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Abstract

Avetisyan, D. & Cvetanova, G. (2022). Assessment of drought impact on phenological development of selected 
sunflower hybrids based on vegetation indices and orthogonalization of multispectral satellite data. Bulg. J. Agric. 
Sci., 28 (6), 1006–1026

Agriculture is one of the leading sectors, directly affected by the negative impacts of climate change and in particular of 
drought. Water stress is amongst the key growth limiting factors in crop production. It is expected that in the next decades 
Bulgaria will be affected by warming of air temperatures and reduction of precipitation sum that will significantly increase the 
risk of droughts. Although, sunflower (Helianthus annuus L.) is known to be a drought tolerant crop, sufficient and optimized 
agrotechnical activities are needed to achieve yield increase under changing environmental conditions and depletion of natural 
resources. The proper irrigation scheduling, for example, requires determination of biologically optimal health and water status 
for different sunflower varieties, at different stages of ontogeny. The research suggests a remote sensing methodology, integrat-
ing vegetation indices and orthogonalization of multispectral satellite data for studying phenological development of selected 
sunflower hybrids under drought conditions. Two indices – Normalized Differential Greenness Index (NDGI), and Normalized 
Differential Wetness Index (NDWNI), based on Tasseled Cap Transformation are introduced for agricultural assessments. The 
results show the dynamics of water and health status of the studied agroecosystems in the different growth stages, defined ac-
cording to BBCH scale. NDGI and NDWNI appear to be especially suitable for determination of timing and duration of growth 
stages and for monitoring of the status of the studied crops during these stages. The methodology possesses a great potential 
for better understanding of drought impact on crop dynamics and functioning.

Keywords: agricultural vegetation response; growth stages; health and water status; remote sensing; Sentinel 2; 
Northwestern Bulgaria

Introduction 

In the next decades Bulgaria will be affected by warm-
ing of air temperatures and reduction of precipitation sums. 
The combination of high air temperatures and precipita-
tion deficit will lead to higher transpiration and evapotran-
spiration during the summer season. This will significantly 

increase the risk of all types of droughts – meteorological, 
hydrological, agricultural, and even socioeconomic drought 
(IWMB, 2008).

Agriculture is one of the leading sectors, directly affected 
by the negative impacts of climate change and in particular 
of drought, and water stress is amongst the crucial growth 
limiting factors in crop production (Wu & Cosgrove, 2000). 
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Long periods of severe water deficit, particularly at water 
sensitive growth stages affect the health status and proper 
functioning of crop plants, causing significant reduction in 
seed yield (Beyazgul et al., 2000). These negative effects are 
induced by the different energy levels of plant water sta-
tus, affecting the plant ability to absorb nutrients. There is 
a close biophysical relationship between the photosynthetic 
activity and the changes in moisture energy levels in plants 
and soils (Christov, 1989). Severe water deficits during the 
early vegetative growth of sunflower reduce plant height. 
Proper bud development in late vegetative period is depend-
ent also on the water content, but the most sensitive to water 
deficits is flowering period, in which the water stress causes 
considerable yield decrease since fewer inflorescentes come 
to their full development (Beyazgul et al., 2000; Ali & Shui, 
2009). Seed formation is the next most sensitive period to 
water deficit, causing severe reduction in both yield and oil 
content (Doorenbos & Kassam, 1979). Substantial yield in-
creases can be achieved by supplementary irrigation, which 
is one of the most effective strategies to mitigate the effects 
of dry spells in crop production (Fox & Rockstrom, 2000; 
Xiao et al., 2007). A proper irrigation scheduling and precise 
regulation of fertilization rates can be achieved by determi-
nation of biologically optimal water status for each sunflow-
er variety, at different stages of its development. 

Remote sensing (RS) technology provides cost-effective 
and objective methods for monitoring and quantitative as-
sessments of impacts of climate changes and water scarcity 
on the soil-vegetation-atmosphere-transfer processes. In ag-
riculture, RS is used to analyze aspects like crop area (Qing-
han et al., 2008), crop phenology (Sakamoto et al., 2005; 
Pan et al., 2015), growth dynamics (Shang et al., 2014); to 
determine vegetation indicators (Dimitrov et al., 2019; Rou-
menina et al., 2020); for current monitoring (Eerens et al., 
2014).

In the present research, vegetation indices and orthogo-
nalization of multispectral satellite data are used to study 
water and health status of certain sunflower hybrids, devel-
oping under natural crop water regimes during the growing 
seasons of 2019 and 2020. Both years are distinguished with 
strongly expressed drought conditions for agricultural devel-
opment. The analysis encompasses different growth stages 
of the crop development, defined as intervals during the 
growing season. The growth stages include the phenological 
phases and have the same or close susceptibility to changes 
in the quantity and quality of crop yield. The changes in the 
health and water status of the plants and in the dynamics 
of their functioning directly affect the values of the spectral 
vegetation indices. Being influenced by a decrease in the en-
ergy level of the water status at a certain growth stage, the 

indices values can serve to assess the crop susceptibility to 
drought during this stage of ontogeny. Through continuous 
monitoring of crops health and water status, the methodol-
ogy allows determination of the optimal ecological condi-
tions for development of the studied sunflower hybrids. 
Multispectral satellite images, acquired by the Sentinel-2 A 
& B satellites of the European Space Agency (ESA) were 
used. Each multispectral band contains specific information 
and the combination of these bands results in new and more 
complex information. In addition to traditionally used veg-
etation indices as Normalized Difference Vegetation Index 
(NDVI); the narrowband Normalized Difference Vegeta-
tion Index (NDVI705); the Modified Soil-Adjusted Vegeta-
tion Index (MSAVI2); the Modified Chlorophyll Absorption 
Ratio Index (MCARI2); the Normalized Difference Water 
Index (NDWI); and the Moisture Stress Index (MSI), two 
indices –NDGI, and NDWNI, based on orthogonalization 
of multispectral satellite data are introduced for agricultural 
assessments. The obtained results will serve as a basis for 
development of predictable models for assessment of the 
sunflower agroecosystems health status in different environ-
mental conditions.  

The present research is not a coordinated experiment. 
It is performed in real conditions, which may occur in any 
farm. The advantage of this approach is that it allows iden-
tification of real problems that satellite remote sensing face 
when offering services to support management decisions in 
agriculture.

Study object
Sunflower is the most significant oilseed crop in the coun-

tries with moderate climate. Bulgarian export of sunflower-
seed oil has increased by 10.7% on an annual basis since 
2014. In the last years, Bulgaria is in the first ten countries in 
the export of sunflower-seed oil (Sunflower Oil Production 
in Bulgaria, 2021). In the Northwestern Bulgaria, where the 
studied sunflower fields are located, the harvested sunflower 
area is about 30% of the areas total for the country (Crop 
Production Data, 2021).

Sunflower hybrids selected for the study
Sunflower producers seek to use high-yielding hybrids, 

having the ability to overcome constantly changing stressors 
such as changes in environmental and meteorological condi-
tions and pest infestation. Hybrids, resistant to herbicides are 
preferred, because they clear the soil of weeds and reduce 
plant protection costs. Taking this into consideration, in the 
focus of the sunflower breeding programs in Bulgaria is the 
development of high-yielding hybrids, resistant to the eco-
nomically important diseases (Georgiev et al., 2019). 
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In the present study, the dynamics in the phenologi-
cal development and the health status of one Bulgarian 
sunflower line and three hybrids (Line 3607 А х 12.51R, 
Enigma, Dara, Sunny IMI), created especially for the Bul-
garian ecological conditions and three foreign sunflow-
er hybrids, widely used among the Bulgarian producers 
(P64LE25,P64LE99,P64LE136) was assessed.

Bulgarian sunflower hybrids
The studied Bulgarian hybrids are developed in the only 

breeding center of sunflower in Bulgaria – Dobrudzha Agri-
cultural Institute at Bulgarian Agricultural Academy (Geor-
giev et al., 2019).  

