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The article analyzes the impact of soil compaction as one of the limiting
factors affecting crop productivity in modern agriculture, especially in
conditions of intensive use of heavy agricultural machinery. It has been
established that the use of various technologies and tillage systems in
sunflower cultivation can minimize the negative consequences of soil
compaction. The purpose of this study was to investigate the possibilities of
integrating soil hardness measurements obtained with the digital
penetrometer S600 (Skok Agro, Ukraine) into precision and digital farming
systems. The study presents a technological approach for collecting soil
compaction data in the field, transmitting the data via GNSS and GSM
communication, and integrating the obtained results into digital agriculture
software. Experimental measurements of soil hardness were carried out on
an agricultural field using a grid-based sampling system. The obtained data
were processed and visualized in the form of digital maps of soil
compaction and integrated into the AFS Software environment. Field studies
were conducted on a site that has been cultivated using the no-till
technology for 20 consecutive years. Based on the results of 14
comprehensive measurements of the vertical soil profile, it was established
that soil hardness values at depths up to 40 cm remained within the optimal
range for plant root system development (up to 3500 kPa). The results
demonstrate that the use of a digital penetrometer combined with geospatial
data processing allows the spatial variability of soil compaction to be
effectively assessed and supports data-driven decisions regarding soil
tillage operations. The proposed approach can improve the efficiency of soil
management and contribute to the development of precision agriculture
technologies.

Keywords: sunflower, digital penetrometer, soil compaction, precision agriculture,
digital farming, geospatial data

Introduction. Modern agricultural production of sunflower is increasingly
based on the principles of precision and digital farming. The use of geoinformation
technologies, digital monitoring systems, and automated machinery allows farmers to
optimize technological operations, reduce production costs, and improve crop
productivity. At the same time, the intensification of agricultural production is
accompanied by the widespread use of high-performance machinery with significant
weight, including powerful tractors, combine harvesters, and large agricultural
implements.

One of the negative consequences of such intensification is excessive soil
compaction. Numerous studies have shown that soil compaction leads to deterioration
of soil structure, reduced aeration, limited water infiltration, and inhibition of plant root
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development. As a result, soil compaction can significantly reduce crop yields and
negatively affect the long-term fertility of agricultural soils.

The risk of soil compaction is especially high when using heavy agricultural
machinery during field operations such as sowing, fertilizing, and harvesting. Repeated
passes of tractors and combines across the field lead to the formation of compacted soil
layers, including the so-called plow pan. In many cases, the depth of mechanical tillage
does not exceed 30-35 cm, while the compacted horizons for plant growth and limits
the effective use of soil moisture and nutrients.

The problem of soil compaction is global in nature. According to researchers,
significant areas of agricultural land in various regions of the world are subject to
degradation due to compaction, which leads to reduced crop yields and deterioration of
soil fertility (Hamza et al., 2005). Research findings (Shaheb et al., 2021) indicate that
soil compaction negatively affects agricultural productivity. In particular, crop yields
may decrease by 10-50%, depending on the degree of compaction and growing
conditions.

One of the approaches to preventing soil compaction is the optimization of soil
load, the use of low-pressure tires, reduction in the number of machinery passes, and
the implementation of controlled traffic systems. In paper (Mier et al., 2025), a concept
for optimizing machinery movement paths using the Soil Flex model was proposed.
Rationally planned routes contribute to increased crop yields while reducing operating
costs and minimizing the negative environmental impact of agricultural production.

Research shows that soil compaction leads to a decrease in porosity, water and
air permeability, reduced microbial activity, and limited availability of nutrients for
plants, which ultimately negatively affects crop growth and development (Nalobina et
al., 2023). The primary cause of soil compaction is the use of heavy machinery. During
crop cultivation, machine-tractor units perform 5 to 15 passes across the field, while
the running systems may cover up to 80% of the field area, resulting in compaction of
both topsoil and subsoil layers (Nalobina et al., 2023).

