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Abstract: The aim of this study is to develop novel RS methods for studying HM pollution of crops typical of small land
plots in mountainous regions.F or that purpose during the acquisition of a SPOT7 high resolution multispectral satellite
image, synchronous sampling was done of non-edible parts (leaves) of agricultural crops growing in town of Kajaran
(Armenia) and its surroundings. A total of 38 samples were collected: 15–potato and 23 –beans. As a result a database
has been produced for Mo, Cu, Ni, Cd contents in non-edible parts of crops. Then raw, normalized values of spectral
reflectance and vegetation indices of the SPOT7 image were correlated with absolute contents of HM. The pre-analysis
of the determined correlation links shows the existence of direct and inverse correlations. The derived correlations are
significant at 0.05, 0.01 levels that allows to develop a RS methods for assessment and monitoring.
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1. INTRODUCTION
Pollution of different environmental compartments is a concern to many countries across the world. Such issues
acquire a special topicality in mining regions. Abundant researches [8, 18] implemented earlier have indicated that a
level of pollution of crops under the impact of mining zones is high and thus is a risk factor to food safety and health
of local people. Alongside with traditional environmental pollution researches, remote sensing (RS) methods, too, have
been actively developed all around the world [19, 20]. A synergy of these two methods may be effectively used
in establishing a system of monitoring different environmental compartments.
The researches show that when plants are exposed to unfavorable conditions such as increasing heavy metals (HM)
contents, then immediate changes occur in pigment contents, mesophyll structure, leaf surface features etc. [21-23].
Such a response of plants always influences reflectance spectra of foliage and canopy [24, 25]. A series of
investigations indicate that changes in vegetation spectra may be induced by high contents of HM resulting from
geochemical stress [26, 27].
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Most RS researches of HM pollution of crops cover vast plots of agricultural land in different flat geographical areas
[26, 28]. Consequently, a need emerges to adjust the accepted RS methods of assessing agricultural crops
pollution with HM to small plots of land in mountain regions.
The town of Kajaran is located in the shouth-eastern part of Armenia, which is typical mountain region. Here, the
HM (Mo, Cu, Ni, Pb, Cr, Hg) concentrations in agricultural crops and soil exceed accepted norms for several times
caused by mining impact [8]. Not all of these HMs produce the same toxic effect on agricultural crops. For instance, Ni
and Cu act as essential plant nutrients when in low contents [9], but hamper plant breathing, depress photosynthesis
leading to a decrease of chlorophyll and green pigments, when excessive [22, 23]. Cd even in low concentrations has a
toxic effect of plants [10, 11]. A visible toxic effect of this element, for instance, on potato and bean manifests itself
mainly in a decreasing amount of leaves, reduction of leaf size and origination of chlorosis [12]. It is known that plants
can tolerate high contents of HMs, this property becoming apparent in mining regions with high natural contents of
elements [13].
The main purpose of this research was to explore relationships between SPOT7 RS data and HM contents in
agricultural crops.
2. MATERIAL AND METHODS
2.1. Study site
The studied site was an industrial town of Kajaran (Fig. 1), where one of the biggest copper and molybdenum
open-pit mine in the world and the largest operating mine in Armenia is located. HM pollution of soils and plants has
long been an extremely serious concern in Kajaran. In the surroundings of the town there are three abandoned tailing
repositories which are used as land plots for agricultural purposes. The town and its surroundings are a typical mountain
region where the most widespread species include beans and potatoes which are cultivated on small land plots and are
widely used by local people and for sale [1, 2, 8].