Enigma is a sunflower hybrid, in which through selection, 
genes for resistance against the parasitic plant Orobanche 
cumana (sunflower broomrape) are included. Enigma is a 
mid-early hybrid, with duration of the vegetative growth 115 
– 120 days and plant height 180 – 190 cm. In the fields of the 
Dobrudzha Agricultural Institute it shows a yield of 3.95 t/
ha and 47-48% oil content in seed. It is created using Clear-
fieldPlus® technology, which beside Orobanche cumana 
controls both annual cereal and broad-leaved weeds during 
the vegetative growth (Milev et al., 2019). 

With similar qualities is the sunflower Line 3607 А х 
12.51R. In the growing season 2019, Line 3607 А х 12.51R 
is still in a process of testing the predefined indicators of 
resistance (diseases, pests, herbicides, stress and climatic 
factors, etc.). The collected information, during the test pe-
riod, allows determining the yield structure under changing 
environment and developing appropriate technological so-
lutions for growing (Baychev & Mihova, 2014 ).  On the 
basis of this sunflower line is developed the hybrid Dara, 
which in 2020 is introduced in the systems of official testing 
in Bulgaria.

Sunny IMI is the third hybrid, selected to be studied in 
the present research and developed by the Dobrudzha Agri-
cultural Institute. It is resistant to downy mildew, races 700 
and 731, and to Phoma, Phomopsis and Sclerotinia as well. 
It is resistant also to broomrape, races A to F including. The 
vegetative growth is 120-125 days and plant height is 160 
– 170 cm. Sunny IMI is a competitor of the high-yielding 
foreign hybrids. Its yield-potential is over 400 kg/da and the 
achieved yield in northeastern Bulgaria is 431 kg/da in 2016 
(Sunflower hybrid Sunny IMI, 2021).

Foreign sunflower hybrids
The most widely used foreign sunflower hybrid amongst 

the Bulgarian producers is P64LE25. It is a mid-early hybrid, 
with high oil content and a very good tolerance to Sclero-
tinia diseases and Phomopsis stem canker. It is resistant to all 

races of downy mildew of sunflower (Plasmopara halstedii) 
distributed in Bulgaria. P64LE25 possess a gene for resist-
ance to broomrape. It is tolerant to dry conditions, show-
ing high yield potential under normal and dry conditions 
(P64LE25, 2021).

The second most cultivated hybrid in Bulgaria is 
P64LE99. P64LE99 is a late-maturing sunflower hybrid, 
with very high and stable yield, more suitable for growing 
in the ecological conditions of Northern Bulgaria, where 
the study area is situated (P64LE99, 2021). It is resistant to 
broomrape and possesses a great tolerance to Phomopsis and 
Sclerotinia, both on stalk and head. Due to the very well de-
veloped root system, it is with a good tolerance to drought 
and heat (Panaitescu et al., 2015).  Similar to P64LE25, 
P64LE99 is resistant to all races of downy mildew of sun-
flower distributed in Bulgaria and possesses a gene for resist-
ance to broomrape.

P64LE136 is a mid-early hybrid, with a very high and 
stable yield potential in both normal and dry climate condi-
tions. It is a new, alternative genetics of the most cultivated 
herbicide tolerant hybrids to date (P64LE25, P64LE99) in 
Bulgaria. It has high oil content and possesses a great toler-
ance to dry conditions (P64LE136, 2021).

The study sites in both years encompassed four sunflow-
er fields, planted with the listed sunflower hybrids (Table 1).

Study sites
Agroecological conditions 
The studied fields are located in Lom Municipality, 

Northwestern Bulgaria (Figure 1). 

Soil characteristic
The fields are covered by Calcic Chernozems. Due to 

changes in their texture (silt-loam), microaggregates and 
structural components, these soils are characterized with a 
high soil dustiness and “structural deficiency”. The alternat-
ing wet and dry periods lead to a high degree of carbonatation 

Table 1. Area of the experimental fields, sown with the 
studied sunflowers hybrids/lines in growing seasons 2019 
and 2020
Sunflower hybrid/line Area in 2019, ha Area in 2020, ha
Enigma 22.36 –
Line 3607 А х 12.51R 48.28 –
Sunny IMI 8.66 –
P64LE25 7.88 11.11
P64LE99 10.33
P64LE136 9.56
Dara 51.21
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and seasonal migration of carbonates, having as consequences 
chlorosis or dryness. The Calcic Chernozems in the study area 
are characterized with reduction of the clay fraction and high 
dustiness of topsoil, unsatisfactory water regime, low humus 
content, reduction of the agronomically valuable aggregates, 
and hence weakened resistance and stability of topsoil. These 
characteristics contribute to an increase of its density and hard-
ness, limiting aeration, delaying filtration of water, and hence 
influencing the overall health and water status of the agroeco-
systems (Shishkov & Kolev, 2014; Teoharov et al., 2014).

Climatic characteristic for a typical sunflower growing 
season

Agriculture in the region is developing under the condi-
tions of water deficit, frequent droughts in the spring and 
longer in the summer. The precipitations are insufficient and 
unevenly distributed within the year. The air temperatures 
in the sunflower growing season (March to September) are 
typically high and the relative humidity – low. Field meas-
urements show that the average air temperature over the last 
years (2015 – 2020) has increased by 0.8°C, reaching  17.8°C 
in comparison to the period  1901 – 1980 (17°C), while the 
precipitation sum is almost the same – around 355 mm.

The average air temperature from March to September 
2019 (17. 7°C) is close to the averages for the period be-
tween 2015 and 2020, and those in 2020 (16.9°C) is similar 
to the norm for the period between 1901 and 1980. In com-
parison to the both referent periods, the precipitation sum in 
2019 is lower (272.8 mm) and in 2020 is much higher (452 
mm) (Figure 2a, 2b). These observations indicate for better 
environmental conditions in sunflower growing season 2020 
and conditions of pronounced drought in 2019.

Fig. 1. Location of Lom Municipality and the fields of 
studied sunflower hybrids in growing seasons (GS) 2019 

and 2020

a) b)
Fig. 2. Precipitation sums: (a) – and average air temperatures; (b) – for a typical sunflower growing season (from 

March to September) in the referent periods 1901 – 1980 and 2015 – 2020 and in the studied 2019 and 2020 seasons
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Autumn and winter precipitation sum in the both studied 
years are also lower (2019 – 101 mm; 2020 – 184 mm) than 
the reference periods 1901 – 1980 (266.6 mm) and 2015 – 
2020 (203.6 mm) (data is not shown). The higher precipi-
tations in the autumn-winter season in 2020 create more 
favorable conditions, as concerns the accumulated soil mois-
ture before the sunflower sowing, than 2019. However, the 
sowing in 2020 is conducted with about 2 weeks of delay (10 
– 16 April) than in 2019 (28 March – 03 April). April 2020 
is a very dry month, with amount of precipitation of only 2 
mm and this reduces the advantage in terms of soil moisture 
store, gained in the autumn-winter season (Figure 2a).

Climatic characteristic in the 2019 and 2020 growing 
seasons in particular

The period of sunflower crop development in the vari-
ous growth stages is affected by planting time, environmen-
tal conditions (air temperature, humidity, precipitation sum, 
soil moisture, etc.), time needed for the various hybrids to 
ripen and can be of different duration. The duration of the 
growing season in 2019, from crops planting till harvesting, 
is 146 days. Due to the better environmental conditions and 
the later sowing, affecting the thermal time / heat sum for 
developmental phases, the duration of growing season 2020 
is shorter – 126 days. 

As a result of the different start and duration of growing 
seasons, the sunflower growing season of 2020 is warmer by 
0.65°C than those in 2019. The precipitation sum in 2020 is 
higher by 67.2 mm than those in 2019 (Table 2). 

