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Abstract. Hyperspectral remote sensing provides for significant advancement in the evaluation of the subtle 
changes in biophysical and biochemical attributes of the crop plants. Accurate estimates of leaf pigments, nitrogen, 
dry matter, water content, and leaf area index (LAI) from remotely sensed data can assist in determining the 
vegetation physiological state. In this paper, hyperspectral remote sensing measurements of the leaf reflectance were 
applied for assessing the effect of biotic stress (viral infection) on the spectral behaviour and biophysical variables of 
young potato plants, cultivar Agata, infected with Potato Virus Y (PVY). Spectral reflectance data were collected by 
means of a portable fiber-optics spectrometer in the visible and near infrared spectral ranges (350-1100 nm) with a 
spectral resolution of 1.5 nm. For the assessment of differences between the reflectance data of healthy and infected 
plant data processing techniques, such as Student’s t-test, first derivative analyses, and estimation of vegetation 
indices, were applied. The analyses were performed in green, red, red edge and near infrared spectral ranges (450-
850 nm) where the differences were the most significant and give information about changes in the chlorophyll and 
pigment content, moisture content, cells structures, and plant stress. Several vegetation indices (NDVI - Normalized 
Difference Vegetation Index, fD - Disease Index, SR –Simple Ratio, TCARI - Transformed Chlorophyll Absorption 
Reflectance Index, etc.) were computed and the best results for assessing the changes in the physiological state of the 
plants gave TCARI. A strong relationship was found between the results of the spectral analyses and the serological 
test DAS-ELISA was applied to assess the presence and the degree of the PVY infection. 

Key words: Remote sensing, hyperspectral leaf reflectance, biophysical variables, viral infection, Potato Virus Y (PVY), 
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1. INTRODUCTION 

Remote sensing applications in environmental 
research are the basis for advanced Earth observation 
datasets used in environmental monitoring and 
ecological research. For many purposes, remote 
sensing techniques provide means of measuring the 
characteristics of the objects on the Earth surface and 
for detecting environmental changes that occur as a 
result of human activities or natural processes [1], [2]. 
Recently high spectral resolution sensors have been 
developed, which allow new and more advanced 
applications in agriculture - spectral discrimination of 
crops and their genotypes [3], quantitative estimation 
of different biophysical and biochemical parameters 
through empirical and physical modelling [4], [5], 
assessing of abiotic and biotic stresses [6]-[8].  

The hyperspectral sensors and technologies used 
improve significantly the capability to gather 
information through measuring the reflected and 
emitted electromagnetic radiation in the ultraviolet, 

visible (VIS), infrared, and microwave ranges [9]. 
Hyperspectral remote sensing (HRS) is based on the 
examination of many contiguous narrowly defined 
spectral channels (less than 10 nm) and has been found 
to be superior to conventional broadband spectral 
remote sensing [10]. HRS in large number of 
continuous narrow bands provides significant 
advancement in understanding the subtle changes in 
biophysical and biochemical parameters of the plants 
and their different physiological processes that can be 
useful for monitoring and predicting short and long-
term changes of ecosystems [11], [12]. It is an 
automatic, quick and non-destructive method of 
assessing plant growth parameters and nutrient levels 
in crop plant. 

Spectral reflectance registered by remote sensing 
sensors gives information on an object without physical 
contact, by measuring the electromagnetic energy 
reflected/backscattered or emitted by the surface of the 
Earth. Unique spectral characteristics of vegetation are 
what make biophysical remote sensing possible. 
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Vegetation, because of its chemical and structural 
characteristics, absorbs, reflects, and transmits 
electromagnetic radiation in a very different manner 
than other natural and anthropogenic surfaces [13]. 
Because leaf spectral reflectance is a function of the 
illumination conditions, tissue optical properties and 
biochemical content (chlorophyll - Chl, water, dry 
matter, etc.) it may be used to collect information on 
some fundamental biophysical variables such as colour, 
vegetation biomass, vegetation chlorophyll absorption 
characteristics, vegetation moisture content, soil 
moisture content, temperature and texture/surface 
roughness [14], [15]. Hybrid variables can be derived 
from fundamental variables (e.g., vegetation stress can 
be derived from vegetation chlorophyll absorption 
characteristics and moisture content) [16]. 