Figure 1. Geographical position of Kajaran
2.1. Data collection and processing
Fieldwork was conducted in Kajaran and its surroundings in end of July 2018 synchronously with SPOT7 high
resolution multispectral satellite image acquisition. The sampling period was selected considering crops phenology: in
late July chlorophyll content is the highest. The sampling of non-edible parts (leaves) of agricultural crops (potatoSolanum tuberosum, bean-Phaseolus vulgaris L.) was done according to accepted methods [17]. Sampling was
done from plots having different pollution levels and considering spatial resolution of a SPOT7 multispectral satellite
image. Geographical coordinates of samples were registered using GPS receiver. Wholly, 38 samples were
collected: 15–potato and 23 –beans.
Selection of study HMs is determined by ecological priority (Mo and Cu) and the toxic effect the elements (Ni and
Cd) have on higher plants [6, 10, 11]. The samples were pretreated and then analyzed in compliance with the AAS
instructions [30] by the AAnalyst 800 (PE USA) spectrometer. As a result a database has been produced for Mo, Cu,
Ni, Cd contents in crops leaves and statistical analysis implemented.
The SPOT7 pansharpened satellite image acquired on July 2018 under clear sky conditions has a 1.5m spatial
resolution and 4 spectral bands: blue (0.455-0.525µm), green (0.530-0.590µm), red (0.625-0.695µm) and near
infrared
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(0.760-0.890µm) [14]. In order to assure the accuracy of spectral values obtained from a SPOT7 image atmospheric,
geometric and topographic correction of the image was done.
In order to investigate relationships between remotely sensed data and HM contents in the sampled crops mean
values of several pixels were extracted from areas corresponding to sampling sites in the satellite image. The raw,
atmospherically corrected and normalized values of spectral data and vegetation indices (VIs) of the SPOT7 image were
used. Atmospheric correction was done using Dark Object Subtraction (DOS) atmospheric correction model [15]. DOS
is an image-based technique to cancel out the haze component caused by additive scattering from RS data.
The normalization was done using hysperspherical direction cosines (HSDC) method, which suppresses illumination
effects as well as the average brightness of the pixel. In this method, each spectral band is divided by the pixels’
albedo, defined as the square root of the sum of the squares of the four bands [3, 4]. VIs typically stretch or
enhance a particular part of the reflected electromagnetic spectrum, thus have been reported to be used for studying
the unusual growth patterns (chlorophyll content, pigment ratios etc.) in plants caused by HM stress [5]. The most
widely accepted Normalized Difference Vegetation Index (NDVI) was used. The statistical analysis was done
considering beans and potatos data both separately and collectively as a one ecosystem.
The common method for the extraction of best stress sensitive bands is correlation coefficient analysis [3, 16].
Hereby, in this research best stress sensitive bands selection was done by performing correlation analysis between HM
concentrations in crops leaves and RS data and identifying SPOT7 spectral bands having the most significant levels of
correlation (p<0.05). The significance of correlation was estimated using student t-test [3]. Model development was
done using multiple linear regression (MLR) with cross validation method. Model quality assessment was done
using RMSE (Root Mean Square Error), R2 and RPD (Ratio of Performance of Deviation). The higher the R2 value
is, the stronger the indication of an existing relationship between the measured and predicted values, whereas RMSE
and RPD indicate estimation errors [7].
3. RESULTS AND DISCUSSION
In order to develop RS methods for assessing HM contents in agricultural crops the correlation analysis between HM
concentrations in crops leaves and RS data (raw, DOS, HSDC, NDVI) was implemented to reveal the statistical
relationships and select best stress sensitive bands [3, 16].
Tab. 1 and Tab. 2 show the significance of the correlation coefficient between RS data and HM. The correlation
between HM concentrations in crop leaves (potatoes/beans) and raw/atmospherically corrected (DOS) RS spectral data
show the same trend. For beans correlation is significant between Mo, Cu and only green band spectral data (r≈0.45;
p<0.05). In case of potato significant correlation between HM and SPOT7 spectral bands was not observed. When
considering potato and bean as one ecosystem correlations in red spectral band which are not significant, in some cases
transforms into significant, this is mainly due to the increase in samples number.
In case of HSDC normalized RS spectral data and HM concentrations in beans leaves significant correlation was
observed between Cd, Mo, Cu and blue, green bands spectral data (r≈0.48; p<0.05); between Ni and green band spectral
data (r=0.41; p<0.05). Also, a significant correlation was detected between Cd, Cu and NIR band spectral data (r≈0.45;
p<0.05). So, green band is significant for all HMs in contrast to red band, where significant correlations were not
observed. Relatively good results were received in case of potato: correlation is significant between Ni, Cu and all
HSDC normalized bands spectral data (r≈0.7 and 0.6 respectively; p<0.01); between Mo and blue, green spectral bands
(r≈0.5; p<0.05). Considering potato and bean as a one ecosystem correlation is significant between Ni, Cu and all bands
spectral data; between Mo and blue, green bands spectral data.
The analysis of the determined correlation links shows the existence of direct and inverse correlations. In
general, there exists a negative correlation of HM contents and near IR spectral region and positive correlation – in the
visible region.
Table 1. Correlation between HMs and SPOT7 spectral bands (Raw, DOS, HSDC)
Cd

