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Spectral response of wheat and lettuce to copper pollution
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Abstract: The leaf reflectance spectra of plants polluted with heavy metal copper exhibit abnormal behavior. This paper investi—
gates the spectral changes in copper—polluted leaves using seven spectral signatures and the spectral angle method. Wheat and 1
ettuce were selected as the experimental subjects and were cultured in copper—polluted soil. Leaf spectra reflectance and scanning
electron micrograph of ten copper treatment groups were measured in four regular periods. The reflectance spectra of the leaves
were obtained using an ASD Field Spectrometer. Results showed that the irregular spectral changes of copper—polluted leaves d
epend on crop growth stages and crop types. The spectral angle a simple method of comparing the vector angle of the leaf spectra
with the given threshold values has been justified as an efficient method of describing the spectral differences between copperp
olluted leaves and healthy leaves. The method is very sensitive to light and the severity of copper pollution. Results also show that
the leaf structural parameter ( N) of copper—polluted leaves is larger than that of healthy leaves. The linear relationship between N
and the reflectance value of the red shoulder was fitted with a correlation coefficient of 0. 978. As a result the deduced N from the
leaf reflectance spectra may be used as an indicator to reflect the leaf structure distortion under copper pollution conditions. The

significance of this study lies in its provision of data asbasis and theoretical support for the construction of a copper—polluted leaf re—

flectance spectral model.
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1 INTRODUCTION

Heavy metal copper is widely used in industrial and agricul—
tural production such that copper pollution has become one of
the most incredibly difficult environmental problems faced by
mankind( Fernandes & Henriques 1991) . The effects of copper
pollution overburden ecosystems and attract the attention of peo—
ple worldwide ( Ebbs & Kochian 1997) . Currently the monito—
ring of heavy metal pollution primarily takes the form of tradition—
al geochemical methods. However these traditional methods are
time consuming inefficient and unsuitable to large-scale m
onitoring. By contrast vegetation monitoring methods based on
remote sensing techniques with their capacity for wide vision
large amount of information and rapid dynamic monitoring have
become powerful tools in monitoring heavy metal pollution ( Li
2007) .
metal pollution on vegetation by monitoring spectral changes

1998; Jago et al. 1999; NI et al.

Many scientists have studied the spectral effects of heavy

( Buschmann et al.
1997) .
Research shows that the status of plant growth and develop—
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ment is an important index of ecosystem pollution and heavy met—
al-stressed vegetation exhibit changes in the internal structure
and spectral properties of their leaves ( Liu et al. 2004; Cho

et al. 2006; Horler et al. 1980; Sridhar 2007;

Chi et al. 2006). Li et al. (2008) proposed that the red
edge slope of the copper-stressed leaves of Rhus Chinensis in—
creased from 4.5534 to 8 . 9475 and the red edge position dem—
onstrated the blue shift phenomenon Chi et al. (2006) exam—

et al.

ined the relationships between heavy metal concentration on the
one hand and the e levated area of reflectance in the visible wave
band the reduced area in near-infrared wave band and the blue
shift index on the other hand ( Qu et al. 2012).

(2010) extracted the spectral characteristics of contaminated

Ren et al.

paddy plants and i dentified the sensitive bands by means of cor—
relation analysis and curve fitting of the inverted Gaussian mod—
el. Liu et al. detected the stress levels of rice under Zn pollution
by analyzing the characteristics of hyperspectral singularity ( Liu

et al. 2010).

tion vegetation index sensitive bands and wavelet transform

The aforementioned studies used red edge posi—
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method to enhance the o riginal spectral information and to ex—
tract the remote sensing spectral diagnosis index of vegetation
pollution thus attaining the goal of monitoring heavy metal pol-
lution by remote sensing technology. However the parameters a—
bove are easily affected by the stage of plant growth because of
the complexity of physical and biochemical response mecha-
nisms. Very few studies involve the monitoring of pernicious met—
2005) . As

such the search for a more effective and sensitive diagnostic

als and the spectra of stressed plants ( Ren et al.

method of the simple rapid and non-destructive monitoring of
heavy metal pollution continues to be a focus in the research a—
genda.