The article (Sergienko et al.,, 2021) that before performing agricultural
operations, it is advisable to conduct a comprehensive assessment of potential changes
in soil condition after tillage in order to select the optimal tractor type and running gear
system. The same study (Sergienko et al., 2021) recommends prioritizing tractors
equipped with tracked propulsion systems when performing energy-intensive
technological operations. Research (Bayhan et al., 2002) has established that the
movement of tractor wheel systems directly within the crop row leads to a significant
decrease in yield. Therefore, study (Bayhan et al., 2002) proposed installing loosening
working bodies in front of seed openers to prevent soil compaction caused by tractor
wheels during sowing operations.

Soil tillage systems also play an important role in the dynamics of soil
compaction. It has been established that intensive tillage and repeated machinery
passes contribute to the formation of a plow pan and compacted layers that limit the
development of plant root systems (Ivanyshyn et al., 2025). It was also found
(Ivanyshyn et al., 2025) that soil compaction reduces soil porosity, which worsens the
soil water regime and limits oxygen supply to the root system, thereby restricting root
development and reducing the plant’s ability to absorb water and nutrients.

The results of a study on sunflower cultivation (Mirleau-Thebaud et al., 2017)
recorded significant changes in root system development caused by soil compaction:
root length, diameter, and surface area decreased by 55%, 42%, and 67%, respectively.
Reduced penetration of the root system into deeper soil layers and increased
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development of lateral roots were also observed. Soil compaction causes
morphological and anatomical changes in plant root systems (Lipiec et al., 2003). The
study describes the effects of soil compaction on root development and functioning, as
well as the mechanisms of interaction between the root system and the aboveground
parts of plants under compacted soil conditions. It was established (Lipiec et al., 2003)
that crop yield on compacted soils is largely determined by weather conditions and the
initial level of soil compaction.

An important research direction is the assessment of the influence of different
sunflower cultivation technologies on soil compaction. Research (Kobets et al., 2023)
presents the results of the relationship between soil compaction changes and crop
cultivation technologies and provides a comparison of the main tillage systems. In
particular, it was found that the no-till technology ensures lower soil compaction
compared to the conventional tillage system, as it reduces the number of machineries
passes across the field. Studies (Kobets et al., 2023) show that the use of minimum or
zero tillage contributes to preserving soil structure and reducing mechanical load on the
soil.

Research findings (Voitovyk et al., 2024) also confirms the effectiveness of
long-term sunflower cultivation using the no-till technology. The research recorded
that soil density did not undergo significant changes over 13 years of using this
technology. It is known that the tillage system and, in general, the cultivation
technology has a significant impact on the formation of the sunflower root system
(Kurtyev et al., 2026; Doroshenko et al., 2025; Molla et al., 2022). In particular, study
(Kurtyev et al., 2026) found that the use of the conventional technology resulted in the
formation of a well-developed root system. The application of vertical tillage and strip-
till systems contributed to an increase in total root mass. At the same time, studies
(Kurtyev et al., 2026; Doroshenko et al., 2025) reported that the maximum sunflower
yield was obtained when using the strip-till technology.

The strip-till technology is widely implemented both in Ukraine and abroad.
Study (Celik et al., 2013) presents the results of the influence of strip tillage width on
sunflower yield. The authors state that increasing the tillage strip width leads to higher
crop productivity. In paper (Sun et al., 2026) found that the use of shelf and deep soil
loosening contributed to a decrease in its bulk density and resistance to penetration
compared to shelfless cultivation. In general, the use of deep soil loosening with
surface spreading of straw reduced the degree of soil compaction, increased the organic
carbon content, which contributed to better development of the plant root system, and
as a result, increased crop yield.

Modern studies (Voropai et al., 2024) also indicate that different cultivation
technologies affect the soil water regime and its compaction, especially under climate
change conditions. In the field of soil compaction research, automated mapping
methods are increasingly used, allowing precise data on the spatial distribution of
compacted zones to be obtained (Fentanes et al., 2018; Kunderenko et al., 2021). Study
(Kulju et al., 2026) established the necessity of a high sampling frequency when
investigating dynamic effects in soil. The considered approach provides new
opportunities for studying soil compaction. However, the widespread implementation
of automated technologies is limited by their high cost.

To determine soil compaction with minimal capital investment, manual
penetrometers are used (Ivanyshyn et al., 2017). Studies have employed manual
mechanical penetrometers that do not allow accurate spatial coordinate referencing. In
addition, such equipment does not enable layer-by-layer determination of soil hardness,
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for example, with a step of 1-2 cm. At the same time, there is a need to monitor the
dynamics of soil compaction in specific zones and in the vertical direction, as well as
to assess the impact of crop cultivation technologies under conditions of minimal
capital investment.