The contrast between Chl absorption of VIS 
wavelengths and strong reflectance in the near infrared 
(NIR) spectral range aid in discriminating plant types 
and have resulted in the development of numerous 
vegetation indices (VI’s) that provide a means of 
quantitatively measuring certain biophysical 
parameters [16], [17]. VI’s are mathematical derivatives 
of spectral reflectance and have been developed as the 
combination of various wavebands (mostly in VIS and 
NIR regions of electromagnetic spectrum) that related 
to various canopy parameters. Spectral Vi’s constitute a 
simple and convenient approach to extract information 
from remotely sensed data, due to their ease of use, 
which facilitates the processing and analysis of large 
amounts of data [18].  

The red-edge position of the reflectance spectra can 
be used as a measure to estimate foliar chlorophyll or 
nitrogen content. The red edge represents the region of 
abrupt change in leaf reflectance between 680 nm and 
780 nm caused by the combined effects of strong Chl 
absorption in the red and leaf internal scattering in the 
NIR spectral ranges [19]. Increasing in the amount of 
chlorophyll, results in a change of the major Chl 
absorption feature centered around 680 nm causing a 
shift in the slope and red edge position towards the 
longer wavelengths [20].  

In this study the object of the investigations is 
potato plants because the potato is a very important 
crop - fourth in production and fifth in area among 
crop plants grown for human consumption worldwide. 
Potato is being appreciated for its nutritional value as 
well as its uses in the starch and food processing 
industry [21]. Potato is susceptible to many diseases 
(viruses, bacteria and fungi) and pests, and the amount 
of chemical pesticides applied annually to this crop is 
greater than that of any other food crop. About 40 
viruses are known to affect the potato crop [22] Potato 
virus Y (PVY) causes the most significant yield loss in 
potato, wherever it is cultivated [23], [24]. 

In this paper the application of remote sensing 
measurements of leaf spectral reflectance in VIS and 
NIR spectral ranges for assessing the effect of adverse 
environmental condition (viral infection caused by 
Potato Virus Y) on the spectral behavior and 
biophysical variables of young potato plants is 
discussed. For the analyses different data processing 
techniques have been used to reduce data dimension 
and to minimize the information redundancy. 

2. MATERIALS AND METHODS 

2.1. Plant material 

Young potato plants from the cultivar Agata were 
inoculated with PVY according to Noordam [25]. They 
were grown in greenhouse conditions. The two groups 
of potato plants (healthy and inoculated with PVY) 
were tested for PVY with DAS-ELISA (Double Antibody 
Sandwich Enzyme Linked Immunosorbent Assay) [26], 
[24] using sap from homogenized potato leaves. Tissue 
samples from healthy and infected plants were used. 
Micro titer ELISA plate wells were coated with the PVY 
IgG polyclonal antiserum diluted in 0.05 M carbonate 
buffer (pH 9.6) according to the supplier’s 
specifications. Plates were incubated for 4 h at 37°C, 
followed by 5-minutes washing steps with PBS-T buffer 
and then loading with homogenized in coating buffer 
with 1% PVP and albumin (BSA) plant extracts. After 
that plates were incubated at 4°C overnight. After 
washing off the crude plant extract, virus was detected 
by the PVY virus antibodies conjugated with alkaline 
phosphatase and diluted in conjugate buffer according 
to the supplier’s specifications in incubation step for 4 
h at 37°C. P-nitro phenyl phosphate diluted in 
diethanolamin buffer (1 mg ml-1, pH 9.8) is a substrate 
for the alkaline phosphatase enzyme reaction which 
runs on room temperature and after coloring is 
stopped with 3N NaOH. Optical density (OD) at 
wavelength 405 nm was measured by a Multifunctional 
detector DTX 880 (Beckman, USA). Positive results are 
those ones that exceed three times OD of the negative 
control. 

2.2. Leaf spectral reflectance 

The measurements of leaf reflectance are the base 
of an indirect remote sensing method, able to monitor 
vegetation conditions from a distance, and evaluate the 
spatial extent and patterns of vegetation characteristics 
and plant health [27]. Advanced HRS sensors afford 
new possibilities to disclose subtle changes in 
vegetation characteristics. The spectral properties of 
vegetation are strongly determined by their biophysical 
and biochemical parameters such as leaf area index 
(LAI), the amount live and senesced biomass, pigment 
and moisture content and spatial arrangement of cells 
and structures [28]. Leaves represent the main 
surfaces of plant canopies where energy and gas are 
exchanged. The general shape of reflectance and 
transmittance curves for green leaves is similar for all 
species. It is controlled by absorption features of 
specific molecules and the cellular structure of the leaf 
tissue [29]. Each spectral region provides unique 
information about the plant. For instance, the 
reflectance at VIS wavelengths is mainly function of 
leaf pigments, while the reflectance at NIR wavelengths 
depends of the internal mesophyll structure and 
moisture attributes of the leaves [30]. 

