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Introduction and relevance of the topic 

In recent years, farmers in the European Union (EU) have faced several challenges 

related to climate change and the more serious ambitions of the Common Agricultural Policy 

(CAP) to protect the environment and reduce greenhouse gas emissions. The development of 

new technologies in the field of precision agriculture and the monitoring of agricultural parcels 

have enabled the contemporary farmer to develop a diverse set of competencies for more 

effectively fulfilment of his role as a custodian of the agricultural land, with its associated 

landscape, natural resources, and biotopes. This has also led to new, closer relationships 

between farmers and the relevant national administrations responsible for their support. The 

latter also had to improve their governance systems in line with the latest technological 

solutions. In the integrated process set out in the CAP, which includes agri-environmental 

advisory services, area-based support, on-the-spot checks, and area-based reporting, a key 

factor is the proper identification and monitoring of land cover and land use. 

There are a number of definitions of land cover. Most of them are analogous and stem 

mainly from the expert communities involved in the use of remotely sensed satellite data to 

capture Earth’s surface. In Europe, the most used definition is the one provided by the 

INSPIRE Directive (Directive 2007/2 / EC), which defines land cover as "Physical and 

biological cover of the Earth's surface including artificial surfaces, agricultural areas, forests, 

(semi-)natural areas, wetlands, water bodies”. The widespread use of satellite imagery in the 

civilian sector, initiated forty years ago with the first Landsat satellite missions, was the catalyst 

for numerous land cover mapping initiatives, producing increasingly detailed datasets along 

with the improvement of sensor spatial and spectral performance. Later, with the advancement 

in computing processing capacity, digital airborne orthoimages became widely available as a 

data capturing source. This technological advancement in remote sensing and associated 

sensors has pushed land cover mapping initiatives forwards. 

Regardless of the sensors, information retrieval tools and classifications used, the 

mapping of the land cover is still largely based on a method whose principles have remained 

unchanged over the years. In this traditional approach, the main emphasis is on the quality of 

representation of the created spatial (cartographic) objects and the optimization of image 

processing. Most mapping initiatives, as well as the accompanying harmonization efforts, seek 

to obtain a reliable description of reality, not directly analysing the physical features on the 

ground, but by observing a set of characteristics in predefined, non-overlapping mapping 

primitives (mostly polygons). They rely on the spatial, spectral, and radiometric parameters of 

a limited number of satellite or aerial images. The choice of observable characteristics and 

their interpretation is determined by the application area of the land cover product, and by the 

specific conceptualization of the biophysical phenomenon (classification) used in mapping 

process. This leads to three main issues: 

 

1. Poor semantic interoperability 

The interoperability of the different land cover data sets is often unsatisfactory due to the 

semantic complexity inherent to the specific classification and conceptualization of each 

cartography-based land cover product (Devos and Milenov, 2012). The same biophysical 

phenomenon can be interpreted and classified with a different outcome in the various land 

cover data sets, due to the specifics of the classifications, each serving concrete application 

area. The semantic inconsistency of the classes applied in the different products over the same 

land cover could affect adversely the informed-based decision-making process (Mosca et al., 

2020). 
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2. Incomplete description of the observed biophysical phenomenon 

Despite their efficiency - a single satellite acquisition can cover a significant area - 

satellite images provide information mainly about the uppermost „layer“ of the biophysical 

phenomenon, present on the ground. The resulting dataset ignores the real three-dimensional 

nature of the biotic substrate (for example, lower layers of vegetation present in permanent 

tree crops are invisible to the satellite due to tree crowns), which plays an important role in the 

exchange of material and energy between vegetation and soil. Also, most land cover 

conceptualizations and accompanying classifications do not provide information on the topsoil. 

The topsoil horizon is an integral part of the material substrate, playing a key role in the 

processes that determine it, such as the case with the organic layer of peatlands. 

 

3. Incomplete description of the behaviour of the observed biophysical phenomenon  

Typically, the analysis of the land cover is performed by visual or semi-automatic expert 

interpretation based on a limited number of images (satellite or airborne), acquired in the period 

determined by the specifications of the cartographic product. The frequency of observations is 

often insufficient to capture the details of the behaviour of the observed biophysical 

feature/phenomenon and its characteristics over time, which is especially evident in the 

analysis of land cover in agricultural areas and applied agricultural practices. 

 

The technological innovations over the last decade have drastically changed the way 

geographic information on land cover, is extracted, processed, stored, and presented. Some 

of these affected the methods for assessing the land cover in agricultural areas, allowing for a 

paradigm shift of the entire technical framework for Earth Observation-based monitoring used 

in the EU Common Agricultural Policy. 
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Goals and objectives of the study 

 The main goal of the thesis is: 

To systematize the key elements and illustrate the potential of a new 

methodological framework for assessing agricultural practices, by dedicated 

monitoring of the land cover behaviour of each individual agricultural parcel, using 

new technologies. 
 

To achieve this goal, the thesis centres its narrative around three main anchors: (1) the 

theoretical framework that deals with land cover and soil as being part of the same biological 

cycle of energy and material exchange; (2) the choice of the spatial object to represent the bio-

physical phenomenon and its manifestation on Earth’s surface; (3) the capability of the Earth 

Observation data to reveal the interaction in time between land cover and soil, during the 

agronomic period, by monitoring the chosen spatial object.      

This is shown in detail by conducting the following three main tasks: 

Concepts 

1. Task 1: Introduce a new concept for a joint description of land cover and soil as 

part of the system “soil-vegetation-ground atmosphere”. It is realized by developing 

a method for documenting the key relevant biophysical elements, through a 

semantic meta-model based on industry standards. 

 

Methods 

2. Task 2: Assess the suitability of the individual agricultural parcel (defined as 

"feature of interest") and its corresponding spatial representation in GIS, as a basis 

for monitoring of agricultural practices, by extracting the relevant signal from the 

Sentinel satellite over time. It is realized by developing a Sentinel-based method 

for analysis of the heterogeneity of land cover within the agricultural parcel 

and its behaviour over time. 

3. Task 3: To demonstrate the potential of the Sentinel-based monitoring for 

exploring the relationship between land cover and soil, as well as for 

assessing soil quality characteristics. It is illustrated through analysis, on a test 

area, of the heterogeneity and phenological behaviour of parcels and crops on soils 

with different texture, using so-called "markers". 
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Study area, materials, and research methods 

Study area 

The studied area of the Sandanski-Petrich valley covers the Bulgarian part of the 

catchment area of the river Strimonas -Struma and is located in the South-Western Bulgaria, 

within the municipalities of Petrich and Sandanski, covering an area of about 163,000 ha. The 

study is focused on the municipalities of Damyanitsa, Sandanski, Vulkovo, Petrich, Parvomay 

and Kolarovo (Figure 1). 

 

 
Figure 1 Overview of the test area (background map: Google Terrain Hybrid). Map data ©2019 Google 

  

The topography of the study area varies from slightly sloping valleys to rocky 

mountains. It is considered to be part of the transition zone between the temperate and 

Mediterranean bioclimatic regions. The climate is considered the warmest in Bulgaria. This is 

due to the relatively low altitude, combined with mild winters and dry summers. 

From a geological point of view, the existing soils in the Petrich area comprise mainly 

deluvial and alluvial sediments, formed on quaternary bed rock. The latter were formed under 

the influence of the river Strumeshnitsa and occupy an alluvial valley, dissected by terraces 

built mainly of sandstones. The soil types in the Petrich region are mainly Cambisols 

(moderately to highly eroded) and Fluvisols (moderately thick to thick). The typology of the soil 

in Sandanski is supplemented by some Regosols and Umbrisols. 

About half of the territory is covered with agricultural land, mainly permanent 

grasslands, with some presence of orchards and vegetables, as part of the arable land. Most 

permanent grasslands are semi-natural ones used as pastures, followed by natural grasslands 

used as meadows, as well as sown meadows and pastures located within arable land. Forests 

cover approximately one third of the territory. 
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Materials and data 

Data from the Integrated Administration and Control System (IACS) 

For the purposes of the study and for the selected municipalities, the State Fund 

Agriculture kindly provided, in ESRI shape format, the perimeters of the agricultural parcels 

and relevant attributive information on the declared area and agricultural land use for each 

farm holding, derived from the annual farmer applications for the years 2018, 2019 and 2020. 

