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1 Introduction 

Soil is one of our most fundamental resources: it determines agricultural productivity, food 

security, biodiversity, and a range of ecosystem services, including carbon sequestration and climate 

regulation. However, soil degradation is already significant across many parts of Europe. Due to 

intensive cultivation, heavy machinery use, insufficient organic matter replenishment, chemical inputs, 

and an increasingly extreme climate, soils are experiencing accelerated losses of organic matter, 

structural decline, and reduced biological activity. The Pannonian region is particularly affected — 

drought periods, water scarcity, and the continental climate force farmers to adapt while facing 

continuous production and profitability pressures. 

The question is no longer whether agricultural practices need to change, but how we can 

regenerate soil life while remaining competitive. Regenerative agriculture provides an answer to this 

challenge: it encompasses management practices that restore soil functions, build on ecological 

processes, and remain economically viable in the long term. The Soil4Nature project was launched to 

make this approach tangible through practical demonstrations and to provide scientifically grounded 

evidence for its benefits under real farming conditions. 

Soil4Nature is implemented under the Interreg VI-A Hungary–Slovakia Programme between 1 

July 2024 and 31 December 2026, with a total budget exceeding EUR 571,000. The project aims to 

compare different tillage systems, cover crop mixtures, and agrotechnical solutions to demonstrate that 

regenerative approaches can deliver not only environmental but also financial benefits for farmers. 

The project strongly relies on participatory research: farmers are not merely observers but active 

participants and data owners in the experiments. Furthermore, Soil4Nature focuses on knowledge 

transfer (to farmers, advisors, and students), supporting practical transitions, and developing 

transparent, local decision-support systems based on real-time data. 

The consortium consists of four partners are Bioeconomy Cluster – project coordination and 

communication, Discovery Center – soil monitoring and digital farm concept, PD Krakovany-Stráže – 

Slovak pilot implementation and Agro-Mark Ltd. – Hungarian pilot implementation. The project’s 

core strength lies in the combination of research expertise and hands-on farming experience. Its goal is 

not to produce theoretical results, but to generate practical, directly applicable knowledge and 

guidance for farmers in the Pannonian region — supporting a sustainable and regenerative transition. 

  



2 Experimental methodology – Monor 2024-25 

The Hungarian experimental site, as well as the professional expertise and implementation 

required for cultivation, are provided by Agro-Mark Ltd., located in Monor. On the field situated at the 

outskirts of the town, two tillage methods and four categories of cover crops were examined. 

 

1. figure Experimental field at the outskirts of Monor 

The setup of the experiment began with soil sampling and the examination of three drilled soil 

profiles. The area has a slight slope, which was also reflected in the profiles; however, no significant 

differences attributable to the inclination were observed. 



2.1 Tillage methods 

The field was divided lengthwise into two sections using the min-till and strip-till cultivation 

methods. In July 2024, straight-blade loosening was carried out across the entire field, followed by 

light disc harrowing. Subsequently, in November, soil preparation for spring maize sowing was 

performed on one-half of the field using the strip-till implement purchased for the project. 

 

2. figure Tillage methods on the experimental field 

2.2 Cover crop treatments 

In August 2024, a cover crop mixture was sown across the entire field, consisting of spring 

oat, phacelia, Ethiopian mustard, oil flax, and crimson vetch. It should also be noted that there was a 

strong volunteer growth of winter wheat on the site. In November, herbicide treatment was applied to 

establish the distinct cover crop plots. For each tillage method, four categories were set up: dicot, 

monocot, cover crop–free, and mixed (mono- and dicot). 

The regulation of the cover crops was carried out using herbicides, as the aim was to apply a 

method that can be implemented easily in practice, with sufficient precision but without excessive 

time requirements. However, it should be noted that as a result, in the “cover crop–free” plots, dead 

plant residues from the total herbicide treatment remained on the surface, providing a certain degree of 

soil cover. 



 

3. figure Cover crop combinations on experimental field 

2.3 Soil sensors 

One of the main and most innovative elements of our experiment is the wireless soil sensor 

system. Each sensor consists of two units that measure soil moisture, temperature, and electrical 

conductivity at different depths. The collected data are transmitted to a receiver station located at the 

edge of the field, from where they are forwarded to an online database. The sensors were installed in 

November 2024 on the Monor field.  



 

4. figure Soil sensors’ locations on experiment field 

Two sensors were installed in each plot at depths of 30 and 60 centimetres. The soil-embedded 

probes provide updated data on a daily basis. 