Wheat and lettuce were selected as the experimental sub—
jects in the laboratory experiments on copper treatment. Forty-six
groups of copper-ireated leaves were measured at four regular pe—
riods. Through these measurements information on the spectral
and biochemical components of the leaves and the corresponding
scanning electron microscopy images were obtained. Based on
the data above this study uses characteristic bands to discuss
the spectral response effects of copper-stressed leaves on different
growth stages. The spectral angle was calculated to d etermine
the significance of each copper-stressed leaves. This paper pro—
vides a theoretical basis and technical support for the diagnosis
and monitoring of copper pollution with plant spectra. The leaf
structure parameter N of copper-contaminated leaves was calcu—
lated based on the PROSPECT model. The inversion values of
the leaf structure parameter N explained the spectral abnormality
in the near-infrared bands of the copper-ireated leaves. The
structure parameter N can be used to monitor mild to moderate

copper pollution.

2 METHOD AND EXPERIMENT
2.1 Experiment and data collection

Copper is an element indispensable to plant growth. H
owever excessive heavy metal damages the plant. Generally
the concentration of Cu is 35 pg/g in clear soil ( first class
field) 100 pg/g in slightly polluted soil ( second class field)
and 4 00 pg/g in severely polluted soil ( third class field)
( Zhao et al.

experiment on copper-stressed wheat and lettuce. We obtained

2008) . In this study we conducted a laboratory

information on the spectral and biochemical components of the
leaves and the corresponding Scanning Electron Microscopy
( SEM) images. F inally we constructed an integrated data set
on copper—polluted plants based on the experiment.

Wheat and lettuce were selected as the experimental sub—
jects in the laboratory experiments on copper treatment. The
seeds were sown in impermeable plastic pots each of which ¢
ontained approximately 10 kg of potting mix. The plants were
kept in an enclosed area outdoors. They were supplied with d
istilled water daily. To simulate heavy metal copper contamina—
tion in the soil the soil was treated with copper sulfate solu—
tions. Ten treatments including a control group were designed
with 25 mg/kg 50 mg/kg 100 mg/kg 200 mg/kg 400 mg/
kg 800 mg/kg 1600 mg/kg 3200 mg/kg and 4800 mg/kg of
¢ opper s ulfate solution respectively. Each treatment was tested
three times in parallel.

The spectrum curve ofthe vegetation in its near-infrared

band was primarily influenced by the leaf’s internal structure
which shows significant abnormality when polluted by copper
(Liu etal. 2010). Therefore we obtained SEM images of the
copper-ireated leaves to observe and verify the changes in the
leaf’s internal structure caused by copper pollution. Forty-six
groups of copper-ireated leaves were measured at four regular pe—
riods. The specific process of data collection is as: (1) We ¢
ollected the reflectance spectra of the leaves. (2) We obtained
SEM images. (3) We measured leaf biochemical and copper ¢
ontamination using the laboratory method.

The measurement of leaf reflectance spectra adopts vim
measuring method. The reflectance spectra are collected with an
ASD Fieldspec3 Spectroradiometer ( Analytical Spectral Devices
Boulder CO USA) with a wavelength range of 350 nm to 2
500 nm and a spectral resolution of 1 nm. The spectrometer is e—
quipped with a blade clamping device ( Unit 1539 Plant Probe
Model A122317) . The reflectance spectra of wheat during the
jointing and booting stages were measured using the ASD spec—
trometer coupled with an integrating sphere ( Li-41800S) . There—
fore the measured reflectance ranges from 300 nm to 1 100 nm
a range that incorporates that of the integrating sphere. For our
measurements we selected three representative leaves from each
plant and the average number was set to twenty.

Leaf samples from plants grown in the control soil were col—
lected and prepared for SEM. The samples were frozen and im-
mediately fixed in 2% glutaraldehyde in a 0. 1 M potassium
phosphate buffer ( pH =7.2) . All of the materials were main—
tained at 4°C and were observed with an SEM KYKY-EM 3200
with a resolution better than 6 nm. All the observations were
completed in two weeks.