In addition, the excerpts from the results of the field visits, as part of the annual on-the-spot 

control of the areas claimed for CAP direct payments, were provided. Also, the spatial data of 

the areas ineligible for claim, as recorded in the dedicated spatial layer in the Land Parcel 

Identification System (LPIS), was made available. According to the latest reports from the 

European Court of Auditors (Special report No 25/2016) and DG AGRI annual activity reports, 

it can be assumed that the expected graphical and thematic accuracy of aid applications in 

Bulgaria is above 95%. It is worth noting that the declared agricultural parcels in 2018, 2019 

and 2020 do not completely overlap; a parcel declared in a given year may not be declared in 

the following year and vice versa (Figure 2). 

 

 

Figure 2 (left) Perimeters of the agricultural parcels in the municipality of Petrich. The aid applications 

from different years are shown in different colours. (right) larger-scale extract showing the declared 

agricultural parcels (in blue) and the graphical measurements from the field inspections (in green) for 2020. 

The image background is the true colour national orthophoto. 

 

Soil and terrain data 

For the purposes of the study and for the selected municipalities, ISSAPP “N. 

Pushkarov” kindly provided, in ESRI shape format, excerpts from the digital soil maps at scales 

of 10: 000 and 1: 400 000. The data contain spatial features of mapped soil units, together with 

a wide range of attributes: soil classes and subtypes, soil texture, soil stoniness, soil quality 

and others. They were accompanied by point data from the soil samples taken in the 1990s, 

together with detailed reports of the measurements made (Figure 3). ISSAPP “N. Pushkarov” 

also provided some additional datasets from the LPIS for the selected municipalities, which, 

although not completely up to date, provide valuable information. These include a national 

aerial orthophoto taken in 2013, as well as an excerpt from the reference parcels (physical 

blocks) in 2018. 
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Figure 3 (a) Location of the soil samples (red points) overlaid on the soil polygons from the digital map at a 

scale of 1: 10000 (b) large- scale extract showing the LPIS physical blocks on the aerial orthophoto. 

 

The EU-DEM v1.0 obtained from the Copernicus Land Services 

(https://land.copernicus.eu/ ) was used for the digital surface model. This is a digital hybrid 

product representing a model of the surface of the EEA39 countries, based on data from the 

SRTM and ASTER satellite missions (Figure 4). The overall vertical accuracy obtained is 2.9 

meters (measured as root mean square error). 

 

 

Figure 4 Extract of the terrain and soil data for the municipalities of Sandanski and Vulkovo, with the 

agricultural parcels declared in 2020. Left: Copernicus Land Service: EU-DEM v1.1; Right: ISSAPP “N. 

Pushkarov”: Digital soil map (1:10 000), based on soils sampling, orthophoto and topographic data. 
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Meteorological data 

Temperature, rainfall, and snowfall data were extracted from the archive repository of 

the Copernicus Climate Change Service ( https://cds.climate.copernicus.eu ). 

The dataset used was the ERA5, which provides bias-corrected reconstruction of near-

surface meteorological variables derived from the fifth generation of the European Centre for 

Medium-Range Weather Forecasts (ECMWF) atmospheric re-analysis. The data have been 

re-gridded to a half-degree resolution (roughly 55x55 km). The average daily values for 

temperature and rainfall for the period 2018-2020 were derived for a point located in the test 

area (Lat 41.5; Long 23.25). Some of the extracted data are shown in Figure 5. 

 

Temperature Rainfall 

Figure 5 Daily values for temperature and rainfall for the observation point in the study area for 2020 

(source: https://cds.climate.copernicus.eu/ ) 

 

Satellite data 

The most important technological innovation that changed the "rules of the game" in 

the agricultural monitoring was the launch and operational deployment of the constellation of 

European satellites “Sentinels” under the Copernicus Programme. The constellation 

provides free of charge and freely available satellite images for the whole world, and for the 

European Union in particular, from the Sentinel pairs 1A / 1B (S-1, microwave, active sensor) 

and the Sentinel pairs 2A / 2B (S-2, optical, passive sensor), with high spatial and very high 

temporal resolution. Both types of satellite sensors are equally important for monitoring 

agricultural land, as they cover different and often complementary physical aspects of the land 

cover. In January 2022, data collection from Sentinel-1B was suspended due to a technical 

problem with the satellite. The European Space Agency is currently discussing the possibility 

of an earlier launch of the Sentinel-1 C to replace it. 

Since part of the study focuses on the analysis of vegetation phenology, using the 

appropriate vegetation indices, the proposed methodology uses the spectral capabilities of the 

atmospherically corrected images from the optical Sentinel-2 pairs. The two polar-orbiting 

satellites (S2A and S2B) are placed in the same sun-synchronous orbit, phased at 180° to 
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each other. With their wide swath width (290 km), they both ensure a revisit time of up to 2-3 

days under cloud free conditions. Sentinel -2 imagery is provided in the form of geo-referenced 

scenes called "granules" with a size of 100 km. by 100 km. in the coordinate reference system 

Universal Transverse Mercator (UTM). The frequency of observations could be considered as 

sufficiently high to reflect the main characteristic points of the phenology curve, in line with the 

provisions of the Nyquist–Shannon–Kotelnikov theorem (Milenov et al., 2021). The presence 

of clouds undoubtedly affects adversely the density of observations; thus, creating data gaps. 

For this reason, the proposed methodology uses a specific Sentinel-2 image data extraction 

approach, designed by the GTCAP group of the Food Security Unit of the Joint Research 

Institute (JRC) of the European Commission. The approach individually assesses the cloud 

cover for each agricultural parcel and extracts the data only if there are enough pixels 

unaffected by clouds or their shadows. In this way, each Sentinel-2 scene is used optimally, 

even when 90% cloudy, as far as there is enough usable area to cover the studied agricultural 

parcels. 

For the purposes of this study, two types of Sentinel-2 atmospherically corrected data 

(processing level 2A): were extracted from the JRC Earth Observation Data and Processing 

Platform of (JEODPP): 

1. At the level of an individual agricultural parcel 

The time series of the mean values and the values of the standard deviation of the 

Normalized Difference Vegetation Index (NDVI), were extracted for all agricultural parcels 

provided, and for all the years of survey (2018, 2019, and 2020). The NDVI is considered a 

good indicator for vegetation phenology (Vrieling et al. 2018). A cloud raster mask provided by 

the European Space Agency (ESA) was used to filter the clouds. It takes into account both 

dense low clouds and high feather clouds. The statistical values are obtained from each S-2 

scene having negligible cloud cover in the selected period. For each parcel, the NDVI values 

were calculated through zonal statistics, using all cloud free pixels with centroids within the 

polygon that defines the perimeter of the agricultural parcel (the feature of interest). A specially 

designed JRC algorithm based on Jypiter Notebook and Python, was used (Figure 6). The 

frequency of the cloud free images obtained from Sentinel-2, for the study area, was 

considered sufficient. 
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Figure 6 Sentinel-2 extract for agricultural parcel in the study area declared with winter barley in 2020. (a) 

a calendar view of imagettes (b) time series of the Normalized Difference Vegetation Index – NDVI. ( c ) 

agricultural parcel shown on the national orthophoto with the attribute data of the annual declaration. The 

lack of adequate S2 data from middle of May to the end of June, due to cloud cover, hinders the monitoring 

of the ripening and senescence phases. However, data is still sufficient to confirm that the observed 

phenological behaviour is compatible with annual winter crops on arable land. 

 

The calculation of NDVI is based on the following equation: 

NDVI = 
𝑩𝟖 𝑩𝟒𝑩𝟖 𝑩𝟒       (1) 

where B8 is the Sentinel-2 spectral band associated with the near infrared wavelength range 

(centred at 842 nm) and B4 is the Sentinel-2 spectral band associated with the red wavelength 

range (centred at 665 nm). The DN values of the image bands represent Bottom Of 

Atmosphere (BOA) surface reflectance, scaled between 1 and 10000. For both bands, the pixel 

size is 10 meters. 