 

5. figure Soil sensors and their installation 



2.4 Online overview interface 

The project’s dedicated website features a dashboard designed to visualise the experiment and 

the data collected by the soil sensors. Thanks to regular drone recordings of the field, vegetation 

development can also be monitored. In addition to time-filtered graphs, the platform allows for 

comparisons between different plots. The overview interface is still under development and not yet in 

its final form. 

   

 

6. figure Presentation of the Dashboard interface 

The Soil4Nature Dashboard is a publicly accessible online platform that collects, processes, 

and visually displays data gathered in the field. Its main functions are as follows: 

• Real-time data display: values measured by the sensors are continuously updated and shown in 

graphs and tables. 

• Time-series analysis: users can track the temporal evolution of measured parameters, helping 

farmers identify long-term trends.  

• Comparison between treatments: for example, the dashboard shows how soil moisture changes 

in strip-till versus conventional tillage plots. 



• Data export: the system allows data to be downloaded for further analysis or integration into 

decision-support tools. 

The dashboard is not merely a data visualisation tool but also serves as a decision-support 

system. It can assist farmers in determining, for instance, when irrigation might be needed or when 

sowing or nutrient application timing would be optimal. 

2.5 Krakovany - Slovakia 

The experiment in Slovakia is conducted in Krakovany with the professional expertise of the 

agricultural producers’ cooperative PD Krakovany-Stráže. The study examines the effects of different 

tillage methods and intercropping technologies across four fields. The paired fields are organised in 

two sets: in one set, maize was grown in 2025, while in the other, sunflower was the main crop. 

Within each pair, one field served as the experimental plot, while the other functioned as the control. 

2.5.1 Tillage 

In the two experimental fields, no-till and direct sowing technologies were applied. In contrast, 

the control fields were managed with conventional ploughing, soil finishing, and seedbed preparation. 

2.5.2 Intercropping 

On the no-till plots, an intercrop mixture consisting of pea, common vetch, and hairy vetch 

was used in association with the main crop. Such a mixture helps maintain soil cover, improves soil 

structure, and, as members of the legume family, these plants can fix atmospheric nitrogen, thereby 

enhancing soil nutrient content. 

2.5.3 Soil sensors 

In all four fields, sensors were installed at two depths: 30 and 60 cm. Three pairs of sensors 

were placed in the no-till fields with intercropping, and one pair was installed in each of the 

conventionally managed plots. Thanks to these sensors, up-to-date information is continuously 

obtained on soil moisture, soil temperature, and electrical conductivity. 

 

7. figure Experiment layout in Slovakia, Krakovany 

 



1. table Experiment layout explanation 

Field ID Soil preparation Cover crop 

1 No till Yes 

2 No till Yes 

3 Conventional No 

4 Conventional No 

 

  



3 Observations – first year 

3.1 Precipitation distribution 

The precipitation and temperature data presented were collected by a meteorological station 

located approximately 500 meters in a straight line from the experimental field. 

The total annual precipitation amounted to 445 mm, which cannot be considered a favourable 

amount. The situation is further aggravated by the fact that rainfall has been below average for several 

consecutive years. Over the past 4–5 years, the cumulative precipitation deficit corresponds roughly to 

the loss of one full year’s worth of rainfall.  

 

8. figure Temporal distribution of precipitation from October 2024 to October 2025 

During the maize growing season, from April to October, a total of 190 mm of rainfall was 

recorded. Of this, only 10.66 mm fell in June, which is particularly unfavourable for maize 

development. 

Unfortunately, the eastern part of the country, where the experiment took place, was 

characterised by this unfavourable rainfall pattern. In many cases, the few millimetres of precipitation 

quickly evaporated due to the windy location and intense sunlight. Similarly, when rain arrived in 

short, high-intensity bursts, the soil could not absorb it efficiently, as the infiltration rate was lower 

than the rate at which water reached the surface. Consequently, only a fraction of the total 

precipitation could be retained in the soil layers where it could serve as a long-term water reserve for 

the crop. 



 

9. figure Monthly precipitation totals, October 2024 – October 2025 

3.2 Temperature trends 

In 2025, the typical summer months were the warmest of the year. There were 57 days when 

the temperature exceeded 30 °C, and among these, 13 days when it rose above 35 °C. During the 

hottest period of the summer, a total of 96.76 mm of precipitation was recorded. 