The biochemical components were measured using chemical
methods. Through chemical analysis we obtained the chloro—
phyll water dry matter and copper ion content. Chlorophyll is
not soluble in water but is soluble in organic solvent. There—
fore chlorophyll was extracted from the copper-reated leaves u—
sing 80% acetone. To measure the dry matter and water content
the harvested leaves were heated at 105°C for 30 minutes and
were then dried at 70°C in an oven to achieve a constant weight.
The leaf samples ( approximately 0.5 g) were d igested with con—
centrated nitric acid and hydrochloric acid. The digested solution
was filtered and the copper concentration was then analyzed u-
sing atomic absorption spectrophotometry ( Optima 2100 DV in-
emission  spectrometer ~ USA

ductively coupled plasma

PerkinElmer Company) .
2.2 Determination of spectral features

This paper uses seven characteristic bands to determine if
significant spectral changes occurred in the copper-stressed leav—
es in different growth periods. The seven characteristic bands
and the corresponding calculation method are shown in Table 1.

To determine the spectral significance of each sample we
calculated the spectral angle between the mean reflectance spec—
traof the given sample and the mean reflectance spectra of the
control plants. The spectral angle was calculated at six spectral
regions. The six spectral regions are shown in Table 1. We cal-

culated the spectral angle through Eq. (1) .
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(1)

0 = arCC()s[ 2 (R"“""""( i) x Rn"e«( i) ) ]
‘R((,.,.m]( i) ‘ X ‘R'( i) ‘

where i =12 3 *-+ n @ is the spectral angle R, (i) is the re-

flectance value of the control leaves at wavelength i and R (i)

is the reflectance value of the copper-stressed leaves at

wavelength 1.

Table 1 Seven characteristic bands and spectral angles

Characteristic bands

Spectral angles

Band names Calculation method

Band range/nm

Band intervals/nm Explanations

Wavelength of the minimum value of the reflectance from

Violet trough
382 nm to 500 nm

Wavelength of the maximum value of the first-order deriva—
Blue edge . .
i tive of the reflectance from 450 nm to 550 nm

Wavelength of the maximum value of the reflectance from

500 nm to 600 nm

Green crest

Wavelength of the minimum value of the first-order deriva—
Yellow edge R
tive of the spectrum from 550 nm to 650 nm

Wavelength of the minimum value of the spectrum from 6

Red trough
00 nm to 720 nm

Red od Wavelength of the maximum value of the first-order deriva—
ed edge
& tive of the reflectance from 670 nm to 780 nm

Wavelength of the maximum value of the reflectance from
750 nm to 950 nm

Infrared shoulder

400—2500 5 The full spectral angle

400—716 4 The spectral angle focused on pigments
717—975 3 The spectral angle focused on the red edge
976—1265 17 The spectral angle focused on water content
1266—1770 3 The spectral angle focused on water content
1771—2500 3 The spectral angle focused on water content

‘ R (1) ‘ and 0 ‘ R,..(1) ‘ can be calculated through
Eq.(2).
R ) | = /(2 (R ) X Rpa(i) ) )
R | = /(2 (Ruld) xR ) (2)
Additionally n can be calculated by
)\nm - Amin
s )

where A, is the upper bond of the spectral bands A, is the

lower bond of the spectral bands and & is the band interval

2004) .
If the angle exceeded a threshold for any spectral range the

( Dennison et al.

spectrum was consideredas exhibiting significant spectral chan—
ges. The threshold was computed through Eq. (4) .
z(RWWU)xmn)]

E

&£, = arccos

x

control_x( i)

where R, () is the reflectance value of the measurement x of
the control group leaves R( i) is the mean reflectance value of
the control group leaves at wavelength i and ¢ is the total num-

ber of measurements. In conclusion the threshold values for
each spectral range were determined by calculating the difference
between the reflectance value of a single measurement and the

mean reflectance value of the control sets for each species.
2.3 Determination of spectral structure parameter N of
copper-treated leaves

Leaf structure is described by a parameter that represents

the delaminating phenomenon of leaf interior space in the leaf ra—

diative transfer model. Leaf structure parameter is an immeasura—
ble parameter and can only be obtained by inversion. The PROS-
PECT model is used to calculate it.
theory PROSPECT describes the optical properties of a leaf from

Based on radiative transfer

400 nm to 2500 nm with a minimum number of p arameters to fa—
cilitate its inversion.