The individual growth stages in both years are also af-
fected by the different start and duration of the growing sea-
sons. The period from germination to flowering is warmer 
(by 2.8°C) and wetter (by 34.7 mm) in 2020 (Table 2). The 
air temperatures in the flowering of season 2020 are also 
higher (by 0.3°C) than 2019. No precipitation was reported 
during this stage in 2020, and in 2019, the precipitation sum 
is 35 mm (Table 2). There are slight differences in the devel-
opment of the various sunflower hybrids after the flowering 

in 2019.The development of fruit stage is few days longer 
for P64LE25 and this influence the conditions, under which 
it is developed in this stage. P64LE25 receive 10 mm more 
precipitations than the other hybrids in 2019 and the air tem-
peratures are slightly lower (by 0.3°C). Generally, the devel-
opment of fruit stage in 2019 is characterized with higher 
air temperature and precipitation sum in comparison to 2020 
(Table 2). The ripening stage in 2019 is warmer and dryer 
than 2020. The difference is most significant for P64LE25. 
In the ripening stage of 2019, P64LE25 received only 3.5 
mm precipitation, whereas for the other hybrids, the amount 
of rainfalls is 13.5 mm. In 2020, the precipitation sum for all 
hybrids is 90 mm. The air temperatures in 2020 are lower 
than those in 2019 (Table 2).

Agrotechnical methods performed
The agrotechnical methods performed include tillage, 

plant protection and weed control. The tillage system in-
cludes basic, pre-sowing and vegetation tillage. The weed 
control was performed by compliance with crop rotation 
and proper cultivation of agricultural lands. Herbicides were 
used for chemical weed control. The optimal scheme for 
conducting such control in the arid conditions of Bulgaria 
is pre-sowing treatment of the field by incorporation of her-
bicide, active against graminaceous weeds, and after sowing 
treatment, before germination with an anti-broadleaf herbi-
cide. Mechanical weed control was also applied. During the 
vegetative development, treatments of the row spacing with 
cultivators were performed (Figure 3).

Data and methodology

Satellite data
In the present study, multispectral satellite images, ac-

quired by the Sentinel-2 A&B satellites of the European 
Space Agency (ESA), were used. The satellites carry mul-
tispectral optical instruments and collect information in 13 
spectral bands (ESA, 2015). Each band contains specific 

Table 2. Climatic characteristics of precipitation sum, average daily air temperature, and average air temperature at 2 
p.m in the individual growth stages for the studied 2019 and 2020 growing seasons
Climatic elements Growing season Germination – 

Flowering
Flowering Development  

of fruit
Ripening

2019 2020 2019 2020 2019 2020 2019 2019
P64LE25

2020 2019 2019
64LE25

2020

Precipitation sum, mm 225.8 293 132.8 167.5 35.5 0 44 54 35.5 13.5 3.5 90
Average daily air  
temperature, °C

21.4 22.05 14.9 17.7 23.9 24.2 23.2 22.9 22.9 23.8 24.4 23.4

Average  air temperature 
at 2 p.m °C

28.6 29.1 20.5 24 31.3 31.7 31 30.3 30 31.6 32.8 30.6
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information and their combination results in new and more 
complex data. The Sentinel-2 images are acquired between 
30 March 2019 and 22 August 2019 for the growing season 
2019 and between 23 April 2020 and 31 August 2020 for the 
growing season 2020. The satellite images encompass the 
period from the sowing till the full maturity and harvesting 
of the sunflower hybrids. All available cloudless Sentinel-2 
images for those periods are used. The image acquisition 

date and the relevant growth stage for the sunflower crops 
are presented in Table 3.

Methodology
Aiming to assess the health and water status of the se-

lected sunflower hybrids, we used methods for spectral data 
transformation. These methods encompass calculations of 
spectral vegetation indices; orthogonalization of multispec-

a) b) c)
Fig. 3. Mechanical weed control and treatments of the row spacing of the sunflower fields (05 May 2020)

Table 3. Satellite images acquisition dates and relevant crop growth stages (Biologische Bundesanstalt, Bundessorte-
namt und CHemische Industrie – BBCH scale) (Meier, 2001)

Image acquisition 
date (2019)

Growth stage of sunflower crops  
(BBCH scale)

Image acquisition 
date (2020)

Growth stage of sunflower crops  
(BBCH scale)

30 March Germination 23 April Germination 
24 April End of Leaf development / Beginning of Stem 

elongation
28 April Germination 

04 May End of Stem elongation / Beginning of Inflo-
rescence emergence

08 May Leaf development

08 June Inflorescence emergence 13 May Leaf development
13 June Flowering 23 May Leaf development
03 July Flowering 27 June End of Inflorescence emergence/Beginning 

of Flowering
08 July Flowering 02 July Flowering
18 July Development of fruit 12 July Development of fruit
23 July Development of fruit 17 July Development of fruit 
28 July Development of fruit 22 July Development of fruit 

02 August Development of fruit/Ripening 01 August Ripening
07 August Ripening 06 August Ripening
12 August Ripening 11 August Ripening
17 August Ripening 21 August End of Ripening/ Physiological maturity
22 August Physiological maturity 26 August Physiological  maturity

– – 31 August Harvesting
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tral satellite data, including application of the Tasseled- Cap 
Transformation (TCT); and calculation of indices, based on 
TCT. 

Selection of spectral vegetation indices for assessment 
of drought impact

The health status of crop plants is directly dependent 
on the water content in the agroecosystems. The great part 
(80-90%) of biomass of non woody plants comprises of 
water. Consumption of less water causes physical limita-
tion in plants (Pirasteh‐Anosheh et al., 2013; Nemeskeri et 
al., 2015). Movement of water, oxygen and carbon dioxide, 
in and out of a plant, is governed by stomata (Bouranis et 
al., 2014). In water stress conditions, stomata close down to 
conserve water and that leads to a decrease of photosynthe-
sis (Taiz & Zeiger, 2002; Mahajan & Tuteja, 2005; Mutava 
et al., 2015). Chlorophyll and water content of vegetation 
are used as a major indicator for plant stress (Carter, 1993; 
Wardlow et al., 2012; Piro et al., 2017; Avetisyan et al, 
2019). Decreasing chlorophyll content leads to a complete 
change in absorption of light by leaf pigments and directly 
affects the spectral signature of the plant (Zarco-Tejada et 
al., 2000). The increased reflectance in the visible region 
and the reduced reflectance in the near-infrared region 
(NIR) are found to be consistent with chlorophyll reduction 
and cell structure damage among various species due to 
stress agents (Carter, 1993). Canopy reflectance in the vis-
ible and NIR regions is strongly dependent on biochemistry 
and structural properties of the canopy as Leaf Area Index 
(LAI), leaf orientation, canopy structure. This makes the 
task of revealing the health status of each plant species es-
pecially difficult and practically impossible with the appli-
cation of only one universal spectral index (Wardlow et al., 

2012). Taking this into account, we applied several of the 
most widely used vegetation indices, such as:  the Normal-
ized Difference Vegetation Index (NDVI); the narrowband 
Normalized Difference Vegetation Index (NDVI705); the 
Modified Soil-Adjusted Vegetation Index (MSAVI2); the 
Modified Chlorophyll Absorption Ratio Index (MCARI2); 
the Normalized Difference Water Index (NDWI); and the 
Moisture Stress Index (MSI). The formulas for calculating 
each index are shown in Table 4.

NDVI has been the most widely used spectral index for 
vegetation monitoring and evaluation of the photosynthetic 
activity of the crops. NDVI corresponds to the differential 
response of chlorophyll absorption and internal spongy mes-
ophyll layer reflectance from plant leaves in the visible red 
and NIR regions. It has been found that NDVI fluctuations 
over time are strongly correlated with climate variations and 
can serve as an effective measure of climate-related vegeta-
tion changes (Rouse et al., 1974).

NDVI705 is a modified version of the broadband NDVI 
index and, just like it, is related to the chlorophyll content. 
NDVI705 uses a narrow band at the edge of the chlorophyll 
absorption maximum (at 705 nm) and normalizes the ratio 
with a waveband, not affected by chlorophyll content (i.e., 
750 nm) (Gitelson & Merzlyak, 1994; Gamon & Surfus, 
1999). The narrowband indices are based on specific wave-
lengths associated with the leaf pigments. Changes in wave-
lengths values can be related to the physiological state of 
the plant. The narrowband indices require a more accurate 
calibration of the measuring instruments and provide more 
detailed information. NDVI705 decreases when the vegeta-
tion is under stress and is particularly advantageous for de-
tection of plant stress caused by drought and water scarcity 
(Piro et al., 2017).