 

2. At the individual scene of Sentinel-2 

While the analysis is performed at the individual agricultural parcel, there are certain 

parameters related to the landscape context that require data collected from the available 

cloud-free pixels of the entire scene. For that reason, all available scenes of Sentinel-2 with 

less than 10% cloud cover and selected set of spectral bands (range from 490 nm to 1610 nm) 

for the agronomic seasons 2018, 2019 and 2020, were extracted (Figure 7). The images were 

further visually inspected for the absence of clouds over the studied municipalities of 

Sandanski and Petrich. The frequency of observations was five cloud free Sentinel-2 scenes 

per month on average, and preferably at regular time interval. It was considered adequate to 

assess the heterogeneity of vegetation in the agricultural parcel and its change. The minimum 
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required frequency of observations for arable crops is three to four images per month for arable 

crops, while for permanent crops and permanent grasslands, it is at least one image per month 

(Milenov et al., 2021). 

 

Figure 7 Sentinel -2 spectral bands extracted at the individual scene level 

 

Field data 

Another important technological innovation, whose importance is not yet sufficiently 

apparent, but will gradually become noticeable in the long run, is the dramatic improvement in 

geolocation services provided by the satellite constellation of the Global Navigation Satellite 

Systems (GNSS). It was launched and deployed under the Galileo Programme of the 

European Union. The EU Agency for the Space Programme (EUSPA) provides several pan-

European services that are particularly suitable for agriculture. They open opportunities for 

collecting field-based information on agricultural land use and specific agricultural practices 

directly from the farmers. Dedicated mobile applications for smartphones will allow them to 

provide evidence of their agricultural activities through "geotagged photos". 

The present study uses similar field data, collected in 2010 in the scope the European 

FP6 project Geoland-2 and the development of a product for assessing the degree of farmland 

abandonment (AE-02 ' Agricultural Trends '). Targeted field measurements with GNSS devices 

were then performed over the same study area. A representative set of 130 LPIS reference 

parcels was selected and visited. Parcels were initially identified on the satellite images 

provided by the French satellites SPOT 4 and 5  and on archive images from US satellites with 

very high resolution. The aim was to gather information on the status of agricultural land in 

terms of its potential abandonment (Milenov et al., 2014). The evaluation was carried out jointly 

with experts from ISSAPP “N. Pushkarov”. It was supplemented with panoramic photos in 

different directions (azimuth) taken from inside the reference parcel. Although non-

contemporary, the data are extremely useful for the present study, as they provide an insight 

of the physical appearance of the potentially abandoned agricultural areas with different land 

cover and type of agricultural land use, given the similar spectral and spatial characteristics 

between SPOT satellites used by Geoland-2, and Sentinel -2 (Figure 8). 
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Figure 8 Data from field visits. The left column shows the inspected reference parcels overlaid on false 

colour satellite images from SPOT 5 in 2010, with pixel size of 10 meters. The right column shows selected 

photos taken on site. The direction on the photos (azimuth) is indicated by white arrows on the images. 

Copyright CNES 2010 — Distribution SPOT Image. 

 

Methods and software used 

Through the new EO sensors, the abundant in-situ spatial data and the cloud-based 

processing technologies, it is possible to observe the processes and behaviour of the 

biophysical phenomenon occurring at the level of the individual agricultural parcel; in their 

entirety and within phenomenon’s full life cycle. This is because there is no reliance on few 

observations, but on a continuous and consistent flow of application-ready satellite data. The 

cloud computing infrastructures, based on well-established standards (OGC), offers a 

sufficiently powerful and efficient environment to: (1) integrate satellite observations with in-

situ data; (2) efficiently use of large amount of reference data for training; (3) thoroughly 

validate image processing and information retrieval algorithms. The interoperability of 

applications developed on open-source software and object-relational databases (PostreSQL) 

also provide a platform for knowledge sharing and know-how exchange. 

The traditional approach for mapping and describing land cover, despite its 

shortcomings, has been practical given the remote sensing setup available in the past (few 

satellite missions with limited multi-temporal imaging capacity) and relatively modest computer 

processing capacity. However, this approach has never been sufficient in dealing with the 

extremely dynamic and specific processes occurring on agricultural land. New technologies 

allow to fill this gap by rethinking and revising the whole concept. This requires a paradigm 

shift from traditional „static“ agricultural land cover products towards continuous services 

based on monitoring and adapted to local geographical conditions. 
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To realize this potential, the description of the land cover must undergo a rigorous 

process of conceptualization that considers its relationship with the soil. This will require the 

adoption of a 3-dimensional concept for the representation of the land cover, which considers 

the vertical relationship between the different material strata and the soil. The "substrate" of 

biotic or abiotic material in each stratum will need appropriate conceptualization to allow the 

assessment of its behaviour. It will rely on the current unprecedented remote sensing capacity 

provided by Sentinel satellites and the growing amount of in-situ data. The spatial object used 

to represent a specific biophysical phenomenon and its manifestation on Earth’s surface 

(feature of interest) must correspond to this phenomenon as accurately as possible. In our 

case, this could be the agricultural parcel declared for aid under the EU CAP. The monitoring 

of agricultural activities can be carried out by observing the anticipated sequence of stages of 

phenomenon’s behaviour (scenario), evidencing the occurrence of certain agricultural activities 

(ploughing, mowing) or phenological processes. These stages have specific manifestations, 

detected by so-called "markers", being observation records of these manifestations, made on 

the signal from the Sentinel satellites. Detecting a specific set of markers expected for a given 

scenario would confirm the existence of a specific agricultural practice ( Figure 9). 

 

 

 

Figure 9 Simplified scheme for checking of agricultural activities through monitoring of the land cover 

(Checks by Monitoring concept of JRC). The scenario shown corresponds to the agricultural activity 

"grassland mowing". 

 

 The concept described above is based entirely on what is physically present on the 

ground, regardless of the specific cartographic scale or observation method. It lays down the 

framework for the establishment of a coherent link between land cover, soil, and land use. This 

innovative concept recently implemented in the EU CAP (Checks by Monitoring), by the Joint 

Research Institute of the European Commission, is not completely new for Bulgaria. 

Developments in this direction have been made within various European projects such as 

SPATIAL and Geoland-2, where the ISSAPP “N. Pushkarov” and JRC have actively 

participated. It is illustrated through the conduction of the following 3 tasks. 

 

Task1: The elaboration of a new concept for a joint description of land cover and 

soil is based on the ontology of Land Cover Meta Language (LCML). Being part of the 

ISO19144 family of standards, the purpose of the LCML (ISO 19144-2)) is to serve as a meta-

model for describing existing classification systems used in land cover mapping (Figure 10). 
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Traditionally, the spatio-temporal aspect of the biophysical phenomenon located on the 

Earth's surface is modelled by a continuous set of geometric objects forming a discrete 

tesselation over a given area of interest. The values of a given parameter of the land cover, or 

the type of class used, are the same for each point located within a given individual geometric 

object. 

Often these geometric objects do not reflect the individual physical phenomenon on the 

ground, as they are constrained by the cartographic scale and specifications of the land cover 

product. The new concept proposed in this study aims to apply the semantics of LCML at the 

level of the individual physical feature. It does so by introducing an elementary physical body 

or unit (tegon), which is integrally related to the soil physical body (pedon) 

The logic of the tegon concept and its structural relations with the pedon are visualized 

through mind mapping diagrams and portrayed in Unified Modelling Language (UML). It is 

further implemented using the software packages XMind and Enterprise Architect. 

 

 

Figure 10 Structure of the Land Cover Meta Language (LCML) produced with FAO LCCS 3. It 

represents a set of semantic objects and rules (meta-language) for describing the properties and 

characteristics of the land cover and the respective classes, used in different nomenclatures and 

classifications. 

 

In the domain of agricultural payments, the target geographical feature is the portion of 

the observable land surface where a certain agricultural practice is performed or is expected 

to be performed. It usually corresponds to the individual area of agricultural land devoted to a 

given agricultural land use and related management, for example, a particular annual crop, or 

a type of permanent crop. Ideally, this land feature, called the "feature of interest" (FOI) 

corresponds with the agricultural parcel. 

The actual agricultural parcel itself, in turn, has two digital representations in the current 

systems for monitoring of agricultural activities - the graphical delineation of the declared 

agricultural parcel made in the Integrated Administration and Control System (IACS) and the 

extracted spatial object from the Sentinel signal. The first is usually a polygon, while the second 

can have a different "data structure" - a statistical value, clusters of pixels, or a continuous set 



 

14 

 

of segments. For the successful tracking of agricultural activities, it is crucial that the initial 

delineation of the agricultural parcel in IACS matches to the real agricultural parcel to ensure 

that the signal extracted from Sentinel captures the behaviour of the physical phenomenon 

being observed. 

