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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.For 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 (potato- 
Solanum 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) 

Raw DOS HSDC 
Cd Ni Mo Cu Cd Ni Mo Cu Cd Ni Mo Cu 

bean 

B1 0.23 0.11 0.39 0.40 0.23 0.11 0.40 0.40 0.48* 0.32 0.41* 0.49* 
B2 0.22 0.21 0.48* 0.45* 0.22 0.21 0.48* 0.45* 0.47* 0.41* 0.48* 0.52** 
B3 0.24 0.21 0.41 0.34 0.24 0.21 0.41 0.34 0.38 0.31 0.37 0.35 
B4 -0.31 -0.28 -0.13 -0.20 -0.31 -0.28 -0.13 -0.20 -0.45* -0.33 -0.41 -0.44*
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potato 

B1 0.06 0.19 0.07 0.28 0.06 0.27 0.13 0.36 0.41 0.73** 0.55* 0.64** 
B2 0.07 0.19 0.01 0.26 0.07 0.23 0.04 0.29 0.40 0.72** 0.48* 0.63** 
B3 0.36 0.38 0.11 0.37 0.35 0.42 0.14 0.41 0.47 0.62** 0.37 0.51* 
B4 -0.34 -0.48 -0.41 -0.35 -0.36 -0.42 -0.36 -0.29 -0.43 -0.73** -0.50 -0.63**

bean & 
potato 

B1 0.19 0.19 0.19 0.19 0.19 0.29 0.00 0.37* 0.19 0.40** 0.36* 0.44** 
B2 0.22 0.22 0.22 0.22 0.22 0.33* -0.04 0.36* 0.24 0.47** 0.32* 0.47** 
B3 0.32* 0.32* 0.32* 0.32* 0.32* 0.38*  0.06 0.36* 0.25 0.38* 0.26 0.34* 
B4 -0.08 -0.08 -0.08 -0.08 -0.07 -0.16 -0.35* -0.15 -0.21 -0.41** -0.29 -0.39*

*-significant at 0.05 
**-significant at 0.01 

Table 2. Correlation between HMs and NDVI values 

Cd Ni Mo Cu 
bean -0.39 -0.32 -0.38 -0.37 

potato -0.46 -0.64** -0.39 -0.53* 
bean & 
potato -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. 
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