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Pe3rome: EkonozuyHume puckose U OecmpyKkmueHume npouecu, Mpu4yuHsaeaHUu om yoeewkama
akmugsHocm, ca 68b8 (hoKyca Ha HayyHume u3criedgaHusi, KoOumo umam OmHOoWweHuUe KbM obuwoceemosHU
€KOJI02UYHU npobremu, cebp3aHU C aHMPONO2EHHOMO 8/IUsIHUE 8bpXYy OKOMHama cpeda u npedu 8CUYKO 8bPXY
buocpepama. CbepeMeHHUmMe mMmexHOI02uu 3a MOHUMOPUHE, rofyYasaHe Ha HaepeMeHHa UHGopmMayusi,
modenupaHe U nposHo3upaHe ca rnpedrnocmaska 3a yCriewHo rnpunoxeHue Ha 0aHHUMe om HabnwdeHusma 3a
uenlume Ha ona3eaHe Ha rnpupoOHama cpeda. B3aumocebp3aHusim Xxapakmep Ha [Moeeyemo eKOoMoeuyHU
npobriemu Hanaea ocCblWecmesieaHemo Ha MHo2ouesesu MpoepamMu U CbBMECMHOMO U3Mof38aHe Ha
UHGbopmayus om pasnuyHU u3moyHuyu. JuecmaHyuoHHUme u3criedeaHusi WUPOKO Ce uU3rosi3eam 3a yrpasieHue
Ha npupodHUMe pecypcu, 3a criedeHe Ha U3MEeHeHUs1 8 eKocucmemMume U He Ha roc/ie0HO YsiCmo 3a OUeHKa Ha
cbCcmosiHuemo Ha 3emedersicku rnocesu, Hacmosiwjama paboma ce ¢hokycupa ebpxy obpabomkama Ha OaHHU om
MHO20CrIeKmpasnHu u3MepsaHus, aHanau3upalKku CrieKmparnHume xapakmepucmuku Ha 3emedesicKu Kynmypu
Kamo omzoeop Ha cmpecosu hakmopu. Takusa ¢hakmopu 8 Hawemo u3credeaHe ca xpaHumersnHus decpuyum,
3aMbpcA8aHemo Ha rnoysama ¢ mexXKu Memaru, Kakmo u rnoygeHume csoticmea. [lpedcmaseHu ca pesynmamu
om eMnupU4YHO PespecuoHHO ModenupaHe, cebp3gawl XxapakmepucmuKu Ha CreKmpaaHOomo OmpaxXeHue Ha
pacmeHusima ¢ buoriokazamersu 3a MAxXHOMO CbCMOSIHUE U CbC cmpecosume ¢hakmopu.

Introduction

The spreading acceptance of the concept of precision agriculture running [1,5] generates
much interest in the early detection of plant growth stress. The implementation of modern remote
sensing technologies is one of the basic assumptions of this concept. Remote sensing has been
recognized as a powerful tool in vegetation studies for natural resources management, land cover
monitoring, ecosystem preservation and other significant problems. Special attention is being paid to
vegetation monitoring in relation to change detection [6]. Agricultural observations supply information
on crop growth processes and stress situations [2-4,7,8]. The assessment of crop growth conditions
from spectral data has been and still is the focus of numerous investigations and experimental studies
[2-4,6]. Their goal is to further develop and precise the up-to-now investigation results and bring them
to an operational use. This requires advanced data processing technologies, development of models
for assessment of impacts on agriculture and implementation of monitoring systems that consider
variousl factors influencing crop growth. Efficientl methodologies to monitor crop vigor, diseases, and
stresses are needed as well as improved analytical techniques to evaluate biological and physical
processes.

Interest is rapidly spreading over the past years in the application of hyperspectral data for
retrieving plant agronomic variables and yield predicting. Two issues are of essential importance for
the application of airborne and satellite data: development of efficient algorithms for data analysis and
explicit information about land covers spectral behavior under different conditions, both associated
with a higher reliability of the derived information. In this context detailed ground-based spectrometric
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studies [3,7] complement the array of geo-spatial data products providing information on crop spectral
behaviour under different environmental conditions and considering regional and local peculiarities.
Being the most vital and anthropogenic-affected component of the biosphere, the vegetation has a
leading position among the priorities of remote sensing observations applied for assessment of plant
development and stress detection.