bean

B1 0.23
B2 0.22
B3 0.24

Raw
Ni
Mo

Cd

0.40

0.23

0.11

0.40

0.21 0.48* 0.45* 0.22
0.21 0.41 0.34 0.24

0.21

-0.20 -0.45*

0.11

0.39

Ni

DOS
Mo

Cu

0.21

B4 -0.31 -0.28 -0.13 -0.20 -0.31 -0.28

HSDC
Ni
Mo

Cu

Cd

0.40

0.48*

0.32

0.41*

0.48* 0.45* 0.47*
0.41 0.34 0.38

0.41*
0.31

0.48* 0.52**
0.37
0.35

-0.33

-0.41

-0.13

Cu
0.49*

-0.44*

160

Proceedings, 7th International Conference on Cartography and GIS, 18-23 June 2018, Sozopol, Bulgaria
ISSN: 1314-0604, Eds: Bandrova T., Konečný M.

potato

bean &
potato

0.19

0.07

0.28

0.06

0.27

0.13

0.36

0.41

0.73** 0.55* 0.64**

0.19

0.01

0.26

0.07

0.23

0.04

0.29

0.40

B3 0.36 0.38 0.11 0.37 0.35 0.42
B4 -0.34 -0.48 -0.41 -0.35 -0.36 -0.42

0.14

0.41

0.47

-0.36

-0.29

-0.43

0.72** 0.48* 0.63**
0.62** 0.37 0.51*
-0.73** -0.50 -0.63**

0.00

0.37*

0.19

0.40** 0.36* 0.44**

0.22 0.33* -0.04 0.36* 0.24
B3 0.32* 0.32* 0.32* 0.32* 0.32* 0.38* 0.06 0.36* 0.25
B4 -0.08 -0.08 -0.08 -0.08 -0.07 -0.16 -0.35* -0.15 -0.21

0.47** 0.32* 0.47**
0.38* 0.26 0.34*
-0.41** -0.29 -0.39*

B1 0.06
B2 0.07

B1 0.19
B2 0.22

0.19
0.22

0.19
0.22

0.19

0.19

0.29

0.22

*-significant at 0.05
**-significant at 0.01

Table 2. Correlation between HMs and NDVI values
bean
potato
bean &
potato

Cd
Ni
Mo
Cu
-0.39 -0.32 -0.38 -0.37
-0.46 -0.64** -0.39 -0.53*
-0.24 -0.39** -0.26 -0.35*

*-significant at 0.05
**-significant at 0.01

The higher the contents of HM in plants, the higher are spectral reflectance values in visible spectrum, whereas in the
near IR spectrum an inverse process is observed. This can be explained by the fact that HM stress in crops cause loss
of chlorophyll bringing an increase in visible leaf reflectance [29]. Correlation of NDVI values and HM contents, in
general, are not significant, except a few cases: in the case of potato Ni and Cu correlation with NDVI values is
significant (r=0.35; p<0.05).
As shown above in case of beans the green band is significant for Mo and Cu. Thus, green band can be used as stress
sensitive band for RS model development. HSDC normalization brings to the general improvement of the
statistical results. After HSDC in case of potato for Ni and Cu all spectral bands can be used as stress sensitive bands.
In the first approach an attempt was made to develop a regression model of Cu contents assessment in beans
through a MLR method. As input data HSDC normalized best stress bands (green, blue, red, NIR) were used. Derived
model is characterized by relatively low RMSEcv (15.5), high Rc2 (0.75), Rcv2 (0.62) and RPDc (2), RPDcv (1.6) (Fig.
2).