2.3. Spectral measurements and data processing 

Hyperspectral reflectance data were collected by 
means of a portable fiber-optics spectrometer 
USB2000 (Ocean Optics, USA) in the VIS and NIR 
spectral ranges (350-1100 nm) in 2048 narrow spectral 
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bands with a spectral resolution of 1.5 nm. The detector 
used is a high-sensitive 2048-elements CCD-array 
Spectrometer connects to a computer via the USB 2.0 
port and stores a full spectrum into memory every 
msec [31]. The data analyses were performed in the 
spectral range 450-850 nm where the reflectance 
spectra of healthy and infected plants differed 
significant and give information about changes in the 
biochemical and biophysical attributes of the plants. 
The analysed spectral reflectance characteristics (SRC) 
of the plants were determined as a ratio between the 
reflected from the leaves radiation and this one 
reflected from the diffuse reflectance standard WS-1, 
(Lambertian material distinguished by its white matte 
finish and reflectivity >98% in the range 250-1500 
nm). Specialized software (OceanView) was used for 
data acquisition and data processing allowing 
spectroscopic measurements (such as absorbance, 
reflectance, and emission), control all system 
parameters, collect and display data in real time, and 
perform reference monitoring and time acquisition 
experiments [31]. The spectral measurements were 
carried out using a laboratory setup on fresh detached 
leaves on the third and the tenth day after the 
inoculation with PVY. The light source was a halogen 
lamp providing homogeneous illumination of the leaf 
surface. From a distance of 20 cm measured leaf area 
(pixel) was about 1.6 x 2 mm.  

The analyses of the changes of the plants’ SRC, 
connected to variation of some biophysical parameters 
(vegetation Chl absorption characteristics, vegetation 
moisture content, etc.), were performed in green (520-
580 nm), red (640-680 nm), red edge (680-720 nm) 
and NIR (720-780 nm) spectral ranges. The 
significance of the differences between SRC of healthy 
and infected leaves was assessed by means of statistical 
analysis (Student’s t-test). It was performed in ten 
wavelengths (λ1 = 475.22 nm, λ2= 489.37 nm, λ3 = 
524.29 nm, λ4 = 539.65 nm, λ5 = 552.82 nm, λ6 = 
667.33 nm, λ7 = 703.56 nm, λ8 = 719.31 nm, λ9 = 724.31 
nm, and λ10 = 758.39 nm), chosen to be disposed 
uniformly in the investigated spectral ranges [32], [33]. 
The first derivative analyses were applied to evaluate 
the red edge position of the reflectance spectra.  

Seven VI’s were calculated for assessment of the 
physiological state of the infected plants [34], [35] as 
follows:  

- NDVI - Normalized Difference Vegetation Index - 
one of the most commonly used vegetation indices for 
biomass estimation or plant “greenness”.  

NDVI = (RNIR – Rred)/(RNIR + Rred)  , 

where: R is spectral reflectance in wavelengths at 
nir=755 nm and red=685 nm; 

- fD - Disease Index (specific for individual study)  

fD =  R500/ (R500 + R570) ; 

- PRI - Photochemical Reflectance Index – an index 
of photosynthetic efficiency 

PRI = (R531 – R570)/(R531 + R570) ;  

 - SR –Simple Ratio - the ratio of the wavelength 
with highest reflectance for vegetation and the 
wavelength of the deepest chlorophyll absorption. The 

simple equation is easy to understand and is effective 
over a wide range of conditions 

SR = RNIR/Rred   

where: NIR=755 nm and red=670 nm; 

- MSR - Modified Simple Ratio -it aims to increase 
sensitivity to vegetation biophysical parameters 

MSR = (RNIR/Rred – 1)/((RNIR/Rred)1/2 + 1), 

where: NIR =755 nm, red=685 nm; 

- NPCI - Normalized Pigment Chlorophyll Index  

NPCI = (R600 – R460)/(R600 + R460) ;  

-TCARI - Transformed Chlorophyll Absorption 
Reflectance Index  

3((R700-R670)-0,2(R700-R550)(R700/R673)). 

The VI data set were processed by the method of 
analysis of variance using F-criterion for test 
significance and LSD values for statistical estimation of 
the significance of differences between variant means 
at p< 0.05, 0.01, 0.001 depending on data dispersion. 

3. RESULTS AND DISCUSSION 

The averaged SRC over all spectral measurements 
(up to 35 pixels) of control and infected with PVY 
potato leaves, cultivar Agata, conducted on the third 
day after the inoculation with PVY (Agata 1), are shown 
in Fig. 1. 

