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Abstract

NDVI is widely used in crop production in the context of precision agriculture and geoinformation systems. The purpose of the study
was to determine the seasonal variation pattern of the spatial vegetation index of industrial tomato crops grown in southern Ukraine.
The data on the NDVI values of the crop during the study period 2016-2021 were collected on One Soil Al platform, combining
Sentinel-1 and Sentinel-2 imagery the index determination. The tomato fields, which were analysed in the study, located in different
regions of Kherson and Mykolaiv regions (Ukraine), and included regular spring and late summer tomato plantations. As a result, the
genuine annual NDVI dynamics was established that is helpful for the identification of tomato crops by spatial monitoring. Connecting
the values of the vegetation index to the crop phenology revealed that each phenological phase has its individual range of NDVI
values. The highest NDVI values were recorded in the phase of fruit formation, while the lowest were recorded in the planting phase
and at the period from fruit ripening to maturity. The results of the study provide novel insights on the annual pattern in NDVI dynamics
on tomato and could be implemented in the crop mapping and crop differentiation systems.
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Introduction

The Normalized Difference Vegetation Index (NDVI) was first proposed by Rose et al. (1974), in recent decades it has become
the standard for remote sensing of flora conditions. Today, it is one of the most practical and easy to access spatial vegetation
indicators used by ecologists and agronomists to successfully use it in scientific and practical work. (Lykhovyd et al., 2020;
Vozhehova et al.,2020; Shammi & Meng, 2021). Despite the flaws associated with distortions from the atmospheric and soil
reflectance impacts, NDVI remains the most popular spatial vegetation index owing to its ability to represent the intensity of
plant growth processes (Savin & Negre, 2003; Tian et al., 2016; li et al., 2019).

Attention is paid to the direction aimed at distinguishing the seasonal and annual patterns of NDVI dynamics in different
plant forms, including cultivated crops. Such models are very important in the automatic control and recognition of vegetation
cover between different types of vegetation. Furthermore, dynamic patterns are important for improving spatial crop monitoring
and are used to support agricultural decision-making systems within the framework of accurate agriculture. Scientists succeeded
in precisely monitoring of crops vegetation through the remotely sensed NDVI in wheat, soybeans, grain corn, etc. (Pan et al., 2015;
Seo et al., 2019). A strong direct correlation between the spring wheat growth, productivity and seasonal =~ NDVI dynamics led
to the conclusion that crop growth could be accurately estimated using remote sensing data (Magney et al., 2016). The seasonal
dynamics of the NDVI have been shown to be an effective tool for a detailed irrigation schedule (Trout & Johnson, 2007; O’Connell
et al., 2010).

Ukrainian scientists in this regard are less productive than their foreign colleagues. The direction of the use of remote sensing
data for crop monitoring has not yet been sufficiently studied and developed. However, several Ukrainian studies have been
carried out to discover NDVI dynamics patterns in natural plants (Zhukov & Gofman, 2016), as well as it has been proved that
remote sensing data are of a great use for remote detection of crops phenology (Dychenko & Laslo, 2020). The latter is one of the
relevant tasks of modern agricultural science, which is to provide reliable and effective tools for monitoring the phenology of crops
in large areas by remote sensing. Therefore, the purpose of this study was to determine the patterns of annual NDVI dynamics in
tomato crops, cultivated in the South of Ukraine as a major vegetable, and connect NDVI values to the stages of the crop growth
and development.
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Materials and Methods

The study of annual NDVI dynamics in industrial tomato crops (including those planted in May and those planted in June)
was performed using the remote sensing data from the OneSoil AI platform for the period 2016-2021 in the fields of agricultural
holding 'Agrofusion'. All tomato crops were grown by California industrial agrotechnology under drip irrigation, all hybrid
intensive crop hybrids. The OneSoil Al platform provides NDVI based on combined Copernicus Sentinel-1 and Sentinel-2 imagery
with a spatial resolution of 250 m, each pixel corresponds to 5x5 m square. Sentinel-2 images are used to distinguish crops, and
Sentinel-1 screens are used for further adjustment of NDVI computation and diminishment of possible distortions. NDVI data
on the platform are provided for regular 8-day and 16-day periods. We calculate the means of the months (as the sum of the NDVI
values of the months divided by the number of enrolled months values) by every month for tomato crops grown at the following
locations in the Kherson and Mykolaiv regions of Ukraine: 46.258335N, 32.442788E; 46.288829N, 32.015351E; 46.144930N, 32..703799E;
46.571921N, 32.383808E; 46.736693N, 32.042830E; 46.751308N, 32.517860E (all coordinates are in decimals by Google Maps). A total
of 122 records were made on fixed plots in research fields. The lower NDVI limit for fields representing crops was calculated in
previous research, and averaged at 0.22 (Lykhovyd, 2021). The NDVI data were further related to the terms of the phenological
phases of tomato cultivation, based on the results of field observations carried out during the study period. Phenological phases
were determined using the domestically accepted methodology and included the periods of planting the seedlings, green biomass
growth, budding, flowering, fruit formation, and fruit ripening to maturity (Ushkarenko et al., 2020). The phenological phase
began when 75 per cent of the plant on the field had a typical appearance. The standard deviation (SD) of NDVI was calculated
using common statistical methodology (Wan et al., 2014).