In the conditions of implementing agricultural technologies that utilize high-
performance and heavy machinery, tools for rapid soil density control and analysis are
essential. Our experience indicates that a significant number of agricultural enterprises
either fail to monitor soil hardness entirely or continue to rely on obsolete mechanical
penetrometers. Such mechanical devices (Fig. 1) no longer satisfy modern farming
requirements, as they are incapable of providing complete, accurate, and — most
importantly — real-time geospatial information regarding soil conditions.

Fig. 1. Penetrometer of mechanical type. No GPS tethering
Source: developed by the author

While manual mechanical penetrometers offer certain advantages, such as low
cost, compactness, and ease of operation, they possess critical limitations for modern
agriculture. These disadvantages include the lack of GNSS connectivity, the absence of
wireless data transmission modules (GSM/Bluetooth), and the technical impossibility
of automated soil compaction mapping. Consequently, such legacy devices fail to meet
the requirements of precision and digital farming systems.

In recent years, digital technologies have created new opportunities for
monitoring soil physical properties. In particular, digital penetrometers equipped with
GPS receivers and data transmission systems allow the spatial distribution of soil
hardness to be determined quickly and accurately. Such devices make it possible to
collect georeferenced data on soil compaction and integrate them into precision
agriculture software for further analysis and decision-making.

Despite the availability of various tools for measuring soil hardness, many
traditional mechanical penetrometers do not meet the requirements of modern digital
farming systems because they do not provide geospatial data or integration with
agricultural software platforms. Therefore, the development and implementation of
digital solutions that combine field measurements with geoinformation systems is an
important task for modern agriculture.

The aim of this study is to develop and demonstrate an approach for integrating
soil hardness data obtained using the digital penetrometer S600 (Skok Agro, Ukraine)
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into digital farming software. The study also presents a technological scheme for
collecting soil compaction data in the field, transmitting them via GPS and GSM
communication, and using the obtained information to create digital maps of soil
compaction th at can support agricultural decision-making,

Thus, modern agriculture, regardless of the technology of growing sunflowers,
is characterized by the use of high-performance equipment that has a lot of weight.
Based on this, it is necessary to implement additional methods of soil compaction
control.

Materials and Methods. Therefore, the goal of this work is to develop a
methodology for interfacing digital soil compaction measurement tools with geospatial
software to enhance digital agriculture workflows. To achieve this goal, the following
tasks were defined:

— To propose a comprehensive data implementation scheme, spanning from the
'point of measurement' to the practical application of results in crop cultivation
technologies;

— To establish a technology for the precise geospatial recording and visualization
of soil hardness measurement points using Locus Map software;

— To conduct experimental field measurements and verify the integration of the
digital data workflow.

To address the first task, we developed a comprehensive technological
workflow illustrating the interaction between the digital penetrometer and specialized
precision agriculture software. This system (Fig. 2) facilitates automated data recording
and transmission via GNSS and GSM protocols. The integration process ensures that
raw measurements of soil penetration resistance (kPa), synchronized with ambient
temperature (T, °C) and moisture content (W, %), are seamlessly converted into
actionable geospatial data.

GPS
-
5 ==\ Software
of Digital
Farming:
™ Cropwise,
GSM Jml AMS,
- PLM,
T PSP RS _ : AFS,
SMS
Monitoring P, (kPa) Software SkokAgra
T, (°C)
W, (%)

Fig. 2. Conceptual architecture of soil compaction data integration: from field
measurements and multi-sensor data fusion (hardness, temperature, moisture) to

the generation of prescription maps in specialized digital farming platforms
Source: developed by the author

The hardware architecture of the S600 digital penetrometer (Fig. 3) is designed
for autonomous field operations within the digital farming framework. The device is
equipped with an integrated GNSS (GPS) receiver for precise spatial referencing of
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each measurement and a GSM antenna for high-speed wireless data transmission to the
cloud server. The interactive display provides the operator with real-time feedback on
the measurement process, while the reinforced rod (stock) and specialized plate ensure
structural stability during soil penetration.

