the 
chlorophyll (Amber et al, 1970; Judith et al, 1977). In this research, Zn was found to 
have spearman correlation coefficient r = - 0.593, R2 = 0.322, P < 0.05, N = 11 with 
chlorophyll. 
 

5.3.2 Heavy metals prediction models 
The results showed that three heavy metals had negative correlation with chlorophyll, but 
after validation of the models, it was found that all these prediction models could not predict 
the heavy metal concentrations of the test data at 0.05 significance level (Fig 4.12), The poor 
reliability of these three prediction models points out that the chlorophyll content in plants 
are influenced by many factors, other excessive heavy metal concentrations in plants, 
deficient macronutrients, overabundance or lack of water, and too high or too low pH of the 
soil and so on. So many factors affect plant chlorophyll content even when the study area 
has one predominating factor. 
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Chapter 6 Conclusion 
 
In this study area, it was found that Le An River was polluted by its two tributaries, Dawu 
River and Jishui River. Dawu River flow though the Dexing Copper Mine, which is the 
largest opencast mine in China, and was contaminated by waste water coming from the 
tailing. There are many scattered mines distributing along Jishui River and discharging metal 
pollutants into Jishui River.  
Because of these two rivers, the heavy metal concentrations in Le An River was increasing 
from upper stream to down stream. 
 
The primary objective of this research was to predict heavy metal concentrations using 
hyperspectral data from a spectroradiometer. The first step was find relationships between 
hyperspectral vegetation indices and chlorophyll content. And the spectral reflectance was 
found to be correlated to the chlorophyll concentration at 0.05 significance level when the 
red edge position and the continuum removed normalized band depth (CRNBD) process 
were used. CRNBD showed the highest determined correlation (R2) for calibrations, 0.860, 
with chlorophyll; and red edge position calculated by linear extrapolation technique gave 
lower significant determined correlation, 0.48. While the P-value of constant narrow-band 
NDVI model was not at 0.05 significance level with chlorophyll. 
 
When regression models were validated, the CRNBD model had a determined correlation 
(R2) at 0.05 significance level, 0.718; the prediction of chlorophyll content was robust and 
significant. While the P-value of constant of the red edge position model was not at the 0.05 
significance level when validated. 
 
The second step of this research was to build heavy metal concentration prediction models. 
It was found that all three heavy metals had negative correlations with chlorophyll content at 
the 0.05 significance level when calibrated; however, all the predictions of heavy metal 
concentrations were not at the 0.05 significance level when validated.  
 
The poor reliability of these three prediction models were attribute to that chlorophyll 
content in plants are influenced by many factors, even when the study area has one 
predominating factor. 
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Chapter 7 Recommendations 
 
More Phragmites Australis samples should be collected from study area to build the more accurate 
and reliable models, and it needs a longer period of fieldwork and better organization. 
 
Chlorophyll content should be determined in field work using Minolta SPAD. 
 
The spectral reflectance should also be collected in the field, and the correlation results obtained 
from laboratory and field reflectance can be compared. 
 
Red edge position could be retrieved by other methods, such as second derivative, or 
polynomial fitting technique.  
 
The continuum removed normalized band depth process could be applied to the 
hyperspectral image and then correlated with the chlorophyll content. 
 
Carrying out tests for nitrogen content, water content in plant or pH of the soil and so on to 
find out what factors could be affecting chlorophyll content more than the heavy metals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



The Possibility of Assessing Heavy Metal Concentrations in reed along Le An River (China) using Hyperspectral Data 

- 34 - 

Appendices 

Appendix A 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



The Possibility of Assessing Heavy Metal Concentrations in reed along Le An River (China) using Hyperspectral Data 

- 35 - 

Appendix B 
Appendix B -- (a) Detailed information of Model 1 

                            Model Summary 
 

R R Square 
Adjusted R 

Square 
Std. Error of 
the Estimate 

.761(a) .579 .544 2.450827 
     a Predictors: (Constant), NDVI 

 
ANOVA (b) 

 

Model 
Sum of 
Squares 

df Mean Square F P 

Regression 99.203 1 99.203 16.516 .002(a) 
Residual 72.079 12 6.007   

Total 171.281 13    
   a Predictors: (Constant), NDVI 
   b Dependent Variable: NDVI 

Coefficients (a) 
 

Unstandardized Coefficients Standardized Coefficients 
Model 

B Std. Error Beta 

t 
 

P 
 

(Constant) -1.731 2.987  -.579 .573 
NDVI 172.924 42.551 .761 4.064 .002 

       a Dependent Variable: NDVI 
 

Appendix B -- (b) Detailed information of Model 2 
Model Summary 

 

R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
.693(a) .480 .436 2.725015 

     a Predictors: (Constant), REP 

 

ANOVA (b) 
 

Model 
Sum of 
Squares 

df Mean Square F P 

Regression 82.169 1 82.169 11.065 .006(a) 
Residual 89.109 12 7.426   

Total 171.277 13    
   a Predictors: (Constant), REP 
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   b Dependent Variable: REP 
 

Coefficients (a) 
 

Unstandardized Coefficients Standardized Coefficients 
Model 

B Std. Error Beta 
t 
  

P 
  

(Constant) -360.142 111.308  -3.236 .007 
REP .517 .155 .693 3.326 .006 

a Dependent Variable: REP 
 

Appendix B -- (c) Detailed information of Model 3 
Model Summary 

 