The goal of the paper is to examine the impact of soil properties and anthropogenic factors
on crop development and spectral behaviour and to quantitatively describe the relationships between
growing conditions, crop spectral reflectance and plant variables. Such relationships serve for crop
state evaluation and stress assessment. Crops have been characterized by key bioparameters such
as biomass, leaf area index, vegetation cover fraction and yield. Results are presented from the
analysis of experimental data gathered over spring barley grown under different conditions, namely
soil type, nutrient supply (fertilization type and amount), heavy metal pollution. The impact of these
conditions on crop growth and productivity has been studied and related to plant spectral features in a
statistical manner. The stress effects have been examined and quantified by empirical relationships
with crop growth variables thus relating physiological and spectral response to the stress factors.

Materials and Methods

Reflectance, biometrical and phenological data were gathered from spring barley treatments
throughout the entire growing season. The treatments comprised neutral (pH=7.0-7.5) chernozem soil
and acid (pH=5.0-5.5) grey forest soil, Ni pollution of the soils in different concentrations and various
fertilization conditions. The soils were chosen for their different reflectance spectra and response to
heavy metal pollution. Four Ni concentrations 100, 200, 300 and 400 mg/kg were applied as well as
NH4NO3;, (NH4).SO4, Ca(NO3), and KNO; fertilization in different amounts. Ground-based VIS and NIR
multispectral measurements were performed in the wavelength range (0.4-0.8) um. Reflectance data
were acquired at weekly intervals during plant development from emergence till full maturity.
Biometrical sampling included fresh and dry above-ground phytomass, LAI, leaf biomass, plant cover
fraction, stem number and height, and grain yield.

The data sets were statistically analysed to determine the significance of the variations, the
presence and strength of correlation, and to examine and quantitatively describe plant physiological
and spectral response to stress factors by deriving empirical relationships. In respect to stress
detection from multispectral and multitemporal data the regression analysis was run on vegetation
indices using spectral band ratios, contrasts and normalized differences as routinely implemented data
transformations [7-9]. Special attention was paid to plant temporal response to the applied factors.

Results and Discussion

Because of the large amount of the study outputs only some main results of the data analysis
are presented here. They concern plant spectral and growth response to stress factors. Growing
conditions cause significant variations of plant spectral properties. This can be seen in Fig.1a where
the spectral reflectance characteristics of Ni-treated spring barley on grey forest soil at stem
elongation stage are shown. The contamination impact is observed through the entire growing season
as seen in Fig. 1b which presents the spectral reflectance characteristics of non-polluted plants (1)
and treatments with 400 mg/kg Ni concentration (3).
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Fig. 1 Spectral reflectance characteristics of spring barley on grey forest soil at stem elongation stage (a) and
throughout the growing season (b): non-polluted (1), Ni=200 mg/kg (2), Ni=400 mg/kg (3)
The contamination affect on crop growth and reflectance features has been quantitatively
examined by regression analysis. Various combinations of spectral ratios (vegetation indices) have
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been tested for their correlation with plant bioparameters and the stress factor. Many of them
demonstrated high R? values from 0.86 to 0.95 being dependent also on the soil type and plant
phenology. Meaningful statistical relationships between plant reflectance, growth variables and the
stress factor have been established.