Fig. 3. General view of the digital penetrometer S 600
Notes: 1 — interactive screen; 2 — signal antenna GSM; 3 — signal receiver GNSS; 4 — control unit; 5 —
probe rod; 6 — plate
Source: developed by the author

The field stage of the research involves the use of a mobile GIS interface based
on the Locus Map software, installed on the operator's terminal (smartphone or tablet)
from the official Google Play application repository.

Results and Discussion. High compaction of the soil, of course, will lead to a
significant decrease in productivity and may even provoke the death of plants (Fig. 4).

Subsequent research on this field revealed the formation of a near-continuous
'plow pan' at a depth of 11-13 cm, with penetration resistance exceeding 4500 kPa.
Under such extreme mechanical resistance, the sunflower crop was unable to develop
its root system, leading to total plant mortality. Therefore, soil hardness monitoring
must become an obligatory technological operation within precision agriculture. This
approach allows not only for the identification of existing compaction zones but also
for the prediction of emerging high-density horizons.

A representative case is illustrated in Fig. 5, showing a field after corn
harvesting (completed in February). In the spring, the soil at the field's headlands —
Owhere grain unloading from combines into trucks occurred — showed a complete loss
of infiltration capacity. According to One Soil data, cumulative precipitation in this
region by the end of March 2026 reached approximately 189 mm. The inability of the
compacted soil to absorb this moisture (snowmelt and rain) is evident. Given that the
next crop in the rotation is sunflower, the situational analysis (Fig. 5) confirms the
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initiation of 'plow pan' formation. Without intervention, these sunflowers face a
significant threat of yield depression or crop failure due to restricted root penetration
and anaerobic conditions.

Fig. 4. Sunflower crops, which stopped developing due to over-compaction of the

soil (proved by measurements)
Source: developed by the author

R

~
A

Fig. 5. Field with possible excessive soil compaction. Predecessor — grain corn;

2026 crop — sunflower
Source: developed by the author

The methodology of spatial data synchronization is performed according to the
following sequence:
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1. Generation and Export: A point-based sampling grid is generated within the
SkokAgro ecosystem and exported as a standardized .KML (Keyhole Markup
Language) file.

2. Remote Data Transfer: The generated task file is transmitted to the operator's
mobile terminal via an asynchronous communication channel (e-mail protocol).

3. Import and Visualization: The .KML file is saved to the device's local storage
and subsequently imported into the Locus Map environment. This process transforms a
tabular dataset into an interactive navigation layer (Fig. 6).

4. Geospatial Navigation: The software utilizes the integrated GNSS module to
provide real-time guidance, ensuring the operator reaches the predefined coordinates of
each grid node with high precision.

= Comcox repaovipis Haan

Haxun goarom

== 3uimu no Toeppoc

CHueTHTI Cravari KML

= Cima

Fig. 6. Grid created automatically in Skok Agro software
Source: developed by the author

The implementation of the data integration workflow is executed as follows.
The generated spatial information is exported as a standardized. KML file, which is
subsequently transmitted to the operator’s mobile terminal via an asynchronous
communication protocol (e-mail).

The operator accesses the task file through specialized geospatial applications,
such as GPX Viewer or Locus Map (Fig. 7 a, b), or any alternative software compatible
with Keyhole Markup Language. By activating the integrated GNSS (Location
Services) on the mobile device, the operator performs real-time field navigation. This
allows for the precise dynamic alignment of the operator's current coordinates with the
predefined measurement nodes, ensuring high spatial accuracy of the soil compaction
assessment.

Following the acquisition of soil resistance data at the designated nodes, the
operator initiates automated data synchronization with the centralized server via the
integrated GSM module. The measurement results are subsequently processed and
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visualized within the SkokAgro software ecosystem. The system performs high-
resolution vertical profiling, quantifying soil penetration resistance to a maximum
depth of 60 cm with a spatial resolution of 1 cm. This granular data acquisition allows
for the generation of a high-fidelity, multi-layered soil compaction map for the entire
field, facilitating a comprehensive 3D analysis of the soil profile's physical condition.
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Fig. 7. Geospatial visualization of measurement nodes and operator trajectory:

a — GPX Viewer interface; b — Locus Map environment
Source: developed by the author

Field trials were conducted on experimental field T18, which has been
managed under a continuous No-Tillage system since 2006. A total of 14 complex
measurements were performed to assess the soil's physical state. Analysis of the
vertical profile showed (Fig. 8) that soil hardness remains within the optimal range for
root system development (up to 3500 kPa) to a depth of 40 cm.