A leaf isassumed to be composed of a pile of N homogeneous
layers separated by N —1 air spaces. The non-diffuse character
of the incident beam concerns only the top of the pile. Inside the
leaf the light flux is assumed to be isotropic. The final equation
of the PROSPECT model requires four parameters: &« N n and
1990) .

The determination of N requires the refractive index. In our

k ( Jacquemoud & Baret
case the refractive index was set to 1.45. Increasing or decrea—
sing the value of the refractive index did not change the results.

For the copper-ireated dataset we chose the three wavelengths
corresponding to the three maximum reflectances from 800 nm to
1200 nm to obtain the inversion value of N.. The cost

function is

J(N(:u k (Amax’l ) k (Amzlxz ) k (/\'ma‘d ) ) =
3
Y (R (A ) = (A ) )

i=1

(5)

where N, is the structure parameter of the copper-stressed leav—
es k( A,.;) is the corresponding specific absorption coefficients
at A,

R,.i( A,.) is the simulated reflectance at A

R...(A,.) is the measured reflectance at A and

maxi

maxi *

3 DATA PROCESSING AND ANALYSIS
3.1 The reflectance spectra of copper-treated leaves

The corresponding leaf reflectance spectra of copper-reated
wheat and lettuce are shown in Fig. 1 and Fig. 2. The germina-

tion rate of lettuce is virtually zero when the siress concentration
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is 1600 pg/g 3200 pg/g and 4800 wg/g. In our experiment

we measured the leaf reflectance spectra of only five groups of ¢
opper-reated | ettuce. Compared with healthy leaves the reflec—
tance spectra of copper-siressed leaves either increased or d
ecreased. Among the full band intervals the reflectance values
from 800 nm to 1 300 nm showed the most significant difference.
This difference is not regular but is related to plant species and
growth period. For example the reflectance value of copper—

treated wheat in the seeding and heading stages is less than that
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of healthy wheat. However the above mentioned regulation does
not manifest in the jointing and filling stages. The reflectance
spectra of two leaves of the copper-ireated lettuce is less than that
of healthy leaves in the visible and mid-infrared band ranges but
is greater than that of healthy leaves in the near-infrared range.

The reflectance spectra of six and eight leaves of ¢ opper-treated
lettuce is less than that of healthy lettuce. In ¢ onclusion distin—
guishing b etween copper-ireated leaves and healthy leaves di-

rectly through reflectance spectra is not easy.
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Fig.2  Reflectance spectra of lettuce leaves

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.
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3.2  The analysis of reflectance spectra of copper—
treated leaves

Previous research shows that the copper content in soil and
plant leaves has the same varying trend and significant positive
2005) .
content in plant leaves increases with copper content in soil
(Liu et al.

bands of wheat. The horizontal axis represents the copper content

correlation ( Chi et al. In other words the copper

2007) . Fig. 3 shows the seven characteristic
of leaves and the vertical axis represents the wavelength. The

band position of the violet trough blue edge green crest yellow
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edge and red trough of wheat do not change significantly with an
increase in the c¢ opper content of leaves throughout the four
growth periods. The maximum deviation is less than 3 nm. The
red edge position of the seeding jointing heading and filling
stages shift from 7 13 nm to 719 nm 708 nm to 711 nm 714 nm
to 704 nm and 712 nm to 707 nm

crease in the copper content of leaves. The infrared shoulder

respectively with an in—

shows an obvious red shift in the seeding and jointing stages and

a significant blue shift in the heading and filling stages.
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Fig.3 Seven characteristic bands of wheat

Fig. 4 shows the seven characteristic bands of lettuce. The
band position of the violet trough blue edge green crest yellow
edge and red trough of wheat does not change significantly with
an increase in the copper content of leaves throughout the four
growth periods. The maximum deviation is less than 3 nm. The
red edge position of two leaves six leaves eight leaves and ten
leaves shift from 701 nm to 707 nm 713 nm to 708 nm 702 nm
to 708 nm and 705 nm to 711 nm

crease in the copper content of leaves. The infrared shoulder

respectively with an in—

shows an obvious blue shift in the two and six leaves and a signif—
icant red shift in the eight and ten leaves.