 
Figure 1. Averaged spectral reflectance characteristics of 

control and infected with PVY potato plants, cultivar Agata on 
the third day after the inoculation 

The healthy leaves show high values of reflectance 
in the NIR and low values in the VIS part of the 
spectrum. The values of SRC of infected leaves differed 
against the healthy (control) in green, red and NIR 
spectral ranges. In the green range the values of the 
infected leaves are higher than the control. When 
plants are subjected to stress, the Chl content decreases 
and allows for the expression of other leaf pigments 
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such as carotenes and xanthophyll, causing a 
broadening of the green reflectance peak at 550 nm 
and an increase of reflectance in the VIS range. In the 
spectral range 640-680 nm the reflectance slightly 
decreases due to reduction of the pigment content. 

In the NIR region the values of the SRC of the 
infected leaves are lower than the healthy ones due to 
changes in cell structure. In this range (700–1300 nm) 
leaf pigments and cellulose are almost transparent, so 
the absorption is very low and reflectance and 
transmittance reach their maximum values. This is 
caused by internal scattering at the air–cell–water 
interfaces within the leaves [36]. The level of a spectral 
reflectance on the NIR plateau increases with 
increasing number of inter-cell spaces, cell layers and 
cell size. When the plants are under conditions of stress 
these parameters decrease. 

Fig. 2 shows the averaged SRC of control and 
infected with PVY potato leaves from cultivar Agata 
measured on the tenth day after the inoculation (Agata 
2). The differences appeared in green and red spectral 
ranges and they are higher than the differences in the 
case of Agata 1. The changes in green and red ranges 
show that the reduction of the Chl content continues 
and the color of the leaves is progressively changing. 

 
Figure 2. Averaged spectral reflectance characteristics of 

control and infected with PVY potato plants, cultivar Agata on 
the tenth day after the inoculation  

Table 1. Means and p-values of the Student’s t-test of SRC pairs of control and infected with PPV potato leaves cultivar Agata 

Agata 1 Agata 2 
Healthy PPV Healthy PPV 

Pairs 
compared 

mean 
p< 

mean mean 
p< 

mean 
R1/R1c 5.16 ns  4.35 5.77 ns 6.14 
R2/R2c 5.78 * 4.98 6.37 *** 6.79 
R3/R3c 12.49 *** 14.77 12.91 *** 16.15 
R4/R4c 16.44 *** 19.60 17.10 *** 21.41 
R5/R5c 17.25 *** 29.55 17.97 *** 22.49 
R6/R6c 5.71 *** 4.74 6.20 * 6.72 
R7/R7c 18.42 *** 22.03 19.64 *** 24.63 
R8/R8c 42.20 ** 45.13 48.24 ** 53.76 
R9/R9c 49.70 ** 51.20 57.43 ns 61.91 

R10/R10c 70.04 *** 65.41 82.79 ns 81.96 

ns – no statistical significance; * - p<0.05; ** - p<0.01; *** - p<0.001  

In the NIR range the SRC values of infected leaves 
are close to the healthy ones which indicated the 
improvement of the cell structure and water content. 

The results from statistical analyses are set in Table 
1. In the first column of the table Ri/Ric (i = 1,…,10) 
designates that the data sets of spectral reflectance of 
the infected (Ri) and the control (Ric) leaves are 
compared at the ten above listed wavelengths. In the 
case of potato plants Agata 1 the differences between 
means of sets of the SRC values of control and infected 
leaves are statistically significant in nine wavelengths. 
In the case of Agata 2 the differences are statistically 
significant at seven wavelengths indicating that the 
changes in SRC of infected leaves on the tenth day after 
the inoculation are decreased. 

To assess the red edge position first derivative 
analyses were performed on the averaged SRC of Agata 
1 and Agata 2. The calculated first derivatives are 
presented in Fig. 3. A shift to lower wavelengths is 
observed for SRC of infected leaves against the control 
SRC for Agata 1 and Agata 2 (about 12 nm and 7 nm, 
respectively) which is an indicator for presence of 

stress in the plants resulting from arising changes in 
their physiological state, as well as the degree of the 
stress. This result complies with the conclusions from 
the statistical analyses. 

 
wavelength 

Figure 3. First derivatives on the averaged SRC healthy and 
infected potato leaves - Agata 1 and Agata 2 
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Results from DAS-ELISA test (Fig. 4) show 
presence of PVY in two infected groups of leaves. 
Extinction values for these samples were exceeding 
three times the negative control and they were 
considered as virus positive. The optical density OD at 
the wavelength of 405 nm goes down from 2.833 for 
Agata 1 to 1.547 for Afgata 2. The cut off value is 0.648. 
The healthy (control) groups have extinction values 
near to the negative control (K-) - 0.218 for Agata 1 and 
0.245 for Agata 2. Until the 10th day after non-natural 
inoculation with PVY the potato plants remained 
symptomless independently of the presence of PVY. On 
the tenth day the OD for Agata 2 is lower. 

