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RELATING PLANT GROWTH AND SPECTRAL RESPONSE TO ECOLOGICAL FACTORS
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ABSTRACT. Remote sensing is recognized as a powerful tool in numerous scientific and application fields. Remote sensing surveys have become an operational
technology in managing problems of global importance, such as accelerating environmental changes and ecosystems degradation. The derived information supports
solutions for more rational and sustainable land-use, biodiversity conservation and natural resources preservation. Recent developments in environmental studies are
greatly related to ecological problems arising from increasing anthropogenic impacts on the biosphere and especially on vegetation. The interrelated nature of many
environmental issues imposes the necessity to conduct interdisciplinary research and implement different approaches as well as to share and integrate the acquired
data. Remote sensing provides advanced monitoring and alerting techniques, timely information extraction, modeling and forecasting possibilities used for decision-
making in environmental control policies. In this paper we report results from an experimental study designed to make use of vegetation spectral features in assessing
plant performance under different growth conditions. We investigate and analyze the relationship between growth variables and spectral response of agricultural
species to abiotic stress factors (heavy metal pollution, nutrient deficiency and soil acidity). Multispectral data obtained from ground-based optical spectroradiometric
measurements are examined in terms of the relation to ecological factors and the ability to serve as an indicator of crop performance.

BPBH3KA HA PA3BUTUETO U CNEKTPAJTHUTE XAPAKTEPUCTUKW HA PACTUTENHOCT C EKONOIMYHUTE YCINIOBUA
PymsiHa KbHyega, [JleHuya bopucoea, leopau eopaues
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PE3IOME. [ucTaHUMOHHUTE M3CneaBaHus ca Mpu3HaTX KaTo MH(OPMATMBHO CPELCTBO B MHOXECTBO HAy4yHM W MpUNoxHM obnactu. MacneasaHusita upes
[UCTaHUMOHHM HabnlogeHUs ca CTaHanu onepaTvBHa TEXHONMOMWM B YMpaBneHWeTo Ha npobnemu oT rmobanHo 3HayeHue, KaTo Hanpumep YCKOPSIBAHETO Ha
NpoMeHUTe B OKOMHaTa cpeda M Aerpajauusta Ha exocucTemuTe. M3BnedyeHata MHOpMauus noanomara B3eMAHETO Ha PELIeHWst 3a MO-paLyoHanHoOTO U
YCTOIYMBO 3eMENON3BaHe, 3a OnasBaHeTo Ha BUONOTMYHOTO pasHooBpaavre W Ha MPUPOAHUTE pecypci. HOBUTE MOCTINKEHMS B M3y4aBaHETO Ha OKONHaTa cpefa ca
CUNHO CBBbP3aHW C EKOMOTMYHM MpoBnemu, NpousTMYalyy OT YBENMYABAHETO Ha AHTPOMOreHHWUTEe Bb3AENCTBUS BbpXy Guoctepata M 0coBeHO BbpXy
pacTuTenHocTTa. B3auMOCBbP3aHUST XapakTep Ha MHOrO OT NpoBnemuTe Ha OKonHaTa cpefa Harara HeoGXOAMMOCTTa Aa Ce NPOBEXAAT MHTEPAMCUMNIMHAPHM
W3cnefBaHus U fia ce npunaraT pasnuyHK NOAX0AM, KaKTO M Aa CTIOAENsT W 4a Ce MHTerpupat npuaobutute AaHHM. [UCTAHUMOHHUTE M3CneaBaHus npeanarat
MHOXECTBO Bb3MOXHOCTM KaTo MOHUTOPWHI U CUrHamuaupaHe B peanHO BpeMe, HaBPEMEHHO U3BMMYaHe Ha WH(OpMaLWs, MOLenvpaHe M NpOrHo3upaHe,
13MON3BaHK 3a B3EMaHe Ha peLUeHus Mo NONMUTUKUTE 3a KOHTPON Ha OKoNHaTa cpefia. B Tasu pabota npepctaBsaMe pe3ynTtaTi OT eKCnepUMEHTaNHo U3creaBaHe,
MMaLLo 3a Lien Aa Ce W3MON3BaT CNekTpanHUTe XapakTepUCTUKU Ha PacTUTENHOCTTA MU OLEHKA Ha CbCTOSIHMETO Ha MOCEBUTE MPW Pa3nMuHU YCMOBUS Ha pacTex.
Hve u3cneasame 1 aHanuavpame Bpb3kaTta Ha PacTeXHUTE NMPOMEHIBI 11 PETUCTPUPAHATa NPOMsIHA B CMIEKTPaNHUTE XapaKTepUCTUKN Ha 3eMefenckuTe KynTypu ¢
abyOTUYHM CTPeCOBM (HaKTOpH (3aMbpCSBaHE C TEXKU METanM, LehMLUUT HA XPAHUTENHY BELLECTBA U KUCENMHHOCT Ha NoyBaTa). MHOrocnekTpanHuTe AaHHu, KouTo
Cca MomyyeHn Mo Bpeme Ha Ha3eMHM OMTUYHW CMIEKTPOMETPUYHW U3MEpBaHUS, ce pasrnexgar OT rMefHa Touka Ha Bpb3kaTa UM C eKOMOrMYHUTE (hakTopu U Ha
CcnocoBHOCTTa UM fia CriyaT KaTo nokasaTen 3a NPOAYKTMBHOCTTA Ha CENCKOCTONaHCKaTa pacTUTENHOCT.