The information collected by the Sentinels for a given agricultural parcel may also 

reveal the presence of individual physical features of a different nature within. This makes it 

possible to analyse the characteristics of these individual biophysical phenomena and their 

spatial distribution.  

 

Task 2: The present study proposes a method for analysis of the heterogeneity of 

land cover within the agricultural parcel, through Sentinel. The method assesses the 

heterogeneity by applying object-oriented analysis of the clusters within the geometric object 

(polygon) representing the agricultural parcel, extracted from the pixels of the satellite images 

through multi-temporal segmentation (Figure 10b). In this approach, the extracted image 

segments, and their spatial aggregations, together with the polygons of the agricultural parcels 

are treated as objects having an intrinsic topological connection between them (Tasdemir et 

al., 2012). This allows for a more comprehensive contextual analysis. 

 
Figure 10b (left) Agricultural parcel as feature of interest. (b) polygon representation in the farmer 

declaration. (c) extracted spatial object (segment) from Sentinel data.  

 

The method was coded in the software eCognition Developer. The input data is a set 

of cloud free Sentinel-2 scenes for the test area, pre-extracted from the available JEODPP 

archives, and the polygons of the delineated agricultural parcels in IACS, available in ESRI 

shape format. 

 The analysis and classification of the extracted segments (image objects) relies on the 

“Maxdiff” parameter available in eCognition Developer. It represents the maximum difference 

in mean intensity in the whole layer stack of the Sentinel multi-temporal composite for the 

selected period. It is calculated according to the equation given below: 

 

 

Maxdiff =

𝒎𝒂𝒙𝒊,𝒋𝜺Kb
ci´ 𝒗 cj´ 𝒗
ć 𝒗  , with value range 𝟎, 𝟏

Kb
𝒄𝒌𝒎𝒂𝒙      (2) 

Input parameters 

 i, j are the individual image layers 

 �́� 𝒗  is the brightness of image object 𝒗 

 𝒄 𝒗  is the mean intensity of the pixel values in the image layer 𝒊 of image object 𝒗 

 𝒄 𝒗 is the mean intensity of the pixel values in the image layer 𝒋 of image object 𝒗 
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 𝒄𝑲𝒎𝒂𝒙is the brightest possible value of the intensity in the image layer 𝒌 

 𝑲𝒃 is the number of image layers with positive weight values for brightness with 𝑲𝒃= {𝒌 ∈ 𝑲: 𝒘𝒌= 1}, where 𝒘𝒌is the weighting factor of the image layer. 

Task 3: Based on the methods developed in the previous task, a subsequent study 

investigates the relationship between land cover and soil for assessing soil quality 

characteristics. For that purpose, a set of statistical methods for analysing the behaviour of 

vegetation heterogeneity and phenology in agricultural parcels with a certain land cover and 

land use, on soils with different soil texture, was used. Statistical analyses were performed 

with Microsoft Excel and IBM SPSS Statistics. All geospatial analysis was performed in 

ArcGIS. The following statistical methods were used to assess the significance in the 

differences in phenological behaviour of the different categories: 

 

 Student's t-test: the test indicates how significant the differences between two 

population means are and at what extent such differences could be due to chance. 

Applies to populations of variables that follow normal distribution. 

 Chi quare test for independence: it compares and tests whether the distributions of two 

categorical variables differ from each other and, if so, whether this is due to chance. 

 Mann-Whitney U test: a nonparametric test of the null hypothesis that for randomly 

selected X and Y values from two populations, the probability that X is greater than Y 

is equal to the probability that Y is greater than X. Suitable for populations of variables 

that normally do not follow normal distribution. 

 



 

16 

 

Results and discussion 

Proposed concepts 
Task 1: Concept for joint description of land cover and soil 

Tegon as a biophysical phenomenon 

The concept assumes that there is a three-dimensional elementary biophysical body 

(tegon), acting as a building block of any material substrate on the Earth's surface. It contains 

different layers of matter (strata), which are involved in a process of material and energy 

exchange with each other, as well as with the atmosphere above and the soil below (Devos 

and Milenov, 2012). Any such body can be represented as an n-gonal prism enclosing a non-

gaseous substrate with uniform biophysical characteristics in horizontal directions, properties, 

and life cycle. The word "tegon" in English, derives from the Latin tegere, tego, tectus , which 

means "to cover". Similar to the pedon in soil science, the tegon is the smallest measurable 

body that provides information about the nature and genesis of the land cover, as well as that 

gives the opportunity to study the individual layers (strata) and their relationship (Schaetzl, 

2013). 

Tegon can be considered a horizontally homogeneous with respect to its core aspects, 

with a spatial dimension and a specific life cycle, usually covering one to several square 

meters. It has a certain outer appearance and structure and is characterized by the presence 

of one or more vertical layers (strata) of biotic or abiotic matter. Tegons reflect, in fact, the 

elementary physical components behind every existing mapping unit or class from a given land 

cover nomenclature, the same way pedons are with reference to soil classes. 

Every land cover feature is a discrete biophysical phenomenon that exists on the 

Earth's surface at a given location. It isa well-defined, distinct, and measurable material entity. 

- -Since tegon is considered as the fundamental physical ingredient of the land cover, it is itself 

a discrete real-world phenomenon – an elementary land cover feature. Each land cover feature 

can be described as being entirely composed of a continuous sequence of such tegons, thus 

forming a "polytegon". In the case of homogeneous land cover, all tegons composing the 

polytegon, are of the same type; i.e. share similar biophysical characteristics. Heterogeneous 

land cover, on the other hand, is composed of a "mosaic" of tegons with different 

characteristics, differentiated into separate types (Figure 11, part A). 

A sufficiently complete set of different types of tegons could describe every possible 

land cover class. This is because the class itself is a taxonomic unit associated with physical 

features with similar characteristics, and these characteristics can be described structurally by 

the mechanism of the tegon, using an appropriate ontology such as the one offered by the 

Land Cover Meta Language - LCML (ISO 19144-2), as shown on Figure 11, part C 

Tegon encompasses the material substrate located on the topsoil. The base of its n-

gonal prism (D) usually covers from one to several square meters, and its height (H) is the 

distance from the top of the soil layer (O, H or A), which interacts directly with the atmosphere, 

to the "solid" and a visible face of the Earth's surface”, viewed from Space (Figure 11, part B).  
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Figure 11 Illustration of the tegon concept, with its main elements and characteristics 

 

Tegon holds three main aspects that characterize its type and behaviour: 

1. Tegon matter is an irreducible biophysical constituent of the substrate that the tegon 

represents. Matter is further characterized by: 

a. Material: the substance that builds up matter. It can be biotic (vegetation) or abiotic 

(water, artificial structure, mineral deposit) in origin. 

b. Appearance: the state in which matter manifests itself (outward impression). It is 

material-specific: physiognomy - for the vegetation; surface aspect - for the bare 

soil or rock; physical state - for the water; etc. _ 

c. Life cycle: the duration or period in which matter retains its defining characteristics 

unchanged. This is the time interval between two changes of either the material or 

the appearance of the substrate (or a part of it). 

2. The tegon footprint on the ground is the spatial extent of the base of the n-gonal prism, 

orthogonally projected on the Earth's surface. The hexagonal prism is regarded as 

the most suitable, as it guarantees the continuity of the tegon “tessellation” that 

constitutes the polytegon. 

3. The tegon strata constitute the set of layers in the topological space of the substrate 

that holds together the various layers of matter involved in a balance process of 

energy exchange (Valeeva and Moskovchenko, 2009). The laws of gravity dictate that 

the physical state of matter in the upper layers is solid. When there is an absence of 

substrate on the Earth’s surface (the case of bare soil or rock), the tegon is considered 

having a dimensionless “zero stratum” with the given (un)consolidated material. 

 

Tegon as a tool for describing the land cover 

To apply the tegon conceptual framework for describing the land cover correctly, the 

following principles should be considered: 

1. Any tegon has at least one material and has at least one stratum that holds it. This 

lowest “footprint” stratum contains often a mixture of biotic and abiotic components. 

This is the case, for example, of the core tegon of peat bog, having a zero stratum, 
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holding the O or H soil horizons, and being a combination of organic deposits (abiotic) 

and mosses (biotic). 

2. If more (than one) materials are present at different heights in the substrate, they can 

be organized and arranged in stacked sequential strata. The possible variations in the 

position of the material in each land cover feature in horizontal and vertical directions 

can be modelled through a combination of different types of tegons, according to the 

presence and order of materials in the strata ( Figure 12). 