Figure 2. Cross-validated estimates for Cu retrieved by MLR model vs. measured concentrations, N=22
As suggested in literature [7], models with R2 between 0.50 and 0.80 and RPD values between 2.0 and 1.4, were
considered as models of medium quality which are useful for coarse quantitative predictions in most applications.
Therefore, the produced model can be attributed to medium-quality models, this making it possible to do coarse
quantitative predictions.
4. CONCLUSIONS
The results in this paper provide the theoretical basis for the mechanism of using RS data for the assessment of HM
content in agricultural crops. The results have indicated that SPOT7 infrared spectral region and HM contents in
potato and bean samples correlate negatively in contrast to the visible region where correlation is positive. In
general, in the case of a SPOT7
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satellite image correlations derived in IR regions are not significant; օnly in the case of HSDC normalization correlation
is significant for Cd, Ni, Cu. In all observed cases (raw, DOS, HSDC, NDVI) Mo and Cu were significant in green
spectral band, subsequently it can be used as best stress sensitive band. However, HSDC normalization improves the
results for all spectral bands.
The performance results of the model for assessing Cu contents in beans are encouraging and model can be used for
qualitative assessment.
Acknowledgments: The authors would like to thank the organizers of the “Airbus Defence and Space” for the SPOT7
imagery used in this paper. This work was supported by a “Developing a remote sensing method for assessing and
predicting heavy metal pollution of agricultural crops in mountain regions” project under grant N 16YR‐1E018 (funded
by State Committee of Science MES RA). We express our special thanks to our colleges from the Center for EcologicalNoosphere Studies NAS RA for their valuable advice and research data they kindly provided to this research.

REFERENCES
1. Saghatelyan, A., Sahakyan, L. and Belyaeva, O.; Food safety issues of the mining impact territories, 13th Int. multidisciplinary
scientific geo-conference SCEM 2013 “Ecology, economics, education and legislation”, 2013, pp. 489-496.
2. Saghatelyan, A., Sahakyan, L., Asmaryan, Sh., Amirkhanyan, M., Muradyan, V.; Remote Sensing in Eco-Geochemical
Assessment of Heavy Metal Pollution of Territories, 5th EA-SDI International Conference. “Environmental AccountingSustainable Development Indicators”, 2009, pp. 23-24.
3. Asmaryan, Sh., Warner, T., Muradyan, V., Nersisyan, G. Mapping tree stress associated with urban pollution using the
WorldView-2 Red Edge band, Remote Sensing Letters, 2013, 4(2), pp. 200-209, DOI: 10.1080/2150704X.2012.715771
4. Warner, T., Hyperspherical Direction Cosine Change Vector Analysis, International Journal of Remote Sensing, 2005, 26, pp.
1201-1215, DOI: 10.1080/0143116042000298252
5. Thenkabail P.S., Lyo J.G., Huete A. Hyperspectral Remote Sensing of Vegetation. NewYork:CRC Press, 2011, p. 782.
6. Bishnoi N.R., Sheoran I.S., Singh R, Influence of cadmium and nickel on photosynthesis and water relations in wheat leaves of
different insertion level, Photosynthetica, 1993, 28(3), pp. 473–479.
7. Nicolai B.M., Beullens K., Bobelyn E., Peirs A., Saeys W., Theron K.I., Lammertyna J. Nondestructive measurement of fruit and
vegetable quality by means of NIR spectroscopy: A review, Postharvest Biology and Technology, 2007, 46, pp. 99-118, DOI:
10.1016/j.postharvbio.2007.06.024
8. Saghatelyan A., Gevorkyan V., Arevshatyan S., Sahalyan L., Eco-geochemical assessment of environmental status of Kajaran;:
CENS NAS RA, Yerevan, 2008, p. 200.
9. Rathor, G., Chopra, N., Adhikari, T. Nickel as a Pollutant and its Management, International Research Journal of Environment
Sciences, 2014, 3(10), pp. 94–98.
10. Benavides, M.P., Gallego, S.M., Tomaro, M.L. Cadmium toxicity in plants, Brazilian Journal of Plant Physiology, 2005, 17(1),
pp. 21-34, DOI: 10.1590/S1677-04202005000100003
11. Das, P., Samantaray, S., Rout, G. R. Studies on cadmium toxicity in plants: A review, Environmental Pollution, 1997, 98(1), pp.
29–36, DOI: 10.1016/S0269-7491(97)00110-3
12. Chatterjee Ch., Dube B.K. Characterization of Heavy metal Toxicity in Vegetable Crops. In Agriculture and soil pollution: new
research; Livingston J., Eds.; Nova Science Publishers, New York, 2005, pp. 17-35.
13. Kabata-Pendias, A., Mukherjee, A.B. Trace Elements from Soil to Huma, Springer, Berlin, 2007, p. 561.
14. AIRBUS. Available online: http://www.intelligence-airbusds.com/ (accessed on 12.02.2018).
15. Chavez, P.S. An improved dark-object subtraction technique for atmospheric scattering correction for multispectral data, Remote
Sensing of Environment, 1988, 24, pp. 459-479, DOI: 10.1016/0034-4257(88)90019-3
16. Muradyan, V., Tepanosyan, G., Asmaryan, Sh., Sahakyan, L., Saghatelyan, A., Warner, T.A. Predicting heavy metal
concentrations in soils and plants using field spectrophotometry, Proc. SPIE 10444, Fifth International Conference on Remote
Sensing and Geoinformation of the Environment (RSCy2017), 1044411, 2017, DOI: 10.1117/12.2279184