Introduction Ecological monitoring and control are an objective of a great
variety of projects, multipurpose programs and interdisciplinary

The expansion of industrial development and rapid research. In agriculture, abiotic stressors, including different
urbanization pose serious ecological problems associated with types of pollution, are the most harmful factors concerning
the increasing anthropogenic pressure on the environment. species growth and productivity. Heavy metals are among the
Destructive processes caused by human activities are in the most dangerous pollutants because of their high toxicity to
focus of the scientific research and occupy the attention of ~ Organisms, persistent nature, high mobility, and long biological
social communities and government authorities. Air, water and half-life. They constitute a group of environmentally hazardous
soil pollution and its negative effects on the biosphere with substances whose deposition in soils and easy uptake by
unfavourable short-term and long-term consequences are a species affect soil fertility, plant development and production.
worldwide ecological problem. Industry, agriculture, forestry, In recent time, the desire for food safety and security has
and transportation all generate substances and by-products stimulated research on the danger associated with the
that are considered pollutants and contribute a significant consumption of food contaminated with heavy metals and
impact on the environmental quality. Contaminated other toxins. Soil is the primary recipient of these
environments are a continuing concern because of the contaminants. Plants take up and absorb them and then they
potential risks to natural resources and human health. enter the food chain. Plant damage associated with heavy

metals is of great concern throughout the world because of
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their toxic and mutagenic effects even at low concentration.
Therefore, particularly great interest has focused on heavy
metal-induced stress in plants, its mechanisms of action,
consequences, and prevention (Rodriguez-Serrano et al.,
2009; Bavi et al., 2011; Sobukola et al., 2010; Abii, 2012).

The interrelated nature of environmental problems has
imposed the need of data integration and information sharing
between different databases. Advanced monitoring, risk
detection and early warning techniques, timely information
refrieval, modeling and forecasting possibilites are
prepositions for successful data application and decision
support in developing policies and strategies dealing with
environmental issues. In this respect, remote sensing is an
essential tool in ecology-related research. It plays an
expanding role in vegetation studies and especially for
diagnosis of plant stresses. In agriculture, a primary goal of
remote sensing is the assessment of crop development
throughout the growing season. Agricultural lands are
subjected to enormous pressure and their monitoring and
assessment have become an important economic and
ecological issue. The spreading acceptance of the concept of
precision agriculture running generates much interest in the
early detection of crop stress. The implementation of modern
remote sensing technologies is one of the basic assumptions
of this concept (Seelan et al., 2003; Liaghat and Balasundram,
2010). A lot of attention has been devoted to studying the
influence of unfavourable environmental conditions on species
performance and the relationship with their spectral behaviour.
The impact of stress factors, such as drought, nutrient
deficiency and toxic pollution, is described and evaluated from
plant spectral response data. Various multispectral features
have proven capabilities for crop health assessment and
detection of stress situations (Carter et al., 1996; Penuelas et
al., 1994; Serrano et al., 2000; Filella et al., 2004; Kancheva et
al., 2005; Kancheva and Borisova, 2007; Baret et al., 2007,
Franke and Menz, 2007; Falkenberg et al., 2007).