3. The dimensions of the tegon are sufficient to hold and reflect all the materials in the 

strata and their relationships. Examples of tegons are an individual plant or a 

particular community of similar plant life forms. 

4. Tegons are clearly observable in all 3 dimensions. Their characteristics are 

discernible through an appropriate selection of observation techniques. Also, the full 

set of their characteristics is ubiquitous; , and not independent of the field of view of 

the observation instance. 

 

 

Figure 12 Theoretical illustration of the way in which a land cover feature can be modeled with tegons . 

(a) Physical feature with variations in the arrangement of material (source: “Land Cover Classification 

System-Classification concepts and user manual”, FAO - UN, 2005) ( b ) The correspondent types of 

tegons with different number of strata and distribution of material in them 

 

The size of the individual land cover feature cannot be smaller than the smallest individual 

tegon that builds it. The boundaries of a land cover feature encompass all the tegons that 

constitute it and extend to the point of contact with the tegons that belong to another land cover 

feature (usually assigned to another class). 

By definition, the main aspects (material, appearance and life cycle) of each tegon are 

spatially homogeneous. This means that while certain characteristics, such as cover density 

of material, might be variable throughout its “footprint”, the core biotic or abiotic aspects are 

uniform. Therefore, any visible land cover feature can be composed: 
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� entirely of tegons with similar biophysical characteristics, i.e. of one tegon type. A 

typical example are the intensive sown pastures, or 

� tegons with different biophysical characteristics, i.e., of a different tegon types. In this 

case, these different types of tegons form an association that is considered a 

homogeneous unit from a functional point of view. Extensive pastures with shrubs are 

a typical example. 

Two or more tegons with different biophysical characteristics that form an association 

(where they are intrinsically mixed), create a substantially new entity with unique functional (in 

land use and ecosystem service terms) characteristics. This results in polytegons that are 

biophysically composite, but functionally homogeneous (Figure 13). The contribution of the 

tegons involved in the composition is specific and fixed for the given land cover class to which 

the given physical feature belongs. 

 

 

Figure 13 The geographic feature classified as GB is an example of a specific type of natural grassland, 

used as pasture, in Northern Ireland. It is a typical mixture of grasses and shrubs. The GB class can be 

represented as an association of two type of tegons, with a certain percentage ratio between them (The 

figure includes materials from © DigitalGlobe (2010), all rights reserved) 

 

The concept is defined, modelled, illustrated, and tested through a series of large-scale 

examples from an agricultural context (Devos and Milenov, 2012). The analysis of the 

proposed concept showed the following more specific advantages of the tegon: 

 Handles better with the complexity of the land cover classes in a given 

nomenclature. Since the biotic/abiotic nature of the material no longer applies on the 

class, as a whole, but on the stratum, the resulting classes, based on tegon concept, 

will reflect much better the true three-dimensional nature of the land cover. 
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 Based on purely biophysical criteria. This allows for a clearer separation of the 

notions of land cover and land use. In such a way, land cover features of key 

importance, such as "wetlands", will be adequately described in terms of their 

biophysical nature, which will allow for their effective observation from space. 

 Based on a concept very similar to the soil classification methodology. The land 

cover substrate is a key factor in the formation of soil horizons, and the analogy with 

pedon (Johnson 1962) supports this relationship. 

 Structures the LCML ontology in a way that it can be used for description of the 

individual physical three-dimensional feature. At the same time, it ensures that the 

concept is compatible with the cartography-based land cover mapping processes. 

 Provides a universal basis for observing of land cover changes. Approaching land 

cover from the point of view of its stable biophysical characteristics, and beyond the 

limitations of the rather volatile observation methods, tegon will improve the technical 

framework for monitoring of land cover in agricultural areas. 

However, there are some weaknesses in the tegon concept that require further research 

to deploy its full potential. Some of the most pertinent are: 

 Lack of formalization: There is a need to further formalize the concept and its 

relationship with LCML semantics to use it effectively in the land cover design. 

 Lack of sufficient testing: The biophysical extent of the tegon prism needs further 

investigation. The set of tegon rules that predict all possible classifier permutations or 

tegon type instances, should be more rigorously tested for their claim of 

exhaustiveness and inclusiveness. Particular attention should be given to the number 

of strata proposed, the basic properties and the rules for determining the exact 

boundaries of the physical feature. 

 Scope not investigated beyond EU CAP and territorial development: The application 

scope of the tegon concept is not yet well defined. The cases where the proposed 

approach can be applied and will have added value need to be further clarified. 

 

The connection between tegon and pedon 

In the present thesis, LCML is used as the main ontology for the design of a semantic 

"meta-model", containing in a hierarchical structure, the essential and generally accepted 

biophysical "components" that define the land cover in agricultural lands. This ontology should 

also contain those morphological characteristics related to the topsoil that could potentially 

affect the appearance, structure, and behaviour of the biotic aspect of the land cover. This 

leads to the introduction of the connection "tegon - pedon", where the three-dimensional 

elementary bodies of land cover and soil, respectively, act as a structural pair in the system 

"soil-plant-ground atmosphere" (Banov, et al., 2021). This concept allows for a standardized 

description of the relationship between land cover and soil and for the identification of those 

biophysical characteristics of the pair that can be observed with remote sensing. It also 

supports the definition of the “universe of discourse” of land cover and land use, as two 

separate thematic areas, while preserving the semantic connection between them. 

A semantic model has been developed in the frame of the JRC SEPLA project (Satellite 

based mapping and monitoring of European peatland and wetland for LULUCF and 

agriculture), where the author is a key contributor. This meta-model includes a set of semantic 

elements and biophysical characteristics structured in a hierarchical manner to characterize 

land cover and soil-related aspects (Figure 14). The model has been tested and adapted for 
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land cover types associated with wetlands, which are examples of complex biophysical 

systems with high ecological value. Each of the elements present in the different strata of the 

"tegon-pedon" pair refers to a specific material that has a different behaviour and life cycle. 

The main assumption is that а sufficiently dense and uniformly spread set of observations will 

allow for comprehensive assessment of the relationship between soil characteristics and the 

behaviour of land cover feature above. The semantic model also accounts for the different 

meaning of the term “substrate” in the domains of tegon and of pedon. 

 

 

Figure 14 Semantic meta-model of the “tegon – pedon” pair (SEPLA project). Leftmost picture is from 

eschooltoday.com 
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Proposed methods 

Task 2: Method for analysis of the heterogeneity of land cover within the 

agricultural parcel 

The underlying idea of the developed method is that every biophysical 

feature/phenomenon present on Earth's surface has a certain behaviour over time, which 

depends on the material (biotic or abiotic) it is made of, and its characteristics. If one assumes 

that, each specific type of matter has a particular temporal behaviour associated with its life 

cycle, one ought to be able to depict a certain types of land phenomena by studying the 

dynamics of its particular characteristics captured through the given observation method, 

without necessarily tackling its structural-physiognomic aspect (Figure 15). 

 

 

Figure 15 (a) Agricultural area in Spain as shown in the false colour image from Sentinel -2 (S 2). The built-

up surfaces are clearly visible due to their specific "appearance" in the given spectral combination (bright 

grey colour, rectangular shapes); (b) Segmentation on the same area generated by 20 Sentinel -2 images 

taken in a given year, acquired at equal interval. The colour shade of each segment shows the maximum 

difference of mean intensity from all images (from dark blue to green). Artificial surfaces and build-up 

areas are in darkest shades of blue, since they have the same reflectance through the year; thus, the 

maximum difference in brightness intensity is minimal. 

 

The process is starting with a segmentation at high resolution of all cloud free Sentinel 

2 images (L2A – atmospherically corrected) within a predefined period. The spectral bands 

used were: blue (B2), green (B3), red (B4), red edge (B6), near infrared (B8) and short wave 

infrared (B11). The distribution of the Sentinel 2 images over time (preferably at equal interval) 

plays a significant role in the segmentation and classification process. The spectral bands 

acquired at spatial resolution of 20 meters were re-sampled to 10 meters. Each single-band 

image is considered as a separate "raster layer" in the processing workflow. The object-based 

clustering uses the proprietary method “multi-resolution segmentation” in the software product 

eCognition Developer. In essence, it represents a “region grow” method, based on criteria for 

relative homogeneity, which takes into account the standard deviation of the “spectral colours” 

and the deviation of the resulting segments from a compact (or smooth) shape. The granularity 

of the segmentation is controlled by a scale factor that is tuned to provide sufficient detail, 
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without excessive over segmentation. All raster layers have the same weighting factor in the 

segmentation process. No specific geometric adjustment was applied, in case when an 

isolated image of Sentinel -2 is shifted by one pixel from its reference position (Yan et al., 

2018). It is assumed that in the segmentation process, the predominant presence of 

geometrically corrected images compensates to some extent for the adverse effects of these 

random shifts. The geospatial data on agricultural parcels is introduced as a separate thematic 

layer for the purpose of dividing the segments when they extend across neighbouring parcels. 