Table 4. Spectral indices, used for assessment of state and functioning of the sunflower hybrids
Spectral Index Formula References

NDVI (1) Rouse et al., 1974

NDVI705 (2) Gitelson & Merzlyak, 1994

NDWI (3) Gao, 1996

MSAVI2 (4) Qi et al., 1994

MCARI2 (5) Haboudane et al., 2004

MSI (6) Hunt & Rock, 1989
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The MSAVI2 is an adapted version of the Soil-Adjusted 
Vegetation Index (SAVI), developed to diminish weaknesses 
of NDVI connected with its inaccuracies when it is applied 
to areas with a high degree of exposed soil surface (Huete, 
1988), such as agricultural lands in the early stages of crop 
development. This index is particularly effective in areas, 
which have different soil brightness coefficients (Qi et al., 
1994) and hence, an appropriate for examination of the veg-
etation in agricultural ecosystems. 

MCARI2 is a modified version of the Chlorophyll Ab-
sorption Ratio Index (CARI), developed for estimation of 
chlorophyll variation by measuring the depth of chlorophyll 
absorption at 670 nm in relation to the green reflectance peak 
at 550 nm and the reflectance 700 nm (Kim et al., 1994). 
On the basis of CARI, Daughtry et al. (2000) developed 
its primary improved version – MCARI, and found that it 
is suitable not only for estimation of chlorophyll variation, 
but also has a great potential for LAI predictions although 
no NIR wavelength was considered in its formulation. 
Taking into account these advantages of the index, by in-
troducing two main changes in MCARI, Haboudane et al. 
(2004), developed the MCARI2. The first  change  is  the  
suppression of  the ratio (ρ700/ρ670),  aiming  to  decrease  the  
sensitivity to chlorophyll effects and the second one is the 
integration of NIR wavelength to increase the sensitivity to 
LAI changes. In order to reduce the soil contamination ef-
fects, they incorporated a soil adjustment factor. In result, 
the derived MCARI2 index is less sensitive to variations in 
chlorophyll concentration and has a great linear relationship 
with NIR canopy reflectance, and therefore, a great linearity 
with green LAI. LAI is a key variable, used for estimation 
of biophysical processes of crop canopies and for prediction 
of crop growth and productivity. The exposed area of living 
leaves has an important role in different biophysical process-
es such as plant transpiration and CO2 exchange (Daughtry 
et al., 2000; Moran et al., 1997). In the context of precision 
farming, the determination of LAI is crucial for assessment 
of plants health status and agriculture management purposes. 

Water vegetation indices have been found to be very well 
correlated with various vegetation variables like LAI, stand-
ing biomass, Fraction of Absorbed Photosynthetically Active 
Radiation (FAPAR), and productivity (Sellers, 1987; Tucker, 
1980). Such index is the NDWI (Gao, 1996), which capital-
izes on the differential response of the NIR and the short-
wave infrared (SWIR) reflectance in healthy vegetation. The 
SWIR reflectance shows both the changes in the moisture 
content and changes associated with the spongy mesophyll 
structure in vegetation canopies. The NIR reflectance, in 
turn, is influenced by leaf internal structure and leaf dry mat-
ter content but not by moisture content. The combined use of 

the both wavebands (NIR and SWIR) eliminate variations, 
caused by leaf internal structure and leaf dry matter con-
tent, enhancing the precision in assessment of the vegetation 
moisture content (Ceccato et al., 2001). That is the reason 
the NDWI to be a very good indicator for plant water stress.  

MSI is used for canopy water stress analysis, productivi-
ty prediction and biophysical modeling. MSI is developed to 
detect changes in leaf water content on the basis of NIR and 
SWIR reflection ratio (Hunt & Rock, 1989). As the leaf wa-
ter content in vegetation canopies increases, the absorption 
in SWIR region of the electromagnetic spectrum increases 
with absorption in NIR remaining nearly unaffected by 
changing water content. Higher values of the index indicate 
for greater plant water stress and consequently, for less mois-
ture content. In their study, Welikhe et al. (2017) concluded 
that MSI is sensitive to soil moisture fluctuations, increasing 
in value with decreases in soil moisture, with strongest cor-
relation at 20 cm soil depth. Hence, in growing season, MSI 
can be used indirectly in the estimation of soil moisture vari-
ation (Table 4).

Tasseled Cap Transformation (TCT), and indices de-
rived after application of TCT

Tasselled Cap model (Kauth & Thomas, 1976) for or-
thogonalization of satellite images is a highly effective in 
assessment of processes related to changes in soil, vegeta-
tion, and water (Nedkov, 2017a). In orthogonalization, three 
differentiable classes (soil brightness, greenness, and wet-
ness axes), strongly sensitive to small changes in vegetation 
process are obtained. This enables more precise classification 
and monitoring of current condition of the soil and vegeta-
tion components of the land surface. Brightness component 
is based on the  spectral reflectance characteristics (SRC) of 
non-vegetated areas. Greenness component is defined by the 
signature of photosynthetically-active vegetation, and wet-
ness – by the signature of moisture content. SRC are deter-
mined by the momentary condition of the studied object (cell 
structure and water/chlorophyll content). Minimal changes 
in condition of a given component do not significantly affect 
SRC and their assessment with commonly used vegetation 
indices is difficult (Nedkov, 2017b). These advantages of 
TCT are most noticeable in studying restoration processes 
(processes following stress events such as droughts, wildfire, 
etc.) and upon initiation of the vegetation process (Nedkov, 
2017b).

In present study, two indices, based on the greenness and 
wetness TCT components are used. The NDGI estimates 
quantitatively the slight positive and negative values of 
change in the vegetation green mass for a given time pe-
riod. NDGI ranges from +1 to −1, as NDGI < 0 indicates a 
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negative change, and NDGI > 0 indicates a positive change 
(Nedkov, 2017b).

NDWNI is based on the wetness component of TCT and 
identify the  small  changes, occurring   in the  agroeco-
systems in relation to moisture content. Similar to NDGI, 
NDWNI ranges from +1 to −1 and indicates the positive and 
negative changes in moisture content for a given time period. 
The formulas for calculation of both indices NDGI (Nedkov, 
2017b) and NDWNI are shown in Table 5.

Results

The differences between sowing dates (28 March – 03 
April 2019 and 10 – 16 April 2020) affect timing of pheno-
phases and create differences between hybrids, which influ-
ence their spectral reflectance. This is especially noticeable 
in the initial growth stages, when the ratio between the spec-
tral reflectance of bare soil and those of recently sprouted 
crops is still high. In the later growth stages, these differ-
ences in spectral reflectance are significantly reduced. Tak-
ing this into account, flowering and post-flowering growth 
stages are with priority in the analysis of the results. 

Determination of timing of different growth stages
NDGI and NDWNI indices are used for remote deter-

mination of timing of critical growth stages (inflorescence 
emergence, flowering, development of fruit, and ripening 
stages).  The accuracy of remote determination is verified 
trough field observations. The values of the indices are in-
dicative for the phenological development of the predomi-
nant part of the crops, not of individual plants, which could 
be in more advanced or earlier stage of development. The 
indices show the dynamics in the greenness and wetness 
components of TCT and respectively can also be used for 
tracking the health status and dynamics of moisture content 
in the crops by certain periods. These periods encompass two 
consecutive satellite images, called “couples” in the present 
research. Their duration vary depending on the acquisition 
date of the satellite images. 

Maximum in NDGI marks the end of inflorescence emer-

gence/beginning of flowering stage and corresponds to the 
peak of intensive growth of the plants. Beginning of de-
velopment of fruit stage is recorded by a sharp decline in 
NDGI after the peak in flowering. Maximum in NDWNI 
corresponds to the higher growth of moisture content ear-
ly in grain filling, when the maximum grain volume is ob-
served (Rondanini et al., 2009). The beginning of ripening is 
marked by the minimum in NDWNI and NDGI values, when 
the sunflower canopy start to senesce faster and the area of 
the leaf mass decreases sharply (de la Vega et al., 2011), af-
fecting negatively the moisture content in the plants  (Fig-
ures 4 and5). Undoubtedly, these properties of the two indi-
ces facilitate largely determination of timing of listed growth 
stages and monitoring the development of crops during the 
course of the stages. However, there are also some limita-
tions related to the variability of the time period between two 
applicable satellite images, forming a couple. In the optimal 
scenario, this period lasts several days (5 days) when using 
Sentinel- 2 images, but there are periods of prolonged cloud-
iness (spring and early summer for growing season of sun-
flower in Bulgaria), during which the available images are 
practically unusable as the TCT involves the all 13 spectral 
bands of Sentinel 2, including the optical ones. Such situa-
tions additionally “dissolves the scissors” when calculating 
the indices, hindering the accurate determination of timing of 
the growth stages. The long period of time between two im-
ages, forming a couple in calculating the NDGI, for instance, 
obscures the maximum caused by the intensive growth in 
inflorescence emergence stage, which merges with the other 
phases of plant growth until entering the flowering stage. 
Unfortunately, this circumstances are valid for the both pre-
flowering periods, studied in the present research (Figure 4). 
The higher the frequency of the applicable for TCT satellite 
images, the greater the accuracy in determination of timing 
of the growth stages. 