The interactions between vegetation canopies and incident
radiation lie at the root of vegetation remote sensing. Remote
sensing of vegetation is based on the analysis of plant
reflectance and emittance properties as a function of plant
physiology and morphology. Vegetation spectral behaviour
depends on plant biophysical and biochemical variables and
reveals significant sensitivity to them. Growth variables are
defined by plant development processes and health condition.
This means that variations of plant performance cause spectral
response changes. On the other hand, vegetation health and
vigour are an expression of the growing conditions
(meteorological, soil properties, agricultural practices) including
stress factors (nutrient deficiency, high temperatures, drought,
contamination, etc.). As such, knowledge of plant spectral
response to different environments is necessary to interpret
remote sensing data and extract the information content of
spectral data. The information is carried by the specifics of
vegetation spectral characteristics which depend on biomass
amount, leaf area, canopy cover, chlorophyll content, and etc.
The relation “growing conditions - plant state - spectral
features” determines the informational potential of multispectral
data and provides grounds for vegetation stress detection.

In view of all this, our paper studies various features of plant
spectral response to crop performance and growing conditions.
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We use multispectral data in the visible and near infrared
wavelength range to and describe plant canopies. Growth
variables are associated with the phenological development
and related to crop state and growing conditions. Spectral
variables are used to characterize crop performance under
different conditions. The paper is devoted particularly to
studying the impact of heavy metal contamination and the role
of the soil type and nitrogen fertilization on agricultural species.
The main goal is to examine the ability of spectral signatures to
serve as sustainable stress indicators. Stress factors and their
effects on crop performance (growth and productivity) are
related to plant spectral response in a statistical manner. The
derived empirical relationships allow not only stress detection
from plant spectral data but also stress monitoring during plant
development period and quantitative assessment of stress-
induced growth changes.

Materials and Methods

The paper presents some results of an extended study on
the impact of stresses on crop performance and spectral
behaviour. The research comprised greenhouse and laboratory
experiments. Spring barley, peas and alfalfa were cultivated
under different conditions and controlled combinations of
factors. The pot trials included spring barley grown on neutral
(pH=7.0-7.5) chernozem soil and acid (pH=5.0-5.5) grey forest
soil. These soils were chosen for their different properties and
response to heavy metal pollution. The soils were
contaminated with Ni in concentrations 0 (control), 100, 200,
300 and 400 mg/kg. In addition, different nitrogen fertilizers
were applied to treatments with equal 200 mg/kg Ni
concentrations. Calcium nitrate Ca(NOs)2, ammonium nitrate
NH4NOs and potassium nitrate KNOs were used in amounts to
provide equal N supply. The effects and interactions of the
three factors: Ni, soil pH and N-form, were examined as
conditions influencing crop performance. The trials were grown
from seeding to harvest. Peas and alfalfa were grown in
greenhouse conditions on the same soil types. The stress
factor applied was Cd-contamination of the soil in
concentrations 0, 5, 10, 20 and 30 mg/kg. The experimental
design included also spring barley fertilization treatments with
varying nitrogen supply rates (0, 200, 400, 600, 800 and 1000
mg/kg) of ammonium sulphate (NH4).SO4. The greenhouse
trials were conducted in 3-5 replications. A second set of
experiments comprised peas hydroponically grown in different
media (water and green algae supernatant) and subjected to
Cd contamination in concentrations 0, 5, 10, 20 and 30 mg/l.
The heavy metal was introduced through CdCl2.2.5H20. These
treatments were replicated twice. The variety of growing
conditions and their interactive effects ensured a wide range of
plant performance and physiological status thus causing
considerable variations of the spectral behaviour of the trials.