For each resulting segment, the maximum difference in the mean intensity in all "image 

layers" for the selected period is calculated using the Maxdiff parameter available in 

eCognition. It is used as a parameter of the dynamics of the surface reflectance of the 

biophysical features in different spectral bands (Roshan Pande-Chhetri, 2017). With some 

approximation, one could consider it as a sufficient indicator of the temporal behaviour of the 

matter constituting the land cover. The values of the decile groups in the Maxdiff histogram are 

then calculated for the whole set of segments in the image. Each segment is classified in the 

decile group to which it belongs. Each decile group is treated as a class corresponding to a 

certain range of dynamics of the behaviour of the land cover material (Figure 16). The initial 

clusters are subsequently aggregated by additional spatial-based rules (border index, 

proximity), considering the classes and topology between the initial segments and their 

aggregates. The presence of segments within the agricultural parcel and their class distribution 

is then calculated. The occurrence and the abundance of the segments within agricultural 

parcels play role as index of heterogeneity. 

 

 

 

Figure 16 (a) Boundaries of agricultural parcels, in red, overlaid on the segments classified according to the 

decile range of Maxdiff to which they belong; (b) Agricultural parcels found with the presence of 

heterogeneous land cover are shown in the magenta. 
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The algorithm generates two types of output: 

 a table with statistical data for each assessed agricultural parcel, including: parcel 

identification number; area in hectares; declared type of land use; presence of 

segments within the parcel for each decile class, expressed as total number and 

percentage of the parcel area (Figure 17) 

 thematic raster file with pixel size of 10 meters (classified segments). 

For the generation of the tables, a module available in the JRC DIAS GitHub platform 

(https://github.com/ec-jrc/cbm) was used, which is based on the infrastructure of CreoDIAS. 

It is one of the four DIAS (Copernicus Data and Information Access Services) platforms for 

accessing and processing data from Sentinel satellites, initially funded by the European 

Commission.  

 

Figure 17 Example of a table with statistical data for each assessed agricultural parcel 

 

The effectiveness of the method has been tested on regions and reference data in 

different parts of Europe. The accuracy obtained on the presence of "inactive areas" in 

agricultural parcels (abandoned land, permanently bare soil, artificial sealed surfaces) is above 

90%. This shows that certain clusters generated by the method, based on the time-related 

metrics of the of the Sentinel image stack, correspond in fact to physical features. In these 

cases, the agricultural parcel in its entirety was considered as a polytegon, consisting of tegons 

corresponding to abandoned agricultural land, permanent bare soil, sealed surfaces, and 

tegons of other types. To improve the accuracy, different segmentation settings (scale, shape, 

compactness) were tested, as well as different weighting factors for the spectral bands of the 

image. The settings found to be most performant were: Scale - 40; Compactness - 0.8; Shape 

- 0.1. The smallest physical abiotic feature that could be extracted was 10 to 20 Sentinel-2 

pixels in size, depending on the feature type. In area terms it corresponds to approximately 0.1 

to 0.2 hectares. 

The areas within the agricultural parcel, identified as permanent bare soil, could provide 

valuable information about the agro-ecological conditions in the studied areas. Such areas are 

often associated with certain soil characteristics, such as higher gypsum and calcium 

carbonate content. It can also give an indication of water retention capacity and productivity in 

general. The further analysis, which considered soil and terrain data, found that the presence 

of bare soil clusters appears to be consistent with areas where water erosion processes are 

expected (Figure 18). 
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Figure 18 Parcel with barley: (left) Bare eroded spots, in light blue, are clearly visible in the 2019 satellite 

image; (in the middle) Thematic raster file, where the poorly vegetated northern area of the parcel is 

separated as another segment; (right) The orthophoto from 2020, with displayed isolines of the slope, 

showing steeper terrain in the northern part of the parcel (average slope is 8.2%). The soil is Calcaric 

Leptic Regosols. CC-BY 4.0 scne.es 2020 

 

Task 3: Study of the relationship between land cover and soil to assess soil 

quality characteristics 

The following study, conducted in the study area of Sandanski and Petrich, is seen as 

part of the efforts of the modern agricultural monitoring to determine those biophysical 

processes occurring on the Earth’s surface (natural and anthropogenic). These are influenced 

by soil characteristics and can be observed from space. This would help the development of 

adequate methods for monitoring and retrieving soil-related information at the level of the 

individual agricultural parcel, as well as the assessment of the impact of soil on the markers 

used. The study is based on the inherent relationship between the type of land cover and the 

main properties of the soil, expressed through the structural pair “tegon – pedon” in the system 

"soil-plant-ground atmosphere". 

The study focuses on the texture of the soil and its relationship with the phenology of 

vegetation. The soil texture directly affects soil water retention capacity (Gyurov, Artinova, 

2015), as well as its temperature (Wang et al., 2015). Soils with smaller particles (silt and clay) 

have a larger surface area than those with larger particles (sand), which allows for more water 

to be retained. Although clay usually shows a higher heat capacity than sand, at the same 

conditions for water content and density, the latter heats up faster than clay due to the smaller 

volume of water and greater thermal conductivity. Both the water retention capacity of the soil 

and the soil temperature are major factors for the phenological changes and their intensity 

(Eric et al., 2009; Pregitzer et al., 2000). On the other hand, the soil texture indicates the 

content of clay in it, being a factor for the presence of organic matter, the basis for soil fertility. 

In addition, the study attempts to trace the possible relationship between soil texture 

and vegetation heterogeneity and to check whether the developed heterogeneous index can 

be used as an indicator to discriminate soils with different texture. 

To exclude, as far as possible, the impact of farmer-specific agronomic measures, the 

study focuses initially on agricultural parcels declared as permanent grassland, left in the given 

year as uncultivated, in a state suitable for grazing and mowing. The development of phenology 

(observed through the NDVI) in these areas follows a curve typical for semi-natural herbaceous 

vegetation. The factors influencing their behaviour are mostly related to the natural 
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environment (terrain, soil, microclimate). The same is valid for the vegetation cover, where 

homogeneity depends mainly on the natural terrain conditions as relief,  soil and moisture 

(Milenov et al., 2014). 

However, the analysis of permanent grassland in the study area was problematic, as 

due to the dynamic situation with land tenure and agricultural land use, these grasslands do 

not qualify as permanent, according to the generally accepted definition (minimum 5 years 

without change). Many farmers rent land for only one or two years; new tenants often change 

the use of agricultural land and applied practices. The land use change of parcels from arable 

land to pasture, and vice versa, seems quite common. This means that the phenological 

behaviour and spatial characteristics of pastures in year Y can be influenced by crop residues 

and relevant weeds left on the field from the year Y-1 when the land was used as arable. This 

was the reason to further extend the study to include two annual crops - alfalfa and winter 

wheat, where the impact of the previous year's harvest would be minimal due to the cleaning 

and preparation for sowing carried out at the beginning of the agronomic year. 

 The preparation of the experiment included the following steps: 

1. For the surveyed area and for the agronomic years 2018, 2019 and 2020, the 

heterogeneous index and the time series of the vegetation index were derived by the 

above methods, for each agricultural parcel declared by the beneficiaries. 

2. From the entire parcel population, agricultural parcels with the following declared use were 

selected: 

 permanent grassland left in the year Y as uncultivated, in a state suitable for grazing 

and mowing 

 alfalfa 

 winter wheat 

3. The following additional filtering was performed: 

 Parcels less than 0.1 ha were excluded from the study as being too small for adequate 

signal extraction from Sentinel-2, considering its spatial resolution of 10 meters. 

 To reduce the impact of the topography (aspect, slope) on the Sentinel-2 signal and on 

soil characteristics (through processes such as water erosion), parcels located on a 

slope greater than 10% were additionally excluded. 