Fig. 5 shows the SEM images of the transverse section of the
copper-reated leaves. The internal structure of the leaf b ecomes

more disordered as the copper concentration of the leaf increa—

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

ses. As the metal concentration increases the following cellular
changes occur: the decomposition of the upper epidermal cells
the shrinking of the mesophyll cells and the disintegration of the
vascular bundle.

Fig. 6 shows the relationship between the reflectance values
of the infrared shoulder and the leaf’s internal structure parameter
N for both wheat and lettuce. The spectral characteristics in the
near-infrared band depend on internal leaf structure ( Zhao
2003) . Research shows that healthy leaves have N values be-
tween 1.5 and 2.5

anized internal structure( Jacquemoud & Baret

and a larger N indicates a more disor—g
1990) . The re—
sults shown in Fig. 6 indicate that N, ranges from 3.3 to 4. 2.
Therefore based on the inversion results the copper-stressed

leaves have a more disorganized internal structure than do the

http://www.cnki.net
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Fig.5 SEM images of the transverse section of wheat
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unstressed leaves. This conclusion coincides with the results of
the SEM images ( Fig. 5). The results interpret the spectral
differences between the near-infrared band of the copper-treated
leaves and that of the healthy leaves. Leaf reflectance spectra
can be used to obtain the inverse of a leaf’s internal structure pa—
rameter N and then to monitor heavy metal pollution based on N
v alues. An N value greater than 2. 5 indicates the obvious varia—
tion of a leaf’s internal structure. As such the plants are pollu—
ted by heavy metal. The reflectance values of copper-reated
leaves in the infrared shoulder exhibit a significant positive linear
correlation with the leaf’s internal structure parameter. The linear
relationship between NNV and the reflectance value of the red shoul—

der was fitted with a correlation coefficient of 0. 978.

0.70 ¢
1=0.257x-0.365

s 0.65 R=0.957
-
= (.60}
= 055t
o
]
= 050F
£ Jr
= (45}

0.40 ’ - K x i

32 34 36 38 40 42

Leaf internal structure parameter
Fig.6 Relationship between the leaf internal structure

parameter and the reflectance values of

copper-reated leaves atthe infrared shoulder

The red edge is the main reflectance feature of the copper—
treated leaves in the visible range. It shows regular changes in
one growth period. Studies show that the red edge position is a
ffected mainly by the leaf’s internal structure and chlorophyll
2009) . When the value of the leaf

structure parameter is increased

content ( Liang et al.
the red edge changes toward
the short wave ( Liang et al. 2009) . Many complex factors lead
to a “red shift” phenomenon at the red edge position but one im-
portant factor is the replacement of chlorophyll by xanthophyll

which causes a content decrease in the leaves( Horler et al.

1983) . Wheat has vigorous vegetation growth in the seeding and
jointing stages both of which constitute an important period of
chlorophyll accumulation. Copper stress results in a decrease in
chlorophyll and an increase in xanthophyll. Therefore copper—
treated wheat in the seeding and jointing stages demonstrates a
“red shift” phenomenon at the red edge position. This is also the
reason why lettuce presents “red shift” at the red edge position
during the periods when it has eight and ten leaves. The heading

0.30 ¢

»
L
s 020 F
a
E 0I5F %
P ¢ A
% 0.10 F
x % A
0.05 F L] ; ﬁ =
— 3
0 . il == W .
Wheat  Wheat Two Six leaves Eight Ten
seeding heading leaves stageof leaves leaves
slage stage stage of Brassica stageof stage of
Brass a chinensis Brassica Brassica
chinensis chinensis chinensis

Spectral angles

and filling stages are an important period of reproductive growth.
During these periods the red edge position is affected mainly by
the leaf’s internal structure. Copper stress leads to a more disor—
ganized leaf internal structure and a larger leaf structure parame—
ter. Therefore copper-treated wheat in the heading and filling
stages demonstrates a “blue shift” phenomenon at the red edge
position. This is also the reason why lettuce exhibits a “blue
shift” at the red edge position during the periods when it has two
and six leaves.
3.3 Analysis of spectral angle of copper-treated leaves