Reflectance, biometric and phenological data were collected
on the greenhouse treatments throughout the entire growing
season from emergence to full maturity for barley and to
second harvest for alfalfa plots. Visible (VIS) and near infrared
(NIR) multispectral measurements were carried out in the
wavelength range 400-820 nm. Reflectance measurements
were conducted at canopy level at weekly intervals. Crop
performance under varying conditions was characterized by
key growth variables (biomass, canopy cover fraction, height,
pigment content) and yield (alfalfa biomass after harvest and



barley grain production). The datasets were statistically
analyzed to assess and describe the variations in plant
development as a function of environmental conditions (heavy
metal contamination, soil properties and nutrient deficiency).
Multispectral  reflectance data acquired during plant
development were linked to plant variables and stress factors
and examined for the ability to detect and quantify stress-
induced changes in plants. Plant spectral response was
examined for its sensitivity to crop performance (growth
variables and productivity) and the stress level. Analysis of
variance was conducted to determine the statistical
significance of the differences between the samples (between
replications and between different treatments). The analysis of
variance allowed also to reveal the individual and interactive
effects of the applied factors. Correlation analysis of the
datasets was performed in order to determine the presence
and strength of the relation between plant spectral and
biophysical characteristics as well as to reveal the dependence
of these variables on the growing conditions. Through
regression analysis conducted on phenology-specific basis, i.e.
at different phenological stages, empirical relationships were
derived describing plant spectral and physiological response to
the applied factors, Spectral models of plant performance were
established quantifying the stress impact.

Remote sensing techniques make use of multispectral data
to estimate plant biophysical and biochemical characteristics
which are factors effecting plant canopy reflectance. Spectral
variations carry information about plant growth and health
condition, and the goal of data analysis is to extract this
information. A common technique for multispectral data
processing is the use of spectral transforms called vegetation
indices (VIs). They are calculated as various combinations
(Carter et al., 1996; Penuelas et al., 1994; Broge and Leblanc,
2000; Kancheva and Borisova, 2007; Glenn et al., 2008;
Hatfield and Prueger, 2010; Osorio et al., 2012) of the
measured spectral reflectance factors r, and are defined
usually as different ratios at two or more wavelengths or
normalized differences. The wavelengths correspond to
specific absorption and high reflectance regions of vegetation
spectrum in the green (G - 550 nm), red (R - 670 nm) and near
infrared (NIR - 800 nm) range, or are located within the R-NIR
interval (680-780 nm) where the reflection increases steeply.
Various spectral indicators were used in our study to
characterize crop performance under different conditions.

Results and Discussion

In our study we examined a big number of vegetation indices
for their correlation with plant variables and the applied stress
factors. Various ratio combinations in different reflectance
bands were calculated from the acquired multispectral data.
Regression analysis was run on those indices which showed
the best correlation with plant growth attributes and stress
factors, the obtained empirical regressions being significant at
95% level of confidence. Special attention was paid to
temporal aspects of plant spectral properties throughout the
growing period. Statistical relationships were established also
between the stress level and plant spectral and biophysical
response, thus attaching a quantitative measure to the stress
impact on crops. A comparison was made of the evaluated
stress degree from growth and spectral data. The comparison
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demonstrated a very good agreement between the estimates
from stress bioindicators (reduced canopy cover fraction and
biomass, lower yield) and from spectral indicators (vegetation
indices)

In this section we illustrate the performance of some
vegetation indices for assessing plant condition and detecting
nutrient and heavy metal-induced stress. Significant variations
of crop biological and spectral performance were observed
associated with the heavy metal impact. These variations were
more pronounced and statistically meaningful for the trials on
grey forest soil.

In the heavy metal treatments, significant worsening of plant
performance was observed, especially of the trials on grey
forest soil. Stress induced by heavy metals manifested itself in
plant growth depression and resulted in reduced biophysical
parameters. Ni and Cd inhibited also chlorophyll synthesis and
accelerated carotenoid cumulation. Stress-induced changes of
growth variables affected in turn plant reflectance features and
a consequence of plant depression were variations of canopy
spectral response. Strong correlations were found between
spectral indicators and plant attributes. In Table 1 the
correlation coefficients of different vegetation indices with peas
growth variables and Cd concentration are given.