 Тo reduce the impact of the boundary uncertainty of the mapped soil units and to take 

into account their diffuse nature, parcels crossing the boundary between two soil units 

of different class and texture, as well as those adjacent to these boundaries were 

additionally excluded (Figure 19)  

 The remaining parcels were compared with the results of on-the-spot controls 

conducted by the State Fund Agriculture. The analysis confirmed the correctness of 

those declarations being part of the control sample. However, parcels from declarations 

of beneficiaries having less than 10 parcels in the holding, which are also generally not 

included in the control sample, were excluded. 

4. The parcels were divided into group pairs according to: (1) year of declaration; (2) type of 

land use - grassland, alfalfa, wheat; (3) the soil texture in which they are located (Figure 

20). The digital soil maps at a scale of 1:10 000, provided by the ISSAPP „N. Pushkarov", 

were used. Soil polygons were spatially intersected with the parcel polygons. The following 

soil texture categories were identified: 

 Category 1 - on sandy and clay-sandy (7.3 - 13.3% of clay) 
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 Category 2 - on light and medium sandy-clay (23.6 - 30.4% of clay) 

5. Statistical analysis was performed on each group pair - one year, one land use, different 

soil texture - for the presence of statistically significant differences between the two parts 

of the group pair in terms of phenological behaviour and heterogeneity. 

 

 

Figure 19 Spatial distribution of parcels with permanent grassland in 2020 of one farmer (in red), on soil 

units with different soil texture 

 

 

Figure 20 Illustration of the group pairs for 2019 
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Statistical analysis - spatial heterogeneity 

The obtained output for the heterogeneity index, allowed for the generation of 

histograms of the distribution within the parcel, of the segments for each of the 10 decile 

classes, per group pair (Figure 21). 

Figure 21 Distribution of the number of classified segments (P 1 to P 10) in agricultural parcels, declared 

as permanent grasslands, on soils with different texture 

 

The aim of the statistical analysis was to determine whether there is a significant 

difference between the histograms of the two subsets of each group pair, related to different 

soil texture; thus, rejecting the initial hypothesis (Ho) that they originated from the same 

population. Any statistically significant difference found between the two subsets of the group 

pair could be an indication that they are different in nature due to (at least in part) the different 

soil texture. 

Based on the output for the heterogeneity index, a heterogeneity indicator (FOIh), 

related to the predominant presence of bare soil or inactive agricultural land in each agricultural 

parcel, was calculated according to the following formula: 

 

FOIh = “High”, if ∑ ∑ 𝑨𝒏𝒊 𝟏 𝒊𝒌 𝟕𝟓%𝑨𝑭𝑶𝑰𝟏𝟎𝒌 𝟗 , else FOIh = “Low”  (3) 

 𝑨𝒊𝒌- area of segment 𝒊, assigned to decile class 𝒌 in a parcel (FOI) 𝒌- selected decile classes [8; 10] 𝑨𝑭𝑶𝑰- parcel area (FOI) 

For each of the subset in the group pairs, the number of parcels with FOIh = “High” and 

FOIh = “Low” were calculated. A statistical analysis using Chi-Square test was performed. The 

results for permanent grasslands are shown in Figure 22. 
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Figure 22 Results from Chi-Square test for group pairs of parcels declared as permanent grasslands 

 

Visual analysis of the histograms showed no notable difference in the distribution of 

segment types in the parcel group pairs, related to different soil texture, except for the group 

of permanent grasslands in 2020. However, although the shapes of the histogram pairs look 

similar, their upper limit (maximum number of segments per class) could be significantly 

different, as observed for permanent grasslands in 2020 and alfalfa in 2018. The applied 

statistical test for independence (Chi-Square test) of the parcels, based on the indicator of 

heterogeneity, did not reject the initial hypothesis that they originate from one population. The 

only exception is the alfalfa parcels in 2018, where the resulting p-value is much lower than 

0.05 (0.000723). 

The reasons may lie in some technical aspects of the method used. First, the proposed 

heterogeneity indicator focused only of the segments above the 7th decile class of the 
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histogram. It is also recommended to examine the complete histogram of the distribution using 

alternative statistical methods, such as bootstrapping. 

Second, the area of the parcels is often too small to expect a noticeable manifestation 

of heterogeneity of the vegetation cover, especially for crops and land uses that typically have 

uniform one (alfalfa, wheat). The area of the studied parcels varies from 0.1 to 17.60 ha, but 

the average size is 0.6 ha, and 75% of the parcels are below 1.16 ha. A possible solution would 

be to calculate the heterogeneous index only for parcels above a certain size or to aggregate 

adjacent parcels with the same land use. 

Third, the parcels grouped by crop type belong to different farmers. To account for the 

possible difference between farmers’ agronomic activities, the parcels can be additionally 

grouped per beneficiary. Unfortunately, the average number of declared parcels per farm 

holding is too small for conducting an adequate statistical analysis. However, this was done 

for the farmer with the largest number of declared parcels (62 in total) with permanent 

grassland in 2020 (Figure 19). This ensured a more controlled testing environment, as all 

parcels are located relatively close to each other and most external factors, except soil, have 

the same effect. The p-value obtained from the statistical test was lower than 0.05 (0.042), 

which may be the first indication of different behaviour, due to soil texture. 

A more detailed analysis of the farm holding showed that most of the permanent 

grasslands located on sandy soils are in fact natural permanent grasslands, used as pastures, 

with sporadic shrub vegetation. The different plant growth form and phenology of the latter 

contributes to the increased heterogeneity of the vegetation cover (Figure 23). In contrast, 

many permanent grasslands located on sandy-clay soils in previous years were arable land, 

cultivated with annual crops. They are left as fallow and were either cleaned from stubbles or 

left with the dry and uniform vegetation from the previous season. All this resulted in a more 

homogeneous vegetation cover. 

 

 

Figure 23 Results for parcels on permanent grassland declared by one beneficiary 
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Statistical analysis - phenology 

The obtained vegetation phenology curves for each individual parcel, allowed for the 

generation of aggregated phenological curves of the agricultural parcels for each subset of the 

group pairs. The process included the following steps: 

1. The individual phenology curves extracted and provided in CSV format were processed in 

MS Excel and summarized by group pairs using Pivot Tables. 

2. Calendar dates with less than 5 parcels with validSentinel-2 observations were excluded 

from the time axis 

3. For every useful calendar date, the mean, standard deviation (StDev) and confidence 

interval (CI) of the NDVI values from all parcels in the group pair were calculated. 

4. The resulting curves were saved in tables and plotted in graphs. 

 

  As with the heterogeneity index, the aim of the statistical analysis is to determine 

whether there is a significant difference between the phenological curves of the two subsets 

of each group pair related to different soil texture; thus, rejecting the initial hypothesis (Ho) that 

they originate from the same population. Any statistically significant difference in the values of 

NDVI (acting as markers) found between the two subsets of the group pair, could be an 

indication that they are different in nature due to (at least in part) the different soil texture. 

Due to the nature of the aggregated phenological curves - which do not necessarily 

follow the normal distribution and contain a relatively small number of values – a non-

parametric statistical test was used. 

The statistical analysis was performed with the Mann-Whitney U test using the NDVI 

values for each year and for each group pair, assuming that: 

 NDVI data can be treated as categorical and can be ranked. 

 NDVI data of the subsets in each group pair are independent of each other. 

 The total number of populations in each of the subsets is more than 20. 

 The subsets in the group pairs have similar distribution. 

The results for permanent grasslands are shown in Table 1.  
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Table 1 Results of the visual and statistical comparison of the phenology curves (NDVI profiles) by group 

pairs related to different soil texture, for permanent grasslands and each calendar year. The vertical lines 

at the individual NDVI points indicate the confidence interval  
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The visual assessment of the phenology curves showed certain notable difference in 

all three land uses, between the subsets in the group pairs related to soil texture. These 

differences were more obvious in some years and at certain periods of the year. For each 

individual date of these periods, a one side Student’s-t test for statistical significance between 

the mean NDVI values of the two subsets in each group pair was performed. This was 

considered appropriate because these means were obtained from populations (individual 

NDVI values at parcel level) following a normal distribution. 