The highest NDGI values, for both years, are observed in 
the spring and early in the summer (04 May – 08 June 2019 
and 23 May – 27 June 2020) in the inflorescence emergence/
beginning of flowering stages (Figure 4, Table 3). The inflo-
rescence emergence stage is a period of intensive growth of 

Table 5. Spectral indices, based on TCT and used for remote determination of phenological timing (Nedkov, 2017a,b)

Formula for calculation  
of an index

Formula for calculation  
of an index variable

Description

GRn(t1) and GRn(t2) are the normalized values of the Greenness com-
ponent at time points t1 and t2; |GRn(t1)| and |GRn(t2)| are the absolute 
values of the same component; E{GRn(t)} is the mean of GR(t).
Wn(t1) and Wn(t2) are the normalized values of the Wetness com-
ponent at time points t1 and t2; |Wn(t1)| and |Wn(t2)| are the absolute 
values of the same component; E{Wn(t)} is the mean of W(t).
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the constituent parts of the inflorescence and of the vegetative 
organs – stem, leaves, and root system. Three of the studied 
hybrids in 2020 (the foreign hybrids) are with NDGI values 
between 0.84 and 0.97 in the flowering stage. The highest 
growth in green mass is in P64LE136, followed by P64LE99 
and P64LE25. The NDGI average value for the domestic hy-
brid Dara is 0.6. Similar to the values for the foreign hybrids 
are the NDGI values in 2019, when all studied hybrids have 
NDGI average values between 0.87 and 0.96 during the an-
thesis. The increase of NDGI values is followed by a period 
of relative stability, lasting to the beginning of development 
of fruit stage, when the NDGI decrease to negative values. In 
the early growth stages, the high concentration of chlorophyll 
in the receptacle tissues is directly associated with the green 
color (Hernández et al., 2008). As maturity advances, chloro-
phyll in green organs degrades (Sexton & Woolhouse, 1985) 
and the predominance of xanthophylls and other carotenoid 
pigments causes color change from green to yellow (Sinecker 
et al., 2002). In sunflower crops this color change starts about 
30 days after the first anthesis with maturation of the sunflow-
er fruits and is influenced by the moisture content in plant tis-
sues (Hernandez & Larsen, 2013).

However, in the same growth stage, early in grain fill-
ing, a sharp increase in NDWNI is observed. This increase 
is related to the timing of maximum grain volume, occurring 
about 10–12 days after the end of anthesis (Rondanini et al., 
2009), just when the above mentioned rise in the NDWNI for 
the both years is observed (Figure 5). In 2019, the increase 
in the NDWNI values, induced by the grain filling is weaker 

(between 0.14 and 0.29 for the different hybrids) (Figure 5a). 
In the same growing season, the Sunny IMI enters the devel-
opment of fruit stage a little later (5-6 days) than the other 
hybrids, which is marked by NDWNI average value for the 
field of 0.14 (Figure 5a). In growing season 2020, the increase 
in moisture content in grains in the beginning development of 
fruit stage (12 July – 17 July) is more significant than in 2019 
and varies between 0.5 and 0.88 for the different sunflower 
hybrids (Figure 5b). In 2020, higher NDWNI values are ob-
served also in the subsequent period (17 – 22 July 2020). This 
increase is accompanied by an increase in NDGI too (Figures 
5b, 4b). Similar increase in NDGI is observed in the end of 
development of fruit / beginning of ripening stage in 2019 (28 
July – 02 August 2019), but only for P64LE25. The values 
of the observed increase in NDGI are quite different in both 
years. The average NDGI value of P64LE25 in 2019 is just 
0.12 and the change does not affect the NDWNI values (Fig-
ure 4a, 5a), whereas in 2020 the average NDGI value for the 
same hybrid (P64LE25) is 0.31 (Figure 4b). The NDGI values 
for the other hybrids are between 0.44 and 0.68.

The highest increase is observed in P64LE136, followed 
by P64LE99 and Dara (Figure 4b). The observed increase in 
NDGI in the both years is accompanied by significant pre-
cipitations – 30 mm in 2019 and 27 mm in 2020 (the data is 
not shown) and probably is associated with a genetic trait 
(e.g. stay green)  of the studied hybrids.  However, it should 
be noticed that in 2020, the depicted increase in NDGI oc-
curs earlier in the vegetative growth (17 – 22 July 2020) than 
in 2019, when the plants have not yet begun to senescence. 

a) b)
Fig. 4. NDGI values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)
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In 2019, the fallen precipitation affects the P64LE25 field in 
the beginning of ripening stage (Figure 4).

A sharp decline in both NDGI and NDWNI follows when 
crops enter ripening stage (28 July – 02 August 2019 and 22 
July – 01 August 2020) (Figures 4, 5; Table 3). In the ripening 
stage, the manifestation of the indices for both years is dif-
ferent. In 2019, a gradual decline in NDGI, started after the 
peak in inflorescence emergence stage is observed. The sun-
flower hybrids reach NDGI minimum around the beginning 
of ripening stage (NDGI values between -0.38 and -0.77 for 
different hybrids). The decline of the greenness component 
of TCT continues till the end of the growing season (Figure 
4a). In 2020, when entering ripening stage, the decrease in 
NDGI reaches values between -0.97 and -0.84 for the differ-
ent hybrids. In contrast to 2019, a stabilization of the NDGI 
and a slight increase in the period 21 – 26 August 2020 is 
observed (Figure 4b).  This increase is related to growth of 
invasive weeds (see Discussion section). 

The process of entering the ripening growth stage is also 
confirmed by the minimum in NDWNI values. In season 
2019, the NDWNI minimum vary between -0.08 and -0.27 
for the different hybrids. In 2020, the minimum in NDWNI 
values is more pronounced and vary between -0.95 and -0.66 
(Figure 5). 

Vegetation indices dynamics and differentiation of the 
health status of the individual sunflower hybrids 

The highest values of vegetation indices are observed 
in the flowering stage. After entering the development of 

fruit growth stage, the indices values decrease. Lowest 
indices values are observed in the beginning of crop devel-
opment, when the proportion of leaves area, compared to 
those of bare soil is smaller. The opposite is the tendency 
only for the MSI, which evaluate the moisture stress in 
the agroecosystems. Each of the indices reflects specific 
features in the behavior of the individual sunflower hybrids 
during the growing season and indicates for their health and 
water status.