Table 1.
Correlation coefficients between vegetation indices and growth
variables of Cd-polluted pea plants

VI Height | Biomass | Cover | Cd
(rs20 = re70)/(razo + revo) 0.88 | 0.86 0.97|-0.97
rs20,/r670 093 | 0.92 0.99 | -0.97
(rs20 — r550)/(r820 + I'sso) 075 | 0.75 0.931-0.96
T820/T550 0.77 | 0.76 0.94|-0.97
(rss0 — re70)/(rsso +1er0) | 0.96 | 0.96 | 0.97(-0.93
550 / 670 0.97 0.98 0.96 | =0.91
rs20.(rs50 — re70)/(rss0 +rero) | 0.89 [ 0.90 0.98-0.95
re70/(rss0 = Tero) -0.90 |-0.90 |-0.96| 0.94
re70/(rsso + razo) -0.86 [-0.86 |-0.97| 0.97
rsso/ (re7o + razo) -0.71 |[=0.71 |-0.91] 0.95
(re70.r670)/(r620.r720) —-0.90 [-0.89 [-0.98] 097
\/ (rss0.rss0) + (rs20.ra20) 0.50 | 0.50 0.75 | -0.77

One more evidence of the high correlation between spectral
indices and stress factors is Table 2 which presents the
established coefficients of correlation between various VIs and
Cd concentration in the grey forest soil for alfalfa at different
phenology stages. As it can be seen, the stress effect became
stronger with time (and higher the correlation) which is
explained with the longer action of the heavy metal.

The contamination impact on crop growth variables and
reflectance features was quantitatively described by regression
analysis. Notable differences in vegetation reflectance,
especially in the infrared portion of the spectrum, were
attributed to green canopy fraction. This growth variable is a
factor of vegetation spectral reflectance and, on the other
hand, is closely related to other plant characteristics such as
(biomass, leaf area index, density, etc.) being indicative of crop
development. Canopy reflectance signatures considerably
varied with the amount of soil exposed, i.e. with canopy
fraction.



Table 2.

Correlation coefficients between Cd concentration in the grey

forest soil and vegetation indices of alfalfa at different

phenological stages: real leaf (1), rosette (2), button forming

(3), and before flowering (4)
V]

1 2 3 4
(ano-tsz0lt raonrttm) 069 |07 08209
(rsso-tazolt rssottsm) 067 [om o3| 09
it A6y [ OH 081 [-088
{tan0-te70)/tam 68 (073 [-083 089
(rsso-taa0)it sm 068 (0% |084 080
{rmo-troo)/trm A8 | 0® |085 092
{rno-tem0)/trm A7 10 |08 |-087
rmf(rgjg-l-rﬁg) 071 0 0.54 0.5
Tsspf(tgsotTen) 068 107 | 083]051
ton!(ranotemHssn) 071 1075 (08 |09
too/ o tta oot arttng o) | 067 | 0 |-085 | 09
Ve om0 M (ranoHero) 057 D68 | 0B (083 | 09

Seasonal changes are a distinguishing feature of species
biophysical and spectral properties. In agricultural monitoring,
remote sensing time series data are a source of valuable
information about the growth process. This determines the
importance of studying the relationships between crop
variables and spectral response at different stages of plant
development. The temporal behavior of spectral indices
represents a typical canopy expansion and senescence curve
and proves useful for crop growth assessment by tracking the
onset and duration of phenological events. Crop stress
detection from multitemporal data is based on the temporal
trends and characteristics of vegetation index temporal curves
(amplitude, minimum and maximum values, integrated area
under the curve, slopes, and so on). The impact of Ni
contamination on the seasonal behaviour of the (NIR-
R)/(NIR+R) index of spring barley on grey soil is shown in
Figure 1a. In Figure 1b the link between Ni contamination level
and spectral data acquired during the growing season is
shown.
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Fig. 1. Dependence of the temporal behavior of barley (NIR-R)/
(NIR+R) spectral index (a), and accumulated sum of the index during
the growing season (b) on Ni concentration in the grey forest soil