Fig. 8. Results of soil hardness measurements of field T18
Source: developed by the author
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The spatial distribution maps (Fig. 8) indicate that at the 40 cm horizon, the
observed compaction is not a result of anthropogenic machinery traffic but is attributed

to the soil's natural bulk density and geostatic pressure.
These findings were successfully integrated into the AFS Software ecosystem

(Fig. 9), marking the establishment of a long-term digital database for the field’s
agronomic history.
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Fig. 9. T18 field compaction map after processing the results in AFS Software.
Such maps can be built for different depths with a resolution of 5 cm.
Source: developed by the author

The yield map was generated using the AFS Connect software in conjunction
with a Case [H 9240 combine harvester. Prior to harvesting, the on-board weighing and
moisture sensing systems were precisely calibrated to ensure data accuracy.

The resulting yield map (Fig. 10) generally illustrates a functional correlation:
an increase in soil hardness leads to a corresponding decline in sunflower yield.

8] oisplayed Layers : Legend
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Fig. 10. Sunflower yield map on field T18
Source: developed by the author
© A. S. Kobets, 0. D. Derkach, D. 0. Makarenko

168



Scientific and Technical Bulletin of the Institute of Oilseed Crops NAAS (ISSN: 2078-7316), 2026, N2 40: 159-172

Specifically, it was established that in areas with soil hardness ranging from
2,722 to 2,920 kPa, the yield varied between 2.00 and 1.81 t/ha or less. Conversely, the
maximum sunflower yield of up to 2,41 t/ha was recorded in zones characterized by
the lowest soil hardness. Consequently, the optimal soil hardness for sunflower
cultivation should be maintained within the range of 2,500-2,600 kPa.

This systematic data accumulation allows for a clear delineation of natural soil
properties and potential areas of man-made compaction, which facilitates targeted
management decisions without the use of expensive automated systems (Fentanes et
al., 2018; Kunderenko et al., 2021).

Spatial mapping of soil compaction enables more accurate selection of tillage
implements and optimization of soil cultivation parameters, which contributes to soil
decompaction and increases the yield of agricultural crops (Voitovyk et al., 2024).

Conclusions. The research findings confirm that the integration of digital
penetrometry with geospatial software (Locus Map, SkokAgro, AFS) creates a robust
framework for high-precision soil health monitoring. The following conclusions are
drawn:

Economic Efficiency: Geospatial mapping of soil compaction allows for
precise adjustment of deep tillage implements. Data indicate that each unnecessary
centimeter of working depth below 20 cm increases fuel consumption by an average of
1 L/ha. The proposed digital workflow minimizes these operational costs by providing
accurate depth prescriptions.

Technological Synergy: For agricultural enterprises utilizing No-Tillage
technology (since 2006, in this case study), soil compaction maps serve as a critical
component of the field's digital history. This allows for the precise delineation of
productivity zones and the identification of limiting factors beyond mechanical
resistance.

Multifactorial Analysis: It is established that optimal crop development is
governed by a triad of factors: soil compaction levels, moisture availability, and
nutrient status. The synchronous monitoring of these parameters, complemented by the
NDVI vegetation index, forms the basis of a comprehensive decision-support system in
precision agriculture.

Data Optimization: The application of the S600 digital penetrometer and its
interfacing with mobile GIS applications significantly accelerates the data acquisition
cycle, ensures high geospatial accuracy, and facilitates seamless integration into global
FMIS platforms.