Fig. 7 compares the spectral angles and threshold values of
wheat and Brassica chinensis in six specific spectral regions. The
horizontal axis represents the growth period of the experimental
samples and the vertical axis represents the corresponding spec—
tral angles. As shown in Fig. 5 more than 90% of the copper-
treated leaves exhibit significant spectral changes compared with
the control samples across the full spectral range ( 400—2500
nm) 77% of the copper-stressed leaves show s ignificant spec—
tral changes in the visible region focusing on p igments (400—
716 nm)
spectral changes in the region focusing on the red edge ( 717—

975 nm)

spectral changes in the three regions associated with water con—

76% of the copper-reated leaves e xhibit obvious
and 87% of the copper-ireated leaves show significant

tent. The statistical results for the spectral angles in the six band
regions above show that more than 84% of the copper-stressed
leaves have a spectral angle greater than the threshold value.
These results indicate that more than 84% of the copper-treated
leaves have significant spectral differences.

The reflectance spectra of leaves are affected mainly by the
chlorophyll content in the visible region influenced by the leaf’s
internal structure in the near-infrared spectrum and determined
by water content in the mid-infrared bands( Jacquemoud & Bar—
1990) .

per ion in plant cells is related to the copper concentration inside

et Previous studies show that the transportation of cop—
or outside the cell and is conducted by a specific receptor. If
plants absorb too much outer copper they tend to store more wa—
ter by reducing water transpiration to decrease copper ion con—
centration. Serious copper pollution affects the normal physiolog—
ical metabolic activity of chlorophyll. The leaf becomes thicker
and the surface area becomes smaller. The leaf intercellular
structure diminishes and leaf turns yellow ( Gou 2010; Wang &
Wang 2005) . This phenomenon theoretically explains the spec—

tral variations of copper-ireated leaves.
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Fig.7 Spectral angles calculated at six spectral regions

Spectral angle is a general method of detecting copper p
ollution. Unrelated to growth period and plant species it needs
only a simple comparison with the threshold values. On the one
hand the spectral angle is very sensitive to spectral variations
from 4 00 nm to 2500 nm. On the other hand plants in general
are very sensitive to copper toxicity displaying metabolic d
isturbances and growth inhibition with the copper content in the
tissues only slightly higher than the normal level ( Fernandes &
Henriques 1991) . Therefore the spectral angle can be used to
detect slight to moderate copper pollution. This method is sensi—
tive to copper pollution and does not result in destructive sam—

pling.
4 CONCLUSION

This study investigated the spectral changes in copper—o
olluted leaves using seven spectral signatures and the spectral angle
method. Wheat and lettuce selected as the experimental subjects
were cultivated in copper—polluted soil. The leaf spectra reflectance
from 400 nm to 2500 nm and the SEM of ten copper treatment
groups were measured at four regular periods. By theoretical and
statistical analysis we draw the following conclusions: (1) The
differences between copper—stressed leaves and healthy leaves are ir—
regular and related not only to growth period but also plant species.

(2) The copper-polluted leaves and healthy leaves can be distin—

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved.

guished at the red edge and infrared shoulder but the violet trough
blue edge yellow edge green crest and red trough can also be
used to describe the spectral differences of copper-treated leaves in
the visible region. (3) The leaf structural parameter of copper-pol—
luted leaves is larger than that of healthy leaves. It indicates a more
disorganized internal leaf structure. The linear relationship between
N and the reflectance value of the red shoulder was fitted using a
correlation coefficient of 0 .978. (4) Spectral angle is a general
method of detecting copper pollution and it is not related to growth
period and plant species. It needs only a simple comparison with
the threshold values. It is very sensitive to spectral variations from
400 nm to 2500 nm.

This research looks into the qualitative relationship between
reflectance spectra changes of the copper-ireated leaves and the
spectral characteristics of their internal structure. Future research
should further explore the relationship in quantitative terms and
conduct more comprehensive laboratory cultivation experiments. We
can study the internal mechanisms of spectral changes caused by

copper pollution using laboratory experiments.
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