In terms of NDVI, there are no significant differences be-
tween the average values of the sunflower hybrids in both 
years. In the beginning of vegetative growth in season 2019, 
highest NDVI values have Enigma and P64LE25, followed 
by Line 3607 А х 12.51R and Sunny IMI (Figure 6a). In 
2020, Dara occupies the leading position since the begin-
ning of vegetative growth, followed by P64LE25, P64LE99, 
and P64LE136 (Figure 6b). The maximum NDVI values are 
observed in the beginning of flowering stage. An exception 
is only Sunny IMI in 2019, which records its maximum in 
the end of the flowering stage (Figures 6a, 6b). Comparing 
the both seasons, the differences between the NDVI aver-
age values are not significant during and after the flowering 
stage. More considerable differences are observed during the 
development of fruit stage and between the individual sun-
flower hybrids (Table 6). Larger differences between the hy-
brids and also between their states in the individual growth 
stages are observed in 2020. On the contrary, in 2019, the 
hybrids steadily follow the dynamics established still in 
the initial stages of development (Figures 6a, 6b). This ten-

a) b)
Fig. 5. NDWNI values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)
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dency can be found in all of the calculated indices (Table 
6).  In 2019, after entering the development of fruit stage, 
the NDVI values start to decrease, whereas in 2020, the ex-
pected tendency of decrease is interrupted by a slight growth 
in the end of the stage and re-growth at the end of the sea-
son. Similar tendency show also the other vegetation indices 
(Figures 6 – 9). The first growth in the development of fruit 
stage is most probably related to the precipitation events de-
scribed above and the regrowth after that, with the presence 
of weed vegetation (see Discussion section). The hybrids in 
development of fruit stage in season 2020 are distinguished 
with higher NDVI values (Table 6). An exception is Sunny 
IMI (2019), characterized with the highest NDVI among the 
studied hybrids in the both seasons. In growing season 2020, 
the highest NDVI values in flowering and development of 
fruit stages has Dara, followed by P64LE25. In the ripening 
stage, due to the presence of weeds that influence the NDVI 
after the withering of the sunflower, the values reported for 
the P64LE25 field significantly exceed those of Dara (Figure 
6b). Similar NDVI values to those of P64LE25 in flowering 
and development of fruit stages has P64LE99. In this hy-
brid, however, a weaker increase in NDVI values during the 
ripening stage is observed. The lowest NDVI in 2020 have 
P64LE136 (Figure 6b).

In terms of NDVI705, the average values of sunflower 
crops are more diverse than those of NDVI, comparing the 
2019 and 2020 growing seasons. The differences are clearly 
noticeable in flowering and development of fruit growth 
stages. The NDVI705 values between the individual hy-

brids are closer than the NDVI values (Figure 7a,7b; Table 
6). In the beginning of vegetative growth of 2019 season, 
Enigma and P64LE25 are distinguished with higher values, 
followed by Line 3607 А х 12.51R and Sunny IMI. In the 
last two hybrids, there is a slight delay in reaching the maxi-
mum of NDVI705 (03 July 2019) in the beginning of flow-
ering, related to the later sowing. In the other two hybrids, 
the NDVI705 maximum is noted on 13 June 2019 (Figure 
7a.). As regards 2019 season, the trend in differences be-
tween the individual hybrids in flowering and post-flowering 
growth stages is steadier and continues till the end of the 
season (Table 6). In the beginning of vegetative growth of 
2020 season, highest NDVI705 has P64LE25, followed by 
Dara, P64LE99, and P64LE136. Slight differences are ob-
served during the flowering stage, with leading position for 
Dara, but in the following growth stages, these differences 
are minimized (Figure 7b, Table 6). Due to the presence of 
weeds, the higher values of P64LE25 in the ripening stage 
stand out (Figure 7b, Table 6).

Comparing the two growing seasons, MSAVI2 also 
shows larger differences in the average values for all sun-
flower hybrids in favor of 2020 (Table 6). In the beginning 
of vegetative growth, the dynamics shown by the individual 
hybrids is similar to those of NDVI705. In general, MSAVI2 
is distinguished with more significant differences in develop-
ment of fruit stage when compare the both studied seasons. 
The MSAVI2 values in season 2019 are stable in relation to 
the established trend. In 2020, greater dynamics between the 
individual hybrids is shown in flowering stage, when Dara 

a) b)
Fig. 6. NDVI values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)
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Table 6. Spectral indices values of the studied sunflower hybrids in the individual growth stages of growing seasons 
2019 and 2020

Growth  
season 2019

Flowering Develop-
ment

 of fruit

Ripening Average

NDVI
average

0.70 0.57 0.40 0.56

Enigma 0.70 0.58 0.41 0.56
Line 3607 А 
х 12.51R

0.68 0.55 0.38 0.54

P64LE25 0.67 0.53 0.37 0.52
Sunny IMI 0.74 0.62 0.44 0.60
NDVI 705
average

0.55 0.42 0.29 0.42

Enigma 0.56 0.42 0.29 0.42
Line 3607 А 
х 12.51R

0.55 0.41 0.28 0.41

P64LE25 0.52 0.37 0.27 0.39
Sunny IMI 0.59 0.46 0.32 0.46
MSAVI2 
average

0.81 0.71 0.56 0.69

Enigma 0.82 0.73 0.57 0.70
Line 3607 А 
х 12.51R

0.81 0.70 0.54 0.68

P64LE25 0.80 0.68 0.53 0.67
Sunny 0.84 0.75 0.60 0.73
MCARI 2 
average

0.81 0.73 0.55 0.70

Enigma 0.81 0.75 0.56 0.71
Linia 0.80 0.71 0.52 0.68
P64LE25 0.80 0.71 0.51 0.67
Sunny IMI 0.84 0.77 0.60 0.74
NDWI 
average

0.28 0.19 -0.06 0.14

Enigma 0.28 0.19 -0.04 0.14
Line 3607 А 
х 12.51R

0.26 0.18 -0.07 0.13

P64LE25 0.24 0.13 -0.08 0.10
Sunny IMI 0.33 0.26 -0.03 0.19
MSI      
average

0.57 0.70 1.13 0.80

Enigma 0.57 0.70 1.11 0.79
Line 3607 А 
х 12.51R

0.59 0.71 1.17 0.82

P64LE25 0.62 0.78 1.19 0.87
Sunny IMI 0.50 0.60 1.07 0.72

Growth  
season 2020

Flowering Develop-
ment

 of fruit

Ripening Average

NDVI
average

0.70 0.60 0.39 0.56

P64LE25 0.70 0.61 0.43 0.58
P64LE99 0.70 0.60 0.37 0.56
P64LE136 0.66 0.59 0.38 0.54
Dara 0.72 0.62 0.38 0.57
NDVI 705
average

0.57 0.48 0.30 0.45

P64LE25 0.58 0.49 0.33 0.46
P64LE99 0.58 0.48 0.29 0.45
P64LE136 0.54 0.48 0.29 0.44
Dara 0.60 0.48 0.29 0.46
MSAVI2
average

0.82 0.75 0.55 0.71

P64LE25 0.82 0.76 0.60 0.73
P64LE99 0.81 0.74 0.53 0.70
P64LE136 0.80 0.74 0.54 0.69
Dara 0.84 0.76 0.54 0.71
MCARI2 
average

0.81 0.76 0.54 0.70

P64LE25 0.82 0.77 0.60 0.73
P64LE99 0.80 0.75 0.52 0.69
P163 0.79 0.74 0.52 0.68
Dara 0.84 0.78 0.53 0.71
NDWI 
average

0.26 0.21 -0.05 0.14

P64LE25 0.27 0.21 -0.02 0.15
P64LE99 0.27 0.21 -0.06 0.14
P64LE136 0.22 0.19 -0.06 0.12
Dara 0.30 0.23 -0.05 0.16
MSI      
average

0.59 0.66 1.11 0.79

P64LE25 0.58 0.66 1.05 0.76
P64LE99 0.57 0.66 1.14 0.79
P64LE136 0.65 0.69 1.14 0.82
Dara 0.54 0.63 1.12 0.76
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has the highest MSAVI2, followed by P64LE25, P64LE99, 
and P64LE136 (Table 6). The differences between Dara and 
P64LE25, as well those between P64LE99 and P64LE136 
are minimized during the development of fruit stage (Table 
6). Most of the studied hybrids reached the maximum of 
MSAVI2 in the beginning of flowering (Figure 8a,b). Excep-
tion is only Sunny IMI (2019) that reached the maximum in 
the end of the stage (Figure 8a). However, the maximum 

MSAVI2 values of Sunny IMI do not differ significantly 
from those, recorded in the beginning of the flowering. After 
development of fruit stage, till the end of growing period, the 
tendency in the functioning of the studied sunflower hybrids 
remains generally the same (Figure 8a, b).