The optimal soil hardness for sunflower cultivation is within the range of
2,500-2,600 kPa.
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METOJOJIOI'IS IHTEI'PALIIL JAHUX IIUD®POBOI
NEHETPOMETPII 3 IPOI'PAMHUM 3ABE3IEYEHHAM
LOCUS MAP ¥ ITIPOLIECI TOYUHOI'O 3EMJIEPOBECTBA
IPU BUPOILILYBAHHI COHSIIIHUKY

A. C. Kobeup, O. /1. Iepkau, 1. O. MakapeHko

Hinposcokuil deporcasHull azpapro-eKOHOMIYHULL YHigepcumem

Y crarTi npoaHani3aoBaHO BMNNWB YLiNbHEHHA [FPYHTY $SIK OJHOro 3
obmMexyBanbHuUX akTopiB, WO BNAUBalOTb Ha MNPOAYKTUBHICTb
CinbCcbKOrocnogapcbKux KynbTyp y cy4acHomy 3emnepob6cTBi, oco6nueo B
ymMoBax IHTEHCMBHOIO BWKOPUCTAHHA BaXKOi CiNbCbKOrocnogapcbKoi
TexHiku. BcTaHOBNEHO, WO 3acTOCyBaHHSA Pi3HUX TEXHONOrN i cucTem
0OpoGiTKY I'pyHTY nNpu BUpPOLLYBaHHI COHSIWHUKY MOXe MiHimisyBaTn
HeraTuBHI Hacnigku ywinbHeHHsA rpyHTy. MeTolo gaHoro gocnigkeHHs 6yno
BMBYEHHA MOXIUBOCTEN iHTerpauii BuMipioBaHb TBepAoCTi [IpyHTY,
oTpMMaHuXx 3a gomnomoror uucpoBoro neHetrpometpa S600 (Skok Agro,
YkpaiHa), y cuctemu ToyHOro ta umcpoBoro 3emnepoo6cersa. Y gocnimkKeHHi
npeAcTaBneHo TEXHONOriYHUM nigxig Ao 36opy AaHUX MpPO YlWiNbHEHHA
I'PYHTY B NOMbOBUX YMOBax, NepefgaBaHHA AaHUX Yepe3 CUCTEMU 3B’A3KY

GNSS i GSM Ta iHTerpauii oTpuMmaHux pe3ynbTaTiB Yy mnporpamHe
3abe3ne4vyeHHsA umndpoBoro 3emnepobcTBa. EkcnepumeHTanbHi
BUMIipIOBaHHA TBepAOCTi I'PYHTY npoBoAunucs Ha

cinbcbKorocnogapcbKomy noni 3 BUKOPUCTaHHAM cucteMu Bigbopy npo6 3a
perynsipHoto ciTkoro. OTpumaHi aaHi 6ynu obpobneHi Ta Bi3yanizoBaHi y
BUrnaai umdpoBuX KapT YLWiNbHEHHA FPYHTY Ta iHTerpoBaHi B nporpamHe
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cepepoBuwe AFS Software. lMonboBi AocnimkeHHA npoBOAUNUCA Ha
AinsHUi, sika obpobnsieTbcs 3a TexHonorieo no-till ynpogox 20 pokis
6e3nepepBHOro BUKOpPUCTaHHA. 3a pe3ynbTtatamMu 14  KOMMNEKCHUX
BMMiplOBaHb BEPTUKaNbHOro npodinto rpyHTy BCTAHOBIEHO, WO NOKa3HUKMN
TBEpPAOCTi I'PYHTY Ha rMubuHi no 40 cm nepebyBanu B Mexax onTMManbHOro
AianasoHy Ansi po3BUTKY KOpeHeBOi cucTtemu pocnvH (o 3500 kMa).
OTpumaHi pe3ynbTaT¥ [AEMOHCTPYIOTb, WO BUKOPUCTaHHA UUdpoBoro
neHeTpomeTpa y NOEAHAHHI 3 reonpocTopoBO0 06POOKOI0 AaHMX [03BONSAE
edpeKTMBHO OLiHIOBaTU MPOCTOPOBY MIHMUBICTbL YLLiNbHEHHA FPYHTY Ta
nNigTPMMyBaTM MNPUAHATTA OOGIPYHTOBaHMX PpilleHb LWOAO NPOBeAEeHHs
TEeXHONOri4yHMX onepawit o6poGiTKy I'pyHTY.

Knwuogi cnosa: coHsAmHUK, THQPOBUI MEHETPOMETpP, VIIUIBHEHHS IPYHTY, TOUYHE
3eMJ1epo0CTBO, IU(POBE 3eMIIEPOOCTBO, T€OMPOCTOPORI J1aHi
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