162

Proceedings, 7th International Conference on Cartography and GIS, 18-23 June 2018, Sozopol, Bulgaria
ISSN: 1314-0604, Eds: Bandrova T., Konečný M.

17. SOP DEGCH-05 Dust load, heavy metal`s load and heavy metals pollution level assessment using plant leaves, Environmental
Geochemistry department, CENS NAS RA, 2016, p. 14.
18. Abdaal, A., Jordan, G., Szilassi, P. Testing Contamination Risk Assessment Methods for Mine Waste Sites, Water Air Soil
Pollution,2013, pp. 1-26, DOI: 10.1007/s11270-012-1416-x
19. Zengin, F.K., Munzuroglu, O. Effects of some heavy metals on content of chlorophyll, proline and some antioxidant chemicals in
bean (Phaseolus vulgaris L.) seedlings, Acta Biologica Cracoviensia Series Botanica, 2005, 47(2), pp. 157–164,
20. Chi, G.Y., Chen, X., Shi, Y., Liu, X.H. Spectral response of rice (Oryza sativa L.) leaves to Fe2+ stress, Science in China Series
C: Life Sciences, 2009, 52(8), pp. 747–753, DOI: 10.1007/s11427-009-0103-7
21. Karavaev, V.A., Baulin, A.M., Gordienko, T.V., Davidkov, S.A., Tikhonov, A.N. Changes in a photo-synthetic apparatus of
beans leaves depending on the contents of heavy metals in beasn growing environment, Physiology of plants, 2001, 48(1), pp.
47–54.
22. Liu, D., Jiang, W., Gao, X. Effects of cadmium on root growth, cell division and nucleoli in root tip cells of garlic, Biologia
Plantarum, 2003, 47(1), pp. 79–83.
23. Burzyński, M., Kłobus, G. Changes of photosynthetic parameters in cucumber leaves under Cu, Cd and Pb stress,
Photosynthetica, 2004, 42(4), pp. 505–510.
24. Hurcom, S.J., Harrison, A.R., Tabcuerner, M. Assessment of biophysical vegetation properties through spectral decomposition
techniques, Remote Sensing of Environment, 1996, 56(3), pp. 203–214, DOI: 10.1016/0034-4257(95)00236-7
25. Daughtry, C.S., Walthall, C.L., Kim, M.S., Brown De Colstoun, E., Mcmurtrey, J.E. Estimating corn leaf chlorophyll
concentration from leaf and canopy reflectance, Remote Sensing of Environment, 2000, 74, pp. 229–239, DOI: 10.1016/S00344257(00)00113-9
26. Meiling, L., Xiangnan, L., Weicui, D., Ling, W. Monitoring stress levels on rice with heavy metal pollution from hyperspectral
reflectance data using wavelet-fractal analysis, International Journal of Applied Earth Observation and Geoinformation, 2011,
13(2), pp. 246-255, DOI: 10.1016/j.jag.2010.12.006
27. Evans, B., Lyons, T.J., Barber, P.A., Stone, C., Hardy, G. Dieback classification modelling using high-resolution
digitalmultispectral imagery and in situ assessments of crown condition, Remote Sensing Letters, 2012, 3, pp. 541-550, DOI:
10.1080/01431161.2011.639400
28. Meiling, L., Xiangnan, L., Jonathan, L., Ting, L. Estimating regional heavy metal concentrations in rice by scaling up a fieldscale heavy metal assessment model, International Journal of Applied Earth Observation and Geoinformatio, 2012, 19, pp. 1223, DOI: 10.1016/j.jag.2012.04.014
29. Horler, D., Barber, J. Effects of heavy metals on the absorbance and reflectance spectra of Plants, International Journal of
Remote Sensing, 1980, 1(2), pp. 121-136, DOI: 10.1080/01431160108559256
30. Analytical Methods for Atomic Absorption Spectroscopy. AY-5 - Analysis of Plant Tissue: Wet Digestion. 1996, USA, pp. 141144.