 

10. figure Temperature trends, October 2024 – October 2025 



3.3 Values measured by soil sensors 

The following figure shows the soil moisture data recorded by the soil sensors from their 

installation in November 2024 until September 2025. The trends visible in the curves clearly 

correspond to the precipitation patterns shown in the rainfall distribution chart.  

 

11. figure Summary soil moisture diagram with all sensor values, November 2024 – September 2025 

In Figure 11, the soil moisture curves are shown by tillage category and sensor depth. The 

effect of the wetter spring period on the measured values can be clearly observed. 

 

12. figure Soil moisture values by tillage methods and measured depths 



 

13. figure Soil moisture trends at 30 cm depth 

At the point marked with an arrow in Figure 12, following a period of heavy rainfall, the 

sensors recorded the highest soil moisture in the strip-till plots with mono- and dicot mixtures and in 

the cover crop–free treatment, as well as in the reduced tillage area without cover crops. The lowest 

moisture content was observed in the min-till plot without cover crops. 

 

 

14. figure Soil moisture trends at 60 cm depth 



At a depth of 60 centimetres, higher soil moisture levels were observed throughout the entire 

monitoring period in the strip-till plots covered with mixtures and in both the cover–crop–free and 

uncovered min-till plots. The other zones showed lower soil moisture values in comparison. 

 

15. figure Soil moisture trends at 30 cm depth, April to September 

During the maize growing season (April to October), Figures 14 and 15 show soil moisture 

values at depths of 30 and 60 centimetres. In the shallower layer, among the reduced tillage plots, the 

area covered with monocot cover crops showed a greater decrease in soil moisture compared to the 

others. This pattern, however, was not observed at the deeper measurement level. 

 

16. figure Soil moisture trends at 60 cm depth, April to September 

 



3.3.1 Spring heatwave 

In the spring of 2025, a heatwave occurred, which was clearly detectable both by the 

meteorological station and the soil sensors. This period was particularly significant for the early 

development of maize. 

 

17. figure Temperature and precipitation values during the spring heatwave 

During the heatwave period, at a depth of 30 centimetres, the reduced tillage plots retained 

more moisture than the strip-till plots. At 60 centimetres, however, the situation was reversed, and the 

difference between the two tillage methods was even more pronounced. 

 

18. figure Soil moisture dynamics by tillage methods during the heatwave 



As a result of the heatwave, the 30-centimetre depth in the strip-till plots showed the highest 

temperature increase, while the 60-centimetre depth in the min-till plots warmed the least. The deeper 

layer of the strip-till and the shallower layer of the min-till plots exhibited nearly identical levels of 

warming. 

 

19. figure Soil temperature dynamics by tillage methods during the heatwave 

 

 

20. figure Soil moisture dynamics by cover crop types during the heatwave period 



Regarding the relationship between soil moisture and cover crops, during the rainy phase of 

the heatwave, the uncovered plots at a depth of 30 centimetres showed the highest moisture levels.  

The lowest moisture was recorded at 30 and 60 centimetres in plots covered with dicots and at 

60 centimetres in plots with monocot cover, with these values being nearly identical. 

At a depth of 30 centimetres, due to warming, the plots covered with dicots heated up the 

most, while those covered with monocots warmed the least. 

 

 

21. figure Soil temperature dynamics by cover crop types during the heatwave period 

  



3.3.2 Large amount of precipitation 

Between May 23 at 2 p.m. and May 24 at 3 a.m., a large amount of precipitation fell on the 

area. The intensity of this rainfall was favourable for the soil, allowing for effective infiltration and 

absorption. 

 

22. figure Development of the heavy rainfall event 

As expected, the different tillage depths responded in a predictable way to the soaking rain. At 

30 centimetres, soil moisture levels were nearly identical across treatments, and although the strip-till 

plots stored more moisture at the deeper depth, the difference between the two 60-centimetre layers 

did not change significantly. Among the cover crop categories, the uncovered plots showed the highest 

soil moisture values at both measured depths (Figure 23). 

 

23. figure Soil moisture dynamics by tillage methods following the heavy rainfall event 



 

 

24. figure Soil moisture dynamics by cover crop types following the heavy rainfall event 

 

 

25. figure Soil moisture changes following the heavy rainfall event, by experimental plots at 30 cm 

depth 

Among the soil moisture values measured at 30 centimetres, the highest levels were recorded 

in the strip-till plots that were uncovered or covered with mono- and dicot mixtures, as well as in the 

uncovered plots within the min-till category. The uncovered plots showed a decline in soil moisture 

earlier than the covered ones. 