The temporal profiles considerably differed during the
vegetative period. They denoted differences of crop
performance and detected differences of plant condition
related to the occurrence of stress. Temporal spectral patterns
were indicative not only of plant depression but also of the
stress level. The important point is that stresses were observed
throughout the whole growing season and could be already
detected at early stages of the phonological development.
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Seasonally-integrated sums XVl of various vegetation
indices were associated with crop stress response and related
to yield. In Figure 2 an example of yield prediction applying this
model is shown. Using the temporal sum of the spectral index
and the obtained regression equation, the grain yield from
three barley treatments was estimated. The nitrogen fertilizer
type effected plant spectral behaviour, while the other factors
(soil type, contamination, nitrogen amount) were constant.
Good correspondence was found between actual (measured)
and modeled (estimated) yield values, the maximum relative
error being about 12%. Yield prediction models with high
accuray were developed also for half-season VI sums and VI
values at single growth stages. Temporal spectroradiometric
data distinctly tracked plant ontogenetic changes and were
able at the same time to discriminate between plant health
conditions. This explained the fact that accumulated Vs values
during growth were found to be very closely related to crop
yield. An advantage of using multitemporal predictions is that
they account for any unfavorable effects on species
development that exist or might occur during the growing
season, and thus can serve as a type of “dynamic” predictors.
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Fig. 2. Relationship between barley grain yield and (NIR-R)/(NIR+R)
whole-season sum (a); actual (—) and predicted (- - -) from the
regression model barley yield of equally Ni-contaminated (200 mg/kg)
treatments with different fertilizers applied (b)

1357 91113
weeks after emergence

Soil properties were another factor effecting plant
performance, especially in combination with other growing
conditions. Neutral chernozem and acid grey forest soils
exhibited different behaviour to heavy metals whose mobility
and uptake by plants increased with higher soil acidity. The
influence of the soil type was statistically significant and
manifested in reduced heavy metal impact on crop growth in
the case of chernozem soil trials and stronger stress impact on
the acid soil treatments. There were not big yield differences
between the control non-polluted treatments grown on both
soils, the grain yield of the chernozem plots being about 10%
higher. The polluted spring barley and alfalfa treatments grown
on chemozem were less affected by the heavy metal than
those on the grey forest soil. As a consequence, much smaller
variations of plant spectral response to contamination of the
chernozem soil were observed. This is clearly illustrated by
Figure 3a and 3b. They show (NIR-R)/(NIR+R) seasonal
profiles of control and equally Ni-polluted spring barley
treatments grown respectively on chernozem and grey soil. On
the contrary, considerable spectral variations were observed
for ftreatments on grey forest soil in relation to Ni
concentrations (see also Figure 1a). The acidity of the soail in
this case increased the mobility and accessibility of heavy
metals to plants thus stronger inhibiting their growth.
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Fig. 3. (NIR-R)/(NIR+R) seasonal profiles of control (1) and 400 mg/kg
Ni-polluted (3) spring barley treatments on neutral chernozem (a)
and acid grey forest (b) soil

Nutrient supply was another factor detected by
measurements of plant reflectance response. Figure 4a shows
the impact of nitrogen concentration in leached chernozem soil
on NIR/G temporal profiles of barley fertilization treatments. As
evident from the plot, nutrient deficiency was clearly
manifested and observed from multispectral data. Differences
in crop reflectance were observed also in relation to the
fertilizer form regardless of the equal nitrogen amount as
illustrated in Figure 4b which presents the variance of NIR/G
temporal behavior of barley frials with equal nitrogen
concentration introduced through different fertilizers. Spectral
reflectance was a reliable sign and measure of plant growth
performance.
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Fig. 4. Temporal behaviour of NIR/G spectral index of spring barley
treatments with different nitrogen concentration:

1- 800 mg/kg, 2 - 200 mg/kg, 3 - 0 mg/kg) introduced through the
same fertilizer (NH4)2804 (a); and with equal nitrogen concentration
(800 mg/kg) introduced through different fertilizers (b): 1 -
(NH4)2804, 2 - NH4NO;, 3 - KNO3

Conclusions

The obtained results indicate that growing conditions cause
statistically significant variations of plant spectral response
associated with the sensitivity of the reflectance properties to
crop growth characteristics. Various spectral features
(vegetation indices) are highly correlated with stress impacts
resulting in our study from heavy metal contamination and
nutrient deficiency. Multispectral and multitemporal data proves
applicable for reliable diagnosis of plants and detection of
stress symptoms. Growth depression expressed in variations
of plant performance is successfully evaluated from spectral
measurements. The derived empirical dependences of
biophysical and spectral variables on factors effecting growth
attach a quantitative measure to plant condition assessment.
They permitted not only to discriminate between depressed
and healthy canopies but also to quantitatively describe
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negative impacts and assess the degree of stress. These
findings highlight a promising strategy for applying remote
sensing techniques and spectrally-based approaches to
characterize dynamic and environmentally sensitive aspects of
species physiological development.
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