Vahagn Muradyan received his education in Yerevan State University, Department of Geography and defended his
PhD thesis in geography in 2011. Since 2013 he has been a senior researcher at the Department of GIS and Remote
Sensing CENS. As a GIS and remote sensing specialist he has been involved in the number of national and
international research projects including EcoArm2ERA FP7 (2011-2014), ARPEGEO (Funded by Swiss National
Science Foundation (SNSF)) and Community Agricultural Resource Management and Competitiveness (Funded by the
World Bank) projects. Since 2016, Dr. Muradyan has been coordinating a pilot project funded by State Committee of
Sciences RA on «Developing a remote sensing method for assessing and predicting heavy metal pollution of

163

Proceedings, 7th International Conference on Cartography and GIS, 18-23 June 2018, Sozopol, Bulgaria
ISSN: 1314-0604, Eds: Bandrova T., Konečný M.

agricultural crops in mountain regions». He is also a team member from CENS in the H2020 CONNECTING project
funded recently by EU. He is an Associate Professor in Yerevan State University, Department Physical Geography.

Garegin Tepanosyan received his education in State Engineering University of Armenia, Faculty of Mining and
Metallurgy and was awarded the master's degree in Engineering in the field of “Environmental protection and efficient
use of natural resources (in the field of Mining Metallurgy)” in 2014. In 2017 he defended his PhD in biology. Since
2011 he is a junior researcher of the GIS and Remote Sensing department of CENS. He has been involved in the
number of national and international research projects such as EcoArm2ERA FP7 project (2011-2014), SNSF
ARPEGEO project (2011-2013) etc. He is also a team member from CENS in the H2020 CONNECTING project
funded recently by EU.

Shushanik Asmaryan received her education in Yerevan State University, Department of Geography and defended her
PhD thesis in Geography in 2008. Since 2009 she has been leading the department of GIS and Remote Sensing
technologies of CENS. She has been involved in the number of national and international research projects.
Moreover, she has been a coordinator of EcoArm2ERA FP7 project (2011-2014). She is also a team leader from CENS
in the H2020 CONNECTING project funded recently by EC, which is in Grant agreement preparation stage now.

Nairuhi Maghakyan received her education in International Scientific Educational Center of National Academy of
Sciences, Armenia, Faculty of Environmental Protection and Nature Management and was awarded the master`s degree
in the field of “Environmental Protection and Nature Management” in 2012. In 2017 she defended her PhD in biology.
In 2011 she was a laboratory assistant and since 2017 she has been a researcher at the Department of Environmental
Geochemistry of CENS. She has been involved in the number of national research projects such as "Revealing of
Ecological and Geochemical Peculiarities of the city of Gyumri" (2013-2015), “Assessment of Mercury pollution risks
in Armenia`s area” (2016-2018), etc.

164

Proceedings, 7th International Conference on Cartography and GIS, 18-23 June 2018, Sozopol, Bulgaria
ISSN: 1314-0604, Eds: Bandrova T., Konečný M.

Armen Saghatelyan is graduated at Yerevan State University, Department of Geology. He received his PhD degree in
1985 and degree of Doctor of geol.-mineralogical sciences in 2000 in the Institute of Mineralogy, Geochemistry and
Crystallo-chemistry of Rare Elements (IMGRE) of the Russian Federation Ministry of Geology (Moscow). Since 1993
Dr. Saghatelyan is the director of the Center for Ecological-Noosphere Studies of National Academy of Sciences of
Republic of Armenia. He is Academician of the Russian Academy of Natural Sciences and has been involved in and
leading number of national and international projects (NATO, OSCE, UNESCO, USAID, and Cost Actions etc.). He is
member of number of national and international organizations such as American Chemical Society, European
Geoscience Union, and International Medical Geology Association etc. He is an author and co-author of more than 160
scientific publications, including 2 monographs and 3 manuals.

165