Seven hyperspectral vegetation indices were 
computed (equations in subsection 2.3) for each set of 
spectral data. Table 2 shows the mean values of indices 

NDVI, fD, PRI, SR, MSR, NPCI, TCARI, standard 
deviations and statistical significance of differences. 
Student’s t-test (at p<0.05) was applied for assessment 
of the significance of differences between VI’s values 
for control and infected leaves from plants Agata 1 and 
Agata 2. The best results for separating the healthy 
from infected leaves give the indices TCARI, SR and fD 

because their mean values for infected groups 
decreased in comparison with the values of control 
groups and the differences were statistically significant. 
The indices NDVI and PRI give dissimilar results and 
they are not efficient for estimation of changes in the 
spectral reflectance and biophysical variables caused by 
the PVY infection. NPCI and MSR gave contradictory 
results. 

Table 2. Values of hyperspectral vegetation indices used in the study,  
F-value and least significance difference (LSD) at level p =0.05 (95%) 

Vegetation indices Potato leaves  
NDVI fD PRI SR MSR NPCI TCARI 

Healthy Agata 1 0.844  0.312  0.045  0.081  2.54  0.156  29.94  
PPV Agata 1 0.854    *  0.26 0 ** 0.050  * 0.071  * 2.73 ns 0.180  ns  11.86*** 
Healthy Agata 2 0.844  ns 0.293  0.045  0.079  5.04  0.148  44.09   
PPV Agata 2 0.861  ** 0.324   * 0.049  * 0.072   2.88 ** 0.145 ns 10.24 *** 
F 
LSD0.05 

91.400 
  0.009 

14.300 
  0.026 

89.910 
 0.003 

89.71 
   0.007 

38.15 
  1.08. 

23.05 
0.07 

14.09 
0.907 

ns – no statistical significance; * - p<0.05; ** - p<0.01; *** - p<0.001  

Visible symptoms of PVY infection were observed 
after the 20th day consisting of chlorotic and necrotic 
patterns and leaf deformation. 

 

Figure 4. DAS-ELISA results for PVY infection of the potato 
plants cultivar Agata 

Legend: 1 – potato plants cv. Agata 1 three days after the virus 
inoculation; 2 – potato plants cv. Agata 2 ten days after virus 
inoculation; 3 – healthy potato plants cv. Agata on the 3d day; 
4 – healthy potato plants cv. Agata on the 10th day;  
5 – Positive control for PVY from the kit; 6 – Negative control 
for PVY from the kit; 7 – Buffer control 

4. CONCLUSIONS 

Hyperspectral remote sensing measurements of leaf 
reflectance were applied for assessing the effect of a 
biotic stress (viral infection caused by Potato Virus Y) 
on biophysical and biochemical variables and spectral 
behaviour of crop plants (potato, cultivar Agata). 
Several data processing techniques such as Student’s t-

test, first derivative analyses, estimation of vegetation 
indices, analysis of variance, were applied to assessing 
the differences between the reflectance data of healthy 
and infected plants. In this regard consistent results 
were produced. In red edge region a shift of SRC values 
of the infected leaves for both Agata 1 and Agata 2 
toward the lower wavelengths (about 12 nm and 7 nm, 
respectively) was observed. So, the red edge position is 
reliable indicator for presence of changes in the 
physiological state of the plants and for detection of 
viral infection, as well as for the degree of the infection. 
The serological test DAS-ELISA was applied to detect 
and assess the quantity of the viruses and strong 
relationship was found between the results of this test 
and the findings of the spectral analyses.  

These investigations emphasize the efficiency and 
sensitivity of the remote sensing of hyperspectral 
reflectance for monitoring of the natural resources and 
preservation of the Earth's ecosystems. Our results 
demonstrate the great potential of this method for 
assessing changes in various biophysical and 
biochemical properties of plants in response to the 
adverse environmental conditions (biotic stress), as 
well as for making timely management decisions for 
the rational use and preservation of the vegetable 
ecosystems. 
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