In the case of permanent grasslands, the NDVI values for parcels on clay-sandy and 

sandy soils are systematically higher than those for the parcels on light and medium sandy-

clay soils in the winter and spring periods of 2018 and 2020. The p-value of the Mann-Whitney 

U test for these periods are significantly lower than those calculated for the whole. The p- 

values from Student's t–test in these periods, are below 0.05. 

This can be explained by the higher temperature of clay-sandy and sandy soils 

compared to light and medium sandy-clay soils, which leads to faster and more intensive 

phenological growth during the winter-spring period. 

There is also a significant difference in the values of NDVI in the late spring of 2018 

and 2019. Here, the NDVI values for parcels on light and medium sandy-clay soil are 

systematically higher than for parcels on clay-sandy and sandy soil. This can be explained by 

the higher water retention capacity of soils with a higher percentage of clay, which creates 

more favourable conditions for the development of the vegetation in the hotter months. 

The situation in early 2019 seems abnormal, as the NDVI values for both curves are 

consistently low and close to each other. This can be explained in part by the colder conditions 
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in the January of 2019, combined with much lower monthly rainfall in the early spring of 2019 

(Figure 24). 

 

Figure 24 Evolutions of the temperature and precipitation in the study area, extracted from the 

Copernicus Climate Service. For the month of January 2019, the lower temperature and higher 

precipitation are clearly evident, followed by much lower precipitation in February and March 

 

The results obtained for heterogeneity and phenology show some differences in the 

behaviour of vegetation in agricultural areas located on soils with different texture. The 

differences are more pronounced in the phenology than in the heterogeneity, which may be 

due in part to some of the technical conditions of the method used to calculate the latter. 

Differences in phenology are statistically significant at certain stages of vegetation/crop 

development. 

For permanent grasslands, the development of vegetation in winter and early spring is 

more pronounced on soils with more sand. The opposite is observed in the summer months 

when the intensity of the vegetation phenology on soils with more clay is slightly higher. 

The alfalfa follows the same pattern, but with more noticeable intensity in phenological 

development during the summer on soils with more sand. 

In the case of wheat, a separate analysis of the phenological development in the period 

of the presence of the crop and after the harvest is required. The peak of phenological intensity 

(obtained from NDVI) is systematically higher for soils with more clay. The phenology of 

vegetation after harvest seems to be more intense on more sandy soils. 

All these differences can be related to soil temperature, water retention capacity and 

organic content - properties that strongly depend on the soil texture. However, a more in-depth 

interpretation of the results is difficult due to the lack of information on the various agronomic 

practices implemented by the farmers, affecting the phenology. This can be a task for further 

development of the current research, while accounting also for the fact that these activities are 

specific to each agro-climatic region. 
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Based on the above observations from the study, the following conclusions can be 

drawn: 

 A noticeable and measurable difference in the behaviour of vegetation can be expected 

on soils with different texture, at the same other macro-factors and conditions (climate, 

relief, type of land use). 

 This difference is observed in the periods of vegetation development when the soil 

texture is normally playing a significant role. 

 The climatic conditions in the first months of the year significantly affect the 

development of vegetation and, respectively, the vegetation index. 

 The type of land use over different years affects the homogeneity of vegetation cover 

and the values of the heterogeneous index. This is especially true for permanent 

grasslands. 

 

The following issues have been identified: 

 The sample of parcels is spread over a relatively large area (Petrich and Sandanski) 

having slightly different microclimate, soil types and soil quality; factors that create 

“noise” and which are not fully accounted in the present study. 

 The parcels belong to different beneficiaries, applying different measures, at different 

times and with different mechanization, which inevitably affects the results. 

 The size of the agricultural parcels is too small to analyse in full the heterogeneity 

through Sentinel. 

 The number of parcels declared in consecutive years is small, which does not allow a 

more detailed multi-annual statistical analysis of the vegetation behaviour. 

 In order to be fit for purpose, the methods for statistical analysis based on classification 

(U-test; Kruskal-Wallis) require additional parameterization and refinement of the 

studied sample. 

 

Future research should focus on the following areas: 

 Statistical analysis of parcels in a more controlled environment (single beneficiary, 

proximity of parcels, period constraints) and application of alternative statistical 

methods (e.g. bootstrapping) 

 Extraction of the heterogeneity index based on larger features of interest (aggregated 

parcels, with similar land use). Alternatively, Sentinel products whose spatial resolution 

has been improved by integrating information from other satellites (e.g. PlanetScope) 

can be explored. 

 More comprehensive analysis of differences in phenology with the accounting of other 

soil characteristics (soil classes, soil microbiome, and land quality) and taking into 

consideration the parcel land use in previous years.  

 Development and testing of predictive behavioural models for strategic planning in 

agriculture. 
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Conclusions and recommendations 

Nowadays, the agricultural monitoring and evaluation through Earth Observation is 

increasingly linked with the need to understand better the complex nature of the biophysical 

phenomena and the processes occurring in agricultural lands, their associated anthropogenic 

activities and their impact on the environment and climate. The introduction of new 

technologies, such as the Copernicus Sentinels satellites and the Galileo Global Navigation 

Satellite System, has given farmers, administrators, technical experts, and decision-makers 

the unique opportunity to monitor remotely and objectively the land cover in agricultural lands 

at unprecedented levels of spatial and temporal resolutions. This allows to observe and 

analyse a much wider range of biophysical processes, being part of the system “soil-plant-

ground atmosphere". Today, stakeholders understand that they cannot apply sustainable 

agricultural practices that are beneficial for the environment and climate, or introduce new 

crops to adapt to climate change, without considering the soil as a key land resource. This 

thesis aims to contribute to the understanding of the relationship between land cover and soil, 

by systematizing some of the key research and developments of the Joint Research Centre in 

this respect and proposes some innovative solutions in this domain. 

The presented work contributes to the development and documentation of methods 

and techniques for monitoring of the processes occurring in agricultural land, based on data 

from the Sentinel satellites. The proposed concepts and methods support: (1) the effective and 

efficient extraction of indirect information about the status and the change of the soil 

characteristics from a biophysical point of view; (2) the assessment of the impact of the natural 

and anthropogenic factors (e.g. agricultural activities) on soil condition; and (3) the methods 

for assessing the long-term effect of the established sustainable practices regarding the 

restoration of degraded natural areas, which are in contact with agricultural land. 

Current policy challenges related to food security, climate change, biodiversity loss and 

the transformation in technological development require a redefinition of the whole process of 

agricultural monitoring and evaluation. The concepts presented in the thesis, such as the 

structural pair “tegon-pedon” and the agricultural parcel as the target physical feature of 

observation, are the building blocks of this new framework. 

The new technological and business processes in agricultural monitoring will fold into 

new and more efficient relationships between the farmer and the administration and will help 

the creation of new e-government services and better market conditions. They could provide 

the key components of the future land monitoring systems in thematic areas, such as those 

related to the monitoring of the future EU CAP and the accounting of carbon emissions. 

The present thesis, and the presented results, also provide some guidelines for future 

research in the field. They can be further used as a training material for students. 
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Main contributions 

The following important contributions of the thesis could be highlighted: 

With scientific and fundamental character: 

1. The thesis proposes a new concept for a joint description of the land cover and the soil, 

by introducing an elementary biophysical body or unit (tegon), for an integrated criteria-

based assessment of the soil and vegetation cover. 

2. It proposes a novel method for documenting the key biotic elements of the system “soil-

plant-ground atmosphere”, which normally are subject to data capturing by remote 

sensing methods, and recorded in geographic databases, through the introduction of a 

semantic meta-model, based on the intrinsic link between tegon and pedon, being the 

smallest recognizable units for land cover and soil. 

 

With scientific and applied character: 

1. The thesis further extends the development of certain satellite image data extraction 

methods, applied also by the CAP Check by Monitoring, towards assessing farmland 

abandonment. 

2. It proposes new metrics calculated at parcel level, based on the heterogeneity in 

vegetation behaviour, to depict notable differences in soil texture. 

3. It shows the possible relation between the vegetation phenology and soil texture, and 

indicates the potential of the remote sensing, to depict certain soil characteristics by 

observing the behaviour of the vegetation cover, captured by Copernicus Sentinels. 

4. It also elaborates methodology for joint assessment of the land cover (soil and plant) 

from satellite images and ground surveys of the agricultural areas, which upgrades the 

process of agricultural monitoring. 

5. The concept and methodology improve the assessment of soil and plant resources and 

strengthen the relationships between farmers and the administration, by establishing 

new approaches for management of agricultural practices. 
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