Variations in vegetation reflectance are attributed mostly to green canopy fraction. Besides,
this variable is closely related to other plant bioparameters (biomass, LA, etc.) and is a main indicator
of crop growing conditions. The impact of the Ni pollution on the vegetation cover and, as a
consequence, on plant reflectance is illustrated by Fig. 2. Crop depression due to the heavy metal
contamination can be seen in Fig. 2a where the derived dependence of spring barley cover on Ni
concentration in the grey forest soil is presented. The impact of the stress factor manifests itself in
significant plant cover decresement. Dependences with high correlation were established between the
stress factor and various crop vegetation indices. One is shown in Fig.3c. It is worth mentioning that
the plots with 300 mg/kg Ni concentration were first excluded from the regressions and used later as a
model validation data set. Good prediction accuracy was found and besides, the re-fit of the model
after including the validation data proved its consistency. Fig.3b illustrates the stress-induced values of
the crop canopy cover and the spectral index R/(G+R+NIR changing as functions of the Ni
contamination.
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Fig. 2 Dependences of spring barley cover at ear-forming stage (a) and R/(G+R+NIR) vegetation index (b) on
the Ni concentration in the grey forest soil; the impact of the heavy metal contamination on both spectral and
growth variables

Special attention has been paid in the paper to data temporal aspects. The study of spectral
features temporal behaviour during plant development is a precondition for crop growth monitoring
and early stress detection. The spectral-temporal profiles of vegetation indices carry information about
plant previous state and give a notation of development trends. Fig. 3b (up) shows spring barley (Ni-
treatments on grey forest soil) NDVI - (NIR-R)/(NIR+R) vegetation index measured throughout the
growing season from emergence till harvest. As seen, temporal spectral data is very indicative of
differences in plant state caused by the heavy metal pollution. The dependence of NDVI as well of
other indices - Fig. 3b (down) is clearly observed during the whole period of plant development. This
fact permits crop stress detection at initial stages of plant development and early diagnostics.
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Fig. 3 Fitted models of spring barley yield on Ni concentration in the grey forest soil (a, c); temporal behavior of

vegetation indices throughout the growing season (b) of non-polluted plants (1) and plants with Ni concentration in
the soil 200 mg/kg (2) and 400 mg/kg (3)

Another advantage of temporal data is the close relationship with crop yield. Accounting for the
entire growth process, the temporal sum of various spectral indices appeared to be highly correlated to
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crop yield. The derived empirical relationship between spring barley yield and temporal sum of NDVI
values is shown in Fig. 3a (up). The dependence of this sum on the Ni concentration in the soil is given
in Fig. 3a (down). Crop yield prediction is of primary interest and a subject of many works dealing with
remote sensing investigations. Since growing conditions predetermine yield, it is important to study their
impact and the ability of spectral data to serve as an yield predictor. Fig. 3¢ shows the fitted linear model
of barley grain yield as depending on the Ni contamination of the grey forest soil.

As crop production is a question of primary interest, barley grain yield was examined to its
relationship with plant bioparameters, soil properties and the applied anthropogenic factors. There
were not big yield differences between the non-polluted treatments over the two soil types, the grain
yield of the chernozem plots being about 8-10% higher. However, the Ni-polluted treatments grown on
this soil were much less affected by the heavy metal than those on the grey forest soil. Various soil
properties impact plant development especially when acting in combination with other growing
conditions. The acidity of the grey soil in our case appears to increase the accessibility of the heavy
metal to plants thus inhibiting their growth in a greater degree than the neutral czernozem soil. This is
clearly tracked by the NDVI temporal response shown in Fig. 4a for spring barley treatments on
chernozem (1) and grey forerst soil (2) both polluted with Ni concentration of 400 mg/kg.
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Fig 4: (a) - NDVI seasonal profile of equally Ni-polluted (400 mg/kg) spring barley treatments grown on
czernozem (1) and grey forest soil (2); (b) - NIR/R temporal behaviour as effected by the fertilization amount
(NH4NO3) and (c) — by the fertilizer type: 1 - KNO3, 2 - Ca(NO3),

Nutrient supply is another factor detected from plant reflectance features and their temporal
behaviour. Fig. 4b illustrates crop spectral response (NIR/R temporal profile) to fertilization amount,
and Fig. 4c — to the fertilizer type (equal nitrogen concentration of 800 mg/kg being applied). As seen,
already at layering and shooting stages crops manifest the nitrogen deficiency which leads to
pronounced differences in reflectance compared to nutrient non-suffering vegetation.
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