In relation to MCARI2, the sunflower hybrids show 
similar to MSAVI2 dynamics. There is a slight difference 
between the indices, referring the individual hybrids, and 

a) b)
Fig. 7. NDVI705 values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)

a) b)
Fig. 8. MSAVI2 values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)
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the timing of MCARI2 maximum. In season 2019, Enig-
ma and Sunny IMI record their maximum MCARI2 
when entering the development of fruit stage, whereas 
P64LE25 and Line 3607 А х 12.51R reaches the maxi-
mum MCARI2 value in the beginning of the flowering stage 
(Figure 9a). In season 2020, P64LE25, P64LE99, and Dara 
reach the maximum in the beginning of flowering stage, 
whereas P64LE136 – in the end of the development of fruit 
stage (Figure 9b). Nevertheless, the values in the beginning 
of flowering and those in the development of fruit stage for 
both seasons are close (Figure 9a, b). The MCARI2 show 
clear tendency to minimization of the differences between 
Line 3607 А х 12.51R and P64LE25 with the progress of 
season 2019. Similar tendency is observed for all studied in-
dices (Figure 9a, Table 6).

Water indices dynamics and differentiation of the water 
status of the individual sunflower hybrids

NDWI and MSI are the indices, proposed for monitor-
ing of vegetation liquid water and plant stress, caused by 
drought and water scarcity. 

Water content in the agroecosystems, indirectly repre-
sented by the NDWI is highest in the flowering stage. High-
est NDWI in season 2019 has Sunny IMI, followed by Enig-
ma, Line 3607 А х 12.51R, and P64LE25. The maximum 
NDWI of P64LE25 is recorded in the beginning of the flow-
ering stage, whereas for the other three hybrids, the maxi-
mum is observed in the end of the flowering stage (Figure 

10a). In season 2020, the highest NDWI is observed in the 
beginning of flowering for all of the studied hybrids (Figure 
10b).  In the early stages of development and in the ripening 
stages, the NDWI values are negative (Figures 10a, 10b). In 
the flowering of season 2019, the values are slightly higher 
and the shown dynamics is similar to those of the vegetation 
indices (Table 6). In season 2020, Dara is distinguished with 
the highest NDWI, followed by P64LE25, P64LE99, and 
P64LE136 (Figure 10b, Table 6).

Similar to NDWI, higher degrees of moisture stress (MSI 
> 1), are observed in the early stages of development and 
during the ripening (Figure 11a, b). This is related to the 
smaller proportion of leaves area, compared to those of bare 
soil and respectively to lower water retention capacity of the 
agroecosystems. Comparing both seasons, a slightly higher 
moisture stress is observed during the flowering in season 
2020 (Table 6), reflecting the lack of precipitation and the 
short-term drought stress in the agroecosystems (Table 2). 
On the other hand, the stress during the development of fruit 
stage is lower than in 2019 (Table 6), despite the similarity 
in the climatic conditions (Table 2). Flowering is the growth 
stage with the lowest MSI values (Figure 11a, b; Table 6). 
Unlike to NDWI, MSI shows higher dynamics in the flow-
ering stage of season 2020. Dara is distinguished with the 
lowest moisture stress, followed by P64LE99, P64LE25, 
and P64LE136 (Table 6). In the development of fruit stage, 
the MSI average value of P64LE25 is the same as those of 
P64LE99 (Table 6, Figure 11b). The lower MSI values of 

a) b)
Fig. 9. MCARI2 values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)
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P64LE25 in the ripening stage of season 2020 are influenced 
by the presence of weed vegetation (Table 6, Figure 11b).

Discussion

The spectral reflectance of the individual sunflower hy-
brids can be affected by various natural and man-made fac-
tors such as environment and climate, phenological charac-
teristics, genetic modifications, and agrotechnical activities.

The present research is not a coordinated experiment. 
It is performed in real conditions, which may occur in any 
farm. The advantage of this approach is that it allows to iden-
tify real problems that remote sensing methods face when 
offering services to support management decisions in agri-
culture, but this additionally complicates the interpretation 
of the results.  Different factors affected the spectral reflec-
tance of studied hybrids during both growing seasons and 
they consistently will be addressed.

a) b)
Fig. 10. NDWI values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)

a) b)
Fig. 11. MSI values of the studied sunflower hybrids in growing season 2019 (a) and 2020 (b)
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The first factor is related to the limited manpower and 
problems with agricultural machinery at the time of the ex-
periment. This factor slows down the process of cultivation 
of the land and the sowing of the individual fields, as well 
as, the subsequent agricultural activities. The individual 
fields are sowed in the period 28 March – 03 April in season 
2019. In 2020, the sowing is delayed about two weeks and 
is performed in the period between 10 April and 16 April. 
Later sowing in 2020 predetermines warmer conditions of 
crop development at the beginning of the vegetative growth. 
There is a shift in time of the individual growth stages and 
shortening of their duration. Different time of sowing also 
has impact on the individual hybrids in entering the individ-
ual growth stages. These factors inevitably affect the spectral 
reflectance characteristics of the studied agricultural fields, 
which is particularly evident in the leaf development stage, 
when the ratio between the bare soil and vegetation decreas-
es earlier in time in those hybrids that are sown earlier. The 
differences of this nature are clearly shown by the dynam-
ics of MSAVI2 and MCARI2 in the beginning of vegeta-
tive growth in the both seasons (Figures 8a,8b,9a,9b). With 
the progress of vegetative growth, the impact of the differ-
ent sowing dates on the spectral reflectance characteristics 
of the fields is more clearly visible in growing season 2019 
and particularly in the NDVI705 values. The NDVI705 val-
ues of two of the sunflower hybrids (Line 3607 А х 12.51R 
and Sunny IMI) show lower values from the earliest date of 
satellite observation (Figure 7a). These hybrids are distin-
guished also with later maximum in flowering stage. Apart 
from the other factors, and provided that all hybrids are char-
acterized with similar duration of growing period, different 
time of sowing is expected to lead to a later start of the next 
stages of development.

All of the studied sunflower hybrids in season 2019 are 
mid-early hybrids and the length of their growing period 
is about 120 days. The later entering in the next stages of 
development, determined by the later sowing should result 
in gradual increase of indices values and a slight delay in 
reaching their maximum (as in NDVI705) (Figure 7a) and 
subsequently to a slower decline of the values. Such slower 
decline in indices values in 2019 is observed only in Sunny 
IMI and it continues till the later stages of development, even 
in the ripening stage (Figures 6a – 9a). Unlike the indices 
values of Sunny IMI, the values of Line 3607 А х 12.51R 
aligns with those of the earlier sown hybrids even during the 
anthesis (Figures 6a – 9a). This indicates that in the mani-
festation of the indices from flowering onwards, other fac-
tors such as climate resilience and genetic modifications (e.g. 
stay-green trait) already have a more significant role. The 
stay-green trait provides longer preservation of green mass 

in plants, increasing their capacity to uptake water from the 
soil for a longer time, even in grain filling phase, when the 
root systems senesce. There is a clear evidence of correlation 
between the live root length density and LAI (Lisanti et al., 
2012).

The delayed leaf senescence during the grain filling phase 
slows down the loss of post-anthesis canopy LAI. Stay-green 
hybrids distinguish with higher LAI at physiological matu-
rity as percentage of LAI at anthesis (de la Vega et al., 2011). 
The stay-green trait increase the length of the period with 
higher indices values, which by themselves reflect higher 
photosynthetic activity, higher LAI, and better functioning 
of the crops (Figures 6a – 9a, 6b – 9b). In these hybrids, 
higher indices values are reported when entering the ripening 
stage. Especially noticeable is the effect of genetic modifica-
tions in the manifestation of MCARI2 that shows a great lin-
ear relationship with green LAI. The sunflower hybrids with 
delayed MCARI2 maximum are characterized with slower 
decrease of indices values. Such hybrids are Sunny IMI and 
to lesser extent Enigma in 2019 and P25LE136 in 2020 (Fig-
ure 9a, b).