Results and Discussion

As a result of the research, it was found that tomato plants have their unique pattern of annual growth dynamics that is well
described and explained by the NDVI values. It was established that the highest NDVI values in tomato crops were recorded in July
for the May-planted crops, and in August — for the June-planted ones, respectively. Green biomass senescence begins in August in
spring tomato plantations and in September in summer plantations. In addition, it was recorded that June plantations of tomato
demonstrate more acute dynamics to vegetation cessation. Full senescence of the crop is recorded in late August-September for
the May-planted tomato, and in mid-October-November for the June-planted crop (Fig. 1-6).

Connection of NDVI values to the corresponding phenological phases allowed a conclusion that the highest values of the
vegetation index are reached in the phase of fruit formation regardless terms of the crop seedlings plantation (Table 1-2). The
mentioned phase is a critical phase for the crop in terms of water and nutrition supply, therefore, it is possible to manage crop
irrigation and fertilization using remote sensing data so that not to miss the period of the critical crop demand for the vital
elements (Ushkarenko, 1994).

Another study also confirmed the possibility of accurate phenological monitoring with NDVI values (Patel & Oza, 2014).
However, different soil or planting conditions, as well as genotypes and ripening groups, may lead to wrong definition of growth
stages. Furthermore, differences may occur due to different raw data sources, such as Sentinel or Landsat images used to calculate
NDVI values. (Terekhin, 2014). Although the general dynamic pattern of annual NDVI trend is clear, multiple studies are required
to provide substantial information for the practical application of the vegetation index patterns in crop identification models and
phenological monitoring (Mao et al., 2003).

Genuine NDVI dynamics, discovered based on long-term large-scale studies, are applied in automatic crop recognition systems
with a relatively high precision (mean error below 8%), because different crops have their individual spatial index pattern, as
stated by numerous studies (Hanbing et al., 2011; Khvostikov & Bartalev, 2018). However, our previous study showed that, despite
the clear difference between crops belonging to different families and species, e.g., grain corn and sunflower, some kindred crops,
e.g., winter wheat and winter barley, possess very close annual NDVI dynamics that makes it difficult to distinguish between these
crops (Lykhovyd, 2021). In addition to all these mentioned facts, mathematical algorithms for crop recognition and mapping are
very important for improving the automatic crop identification (Kumar et al., 2015).
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Figure 1..Annual NDVI dynamics in tomato crops (orange line — crops planted on May, green line — crops planted on June).
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Figure 2. Tomato crops after planting the seedlings.

Figure 3. Tomato crops in the phase of green biomass growth.

Figure 4. Tomato crops at the end of budding — beginning of flowering phase.
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Figure 5. Tomato crops in the phase of fruit formation

Figure 6. Tomato crops in the phase of fruit ripening to maturity

Table 1. NDVI values corresponding phenological phases of May-planted tomato (averaged for 2016-2021).

Phenological phase Mean NDVI £ SD
Planting the seedlings 0.17+0.03
Green biomass growth 0.3240.18

Budding 0.48+0.15
Flowering 0.60+0.15

Fruit formation 0.69+0.07
Fruit ripening to maturity 0.45+0.23

Table 2. NDVI values corresponding phenological phases of June-planted tomato (averaged for 2016-2021).

Phenological phase Mean NDVI = SD
Planting the seedlings 0.16+0.03
Green biomass growth 0.41+0.22

Budding 0.52+0.15
Flowering 0.68+0.14

Fruit formation 0.69+0.07
Fruit ripening to maturity 0.21+0.19

Conclusions

The results of this study enabled us to determine the NDVI dynamics of tomato plants grown in southern Ukraine. It was
discovered that the highest NDVI values are reached in July and August for May and June planted tomato, respectively. The spatial
vegetation index reached its height (0.69+0.07) in the phase of fruit formation, then a gradual decrease was recorded. The pattern
of annual NDVI change in tomato crop could be implemented in the automatic crop identification, mapping, and phenological
monitoring models.
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