Model R R Square 
Adjusted R 

Square 
Std. Error of the 

Estimate 
1 0.775(a) 0.600 0.567 2.38872 
2 0.877(b) 0.770 0.728 1.89268 
3 0.927(c) 0.860 0.818 1.54850 
4 0.977(d) 0.955 0.935 0.92837 

 
Model 1: (Constant), nm747 
Model 2: (Constant), nm747, nm537 
Model 3: (Constant), nm747, nm537, nm667 
Model 4: (Constant), nm747, nm537, nm667, nm669 

 
ANOVA (e) 

 

Model Sum of Squares df Mean Square F P 
1 Regression 102.809 1 102.809 18.018 .001(a) 
 Residual 68.472 12 5.706   
 Total 171.281 13    

2 Regression 131.877 2 65.938 18.407 .000(b) 
 Residual 39.405 11 3.582   
 Total 171.281 13    

3 Regression 147.303 3 49.101 20.477 .000(c) 
 Residual 23.979 10 2.398   
 Total 171.281 13    

4 Regression 163.525 4 40.881 47.433 .000(d) 
 Residual 7.757 9 .862   
 Total 171.281 13    

 
a Predictors: (Constant), 747nm 
b Predictors: (Constant), 747nm, 537nm 
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c Predictors: (Constant), 747nm, 537nm, 667nm 
d Predictors: (Constant), 747nm, 537nm, 667nm, 669nm 
e Dependent Variable: Chlorophyll content 
 

Coefficients 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Unstandardized 
Coefficients 

Standardized 
Coefficients Model 

B Std. Error Beta 
t P 

Tolerance of 
collinearity 

(Constant) 5.773 1.205  4.789 .000  1 
747nm 325.045 76.558 .775 4.246 .001 1.000 

2 (Constant) 7.577 1.147  6.609 .000  
747nm 298.012 61.416 .710 4.852 .001 0.976  
537nm -222.014 77.991 -.417 -2.847 .016 0.976 

3 (Constant) -300.654 121.338  -2.478 .033  
747nm 245.147 54.358 .584 4.510 .001 0.833 
537nm -194.984 64.651 -.366 -3.016 .013 0.950 

 

667nm 311.408 122.585 .333 2.540 .029 0.815 
4 (Constant) -56.508 92.187  -.613 .555  

747nm 217.879 33.257 .519 6.551 .000 0.803 
537nm -258.592 41.528 -.485 -6.227 .000 0.831 
667nm 904.436 155.620 .966 5.812 .000 0.183 

 

669nm -835.833 193.226 -.715 -4.326 .002 0.185 
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Appendix C 
Appendix C -- (a) Detailed information of Model 4 

Model Summary 
 

R R Square 
Adjusted R 

Square 
Std. Error of 
the Estimate 

.579(a) .335 .275 127.37526 
a Predictors: (Constant), Chlorophyll 

 
 ANOVA (b) 
 

Model Sum of Squares df Mean Square F P 

Regression 89921.742 1 89921.742 5.542 .038(a) 
Residual 178469.027 11 16224.457   

Total 268390.769 12    
a Predictors: (Constant), Chlorophyll 
b Dependent Variable: Cu 
 
 Coefficients (a) 
 

Unstandardized Coefficients Standardized Coefficients 
Model 

B Std. Error Beta 

t 
 

P 
 

(Constant) 496.156 121.975  4.068 .002 

Chlorophyll -28.288 12.016 -.579 -2.354 .038 
a Dependent Variable: Cu 
 

Appendix C -- (b) Detailed information of Model 5 
Model Summary 

 

R R Square 
Adjusted R 

Square 
Std. Error of 
the Estimate 

.613(a) .376 .306 .92233 
a Predictors: (Constant), Chlorophyll 
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 ANOVA (b) 
 

Model Sum of Squares df Mean Square F P 

Regression 4.609 1 4.609 5.418 .045(a) 
Residual 7.656 9 .851   

Total 12.265 10    
a Predictors: (Constant), Chlorophyll 
b Dependent Variable: Pb 
 
 Coefficients (a) 
 

Unstandardized Coefficients Standardized Coefficients 
Model 

B Std. Error Beta 
t P 

(Constant) 4.945 1.003  4.932 .001 
Chlorophyll -.225 .097 -.613 -2.328 .045 
a Dependent Variable: Pb 
 

Appendix C -- (c) Detailed information of Model 6 
Model Summary 

 

Model R R Square 
Adjusted R 

Square 
Std. Error of 
the Estimate 

1 .567(a) .322 .260 113.49760 
a Predictors: (Constant), Chlorophyll 

 
 ANOVA (b) 
 

Model Sum of Squares df Mean Square F P 

1 Regression 67228.475 1 67228.475 5.219 .043(a) 
 Residual 141698.756 11 12881.705   
 Total 208927.231 12    

a Predictors: (Constant), Chlorophyll 
b Dependent Variable: Zn 
 Coefficients (a) 
 

Unstandardized Coefficients 
Standardized 
Coefficients Model 

B Std. Error Beta 
t P 

1 (Constant) 714.146 95.379  7.487 .000 
 Chlorophyll -23.516 10.294 -.567 -2.284 .043 

a Dependent Variable: Zn 
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