The impact of the different ecological conditions and the 
specifics of genetic improvements on the state and function-
ing of the sunflower hybrids in the separate growth stages 
can be assessed through the differences in the indices values. 
During the autumn-winter period of 2020, a larger amount 
of precipitation falls (184.3 mm), which result in a greater 
moisture store in the soil in pre-sowing period. For compari-
son, during the same period in 2019, the precipitation sum 
is 101 mm (data is not shown). This tendency is observed 
also in the months exactly prior the sowing. In March 2020, 
the fallen precipitations are 70 mm (Figure 2), whereas the 
precipitation sum in both months February and March 2019 
is 34 mm (data is not shown). The more favorable conditions 
in pre-sowing and in the sowing period facilitate tillage and 
sowing process, contributing for germination of a greater 
number of seeds than those sown in 2019, when the drought 
leads to soil compaction. Despite the drier conditions and 
shorter duration of flowering stage in 2020, the greater num-
ber of well-developed sunflower plants impact the perfor-
mance of sunflower crops during the grain filling stage.

The observed increase in NDWNI in 2020 (12 – 17 July), 
related with the increase in moisture content of seeds in grain 
filling stage , range between 50% and 88% for the individual 
fields (Figure 5b), while in 2019 (18 – 28 July), the increase of 
NDWNI is between 14% and 29% (Figure 5a.).The later pe-
riod of flowering in 2020 and the lack of precipitation during 
it result in lower values of NDWN in this stage and slightly 
more pronounced water stress, affecting the MSI (Figure 11b). 
During the development of fruit stage, the environmental con-
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ditions in both years are similar, even slightly wetter in 2019 
(Table 2). Despite that, the sunflower crops show better mois-
ture status in 2020, which is probably related to the increase 
in grain volume and related moisture content during the grain 
filling (Figures 5a, 5b, 10a, 10b, 11a, 11b, Table 6).

Due to the higher indices values in development of fruit 
stage in the wetter 2020 season, the difference, recorded be-
tween flowering and development of fruit stages is smaller 
than those in 2019 season (Table 6). The retention of higher 
indices values in development of fruit stage indicates for a 
better health state and functioning of the sunflower hybrids. 
In season 2020, the smallest difference between the flower-
ing and development of fruit stages  in terms of NDVI and 
NDVI705 is observed in P64LE136 (the hybrid with lowest 
indices values), whereas in 2019, the smallest difference is 
observed in Sunny IMI (the hybrid with the highest indices 
values) (Table 6). Sunny IMI retains this small difference also 
in the other two vegetation indices (MSAVI2 and MCARI2) 
(Table 6). The depicted manifestation of the indices indicates 
for better state and functioning of Sunny IMI, compared to 
the other hybrids in development of fruit stage and presence 
of genetic improvements aimed at drought resilience. Despite 
the more favorable environmental conditions in season 2020, 
P64LE136 is distinguished with the worst state amongst the 
studied hybrids from the beginning till the end of vegetative 
growth. That results in insignificant difference in indices val-
ues between the individual growth stages (Table 6). 

The differences in MSAVI2 and MCARI2 values be-
tween the flowering and fruit development stages for the in-
dividual hybrids in 2020 are similar. Exception is only Dara 
hybrid, characterized with the highest indices values (Table 

6). In addition, the differences between flowering stages of 
both growing seasons are significantly smaller than those be-
tween the development of fruit stages (Table 6).

Amongst the water indices, MSI shows larger differences 
between the development of fruit stages of the both seasons (Ta-
ble 6). These findings confirm that the more favorable condi-
tions in pre-sowing and sowing periods, as well as in the early 
stages of development affect to a greater extent the development 
of fruit stage than the flowering stage. Under similar environ-
mental conditions, during the development of fruit stage, the 
accumulated soil moisture in the earlier stages of development 
(2020) predetermines the retention of higher indices values.

As concerns the hybrids, represented in both seasons 
(P64LE25 and Dara/ Line 3607 А х 12.51R), the observed 
differences significantly exceed the average values for the 
sunflower crops in general (Table 6). In P64LE25, the dif-
ferences in the development of fruit stages between the both 
seasons are considerably larger than those in the flowering 
stages. This show also the indices values of Dara, but not 
to such an extent. In P64LE25, the differences in NDVI705 
(0.11) and MSI (0.13) are especially large (Table 6). In the 
case of hybrid Dara, there is no index, in which the differ-
ence between the values to be greater than 0.8 (MSI) (Table 
6). Dara is the hybrid with the highest indices values (except 
MSI) and respectively with optimal health state in 2020 (Ta-
ble 6). An exception is only ripening stage in 2020, when the 
weed vegetation incorrectly raises the indices values in the 
fields. During the same year, P64LE25 is the second hybrid 
with the highest values (Table 6).

However, in the environmental conditions of growing 
season 2019, these two hybrids are with the lowest indices 

a) b)
Fig. 12. Weed vegetation (Cannabis sativa L.) in the sunflower fields in the inflorescence emergence (22 June 2020) (a) 

and in the ripening (17 August 2020) (b) growth stages
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values among the studied hybrids (Table 6). Hence, these two 
hybrids show unsatisfactory values of the studied indicies 
under more pronounced soil drought during sowing and less 
rainfalls in early stages of development (such as in 2019). 
The differences for the both hybrids between the flowering 
and development of fruit stages are larger in 2019. Especial-
ly noticeable are the differences for the water indices. Com-
paring the MSI for P64LE25 and Line 3607 А х 12.51R, the 
stress, caused by water deficiency during the flowering stage 
is greater in P64LE25 and increases to a greater extent in de-
velopment of fruit stage (Table 6). Under the more favorable 
conditions in 2020, greater differences are observed in the 
vegetation indices than in the water ones, and Dara again is 
with the higher indices values (Table 6). 

Another factor, affecting the spectral reflectance charac-
teristics of the studied fields is the presence of aggressive 
weed vegetation (Cannabis sativa L.), which distinguishes 
with its own phenological development, influencing the in-
dices values. Most pronounced is that effect in the ripening 
stage of sunflower phenological development (Figure 12 ). 

Industrial hemp (Cannabis sativa L.) has been grown in 
Bulgaria in the past (before 1989). The seeds of this plant 
are very persistent and can remain in the soil for years, until 
favorable conditions for their germination arise. In addition 
to residual seeds in the farmlands used for industrial hemp 
cultivation, its distribution has been facilitated by the wide-
spread use of irrigation systems. Control measures to remove 
unwanted vegetation are taken every growing season in 
Northwestern Bulgaria, where the fields, object of the study 
are located. The measures include application of the herbi-
cides and hoeing. Commercially available herbicides, how-
ever, are not effective enough against the industrial hemp 
and despite the weed control measures, every season in the 
fields with spring crops grows this unwanted vegetation. In 
the wetter and warmer growing seasons, the industrial hemp 
develops to a greater extent than in the dry ones. The vegeta-
tive development of industrial hemp is longer than those of 
sunflower and lasts about 160 days. Industrial hemp is in a 
phase of intensive growth and flowering about 120 days after 
germination, when sunflower is in ripening stage, shortly be-
fore the harvest. In 2020, the industrial hemp is in flowering 
stage around 20 August. At this time, there is an increase in 
the indices values, including NDGI and to a lesser extent of 
NDWNI (Figures 4b, 5b).

The growing season 2020 is distinguished with more 
favorable conditions for industrial hemp development than 
2019. Due to the drier conditions in growing season 2019, 
including at the time of pre-planting operations and sowing 
of the sunflower crops, the industrial hemp has not developed 
very well. The drought during the pre-planting operations in 

2019 makes plowing and soil cultivation more difficult and 
thus hinders the hemp seeds to be brought to the surface and 
to germinate. In 2019, the flowering of the industrial hemp 
is in the beginning of August, when a noticeable increase 
in NDGI of P64LE25 is observed (Figure 4a). The increase 
in the values of the other vegetation indices is almost im-
perceptible. The indices, which are sensitive to variations in 
water content (NDWI, MSI, and NDWNI), do not record this 
change in 2019 (Figures 5a, 10a, 11a).  

Conclusion

Despite factors such as environment and climate, pheno-
logical characteristics, genetic modifications, and agrotech-
nical activities, which affect the spectral reflectance charac-
teristics of the studied fields and complicate interpretation of 
the obtained results, the methodology is distinguished with 
sufficient efficiency for monitoring of phenological develop-
ment of sunflower hybrids and determination of their state. 
The proposed methodology and obtained results can be used 
for development of predictable models in agriculture, which 
to be implemented in operational monitoring systems for 
practical use.  
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