At 60 centimetres, the same three categories also displayed the highest moisture levels. 

In both depths, the plots covered with dicot species exhibited the lowest soil moisture values. 

 

26. figure Soil moisture development due to high rainfall in the experimental plots at a depth of 60 cm 

 

3.3.3 Intensive rainfall 

In cases of short-duration, high-intensity rainfall, the soil typically cannot absorb the entire 

amount of precipitation. The following graphs illustrate this process. 

 

27. figure Heavy rainfall over a short period 

During high-intensity rainfall, the tillage depths showed similar patterns to those observed 

during the soaking rain. The lowest moisture levels were recorded in the deeper layer of the min-till 

plots. Nearly identical moisture values were measured in the 30-centimetre layer of the min-till and the 



60-centimetre layer of the strip-till plots, while the highest soil moisture was observed in the shallower 

layer of the strip-till treatment. 

 

28. figure Effect of high-intensity rainfall by tillage categories 

 

 

29. figure Effect of high-intensity rainfall by cover crop categories 

In the comparison of cover crops, the uncovered plots absorbed the most rainfall at both 

measured depths. These were followed by the 30-centimetre layer of the plots covered with monocots. 

The lowest moisture levels were recorded at 30 centimetres in the plots covered with dicots. 



 

30. figure Effect of high-intensity rainfall by cover crop categories at 30 cm depth 

At a depth of 30 centimetres, only the uncovered strip-till plots and the reduced tillage plots 

covered with monocots showed a response to the high-intensity rainfall. At 60 centimetres, a 

significant change was observed in the soil moisture values of the strip-till plot without cover crops. 

 

31. figure Effect of high-intensity rainfall by cover crop categories at 60 cm depth 

  



3.4 Harvest 

The experiment was located in the left third of the field. The area marked in red, showing 

lower yields, is mainly the result of a soil patch. Therefore, it can be concluded that this section 

generally represents the less productive part of the field. 

 

32. figure Yield map of the entire experimental field 

In terms of yield, the areas covered with monocot species produced slightly better results 

compared to the other cover crop categories. 

 

33. figure Yield distribution by cover crop categories 

When comparing the four plots per tillage treatment, it can also be observed that the areas 

covered with monocots produced the highest yields, followed by the plots without cover crops. 



 

34. figure Yield distribution by experimental plots 

 

  



4 Conclusion 

When examining the heavy rainfall event, the strip-till plots showed slightly higher moisture 

levels than the reduced tillage plots, with a more pronounced advantage at greater depth. In terms of 

cover, the plots without cover crops absorbed the most moisture, followed by those covered with a 

mixture of mono- and dicot species. 

In the case of high-intensity rainfall, the strip-till plots without cover crops absorbed the most 

moisture. However, due to the exposed soil surface, this technology may create unfavourable 

conditions. The second-best category in terms of cover during the intense rainfall event was the 

monocot mixture. 

Regarding soil temperature dynamics, the strip-till plots warmed up earlier than those under 

reduced tillage. The 30-centimetre layer in the strip-till plots reached significantly higher temperatures 

than the same depth in the min-till plots. The 60-centimetre layer under strip-till warmed to nearly the 

same level as the 30-centimeter layer under shallow tillage. 

Considering the relationship between plant cover and soil temperature, the plots treated with 

the mono- and dicot mixtures warmed the most. This may lead to increased evaporation in the area; 

however, the warming effect can also support crop emergence by accelerating the early, slower growth 

phase of the cultivated plant. 

Although one experimental year does not allow for far-reaching conclusions, the observations 

suggest that strip-till had more favourable moisture retention and thermal properties than the min-till 

method. Over the course of the year, strip-till maintained higher soil moisture levels, including at the 

end of the vegetation period. 

At harvest, no significant differences in yield were observed. 

4.1 Preparations for the next experimental year 

A few days before the maize harvest, a new cover crop mixture was sown using a drone 

application. After the harvest, the field was rolled to support the germination of the cover crops. 

However, due to insufficient rainfall, this resulted in the plant residues that had previously covered the 

inter-row areas being blown away by the wind. Based on this experience, it is recommended that 

future rolling operations be timed according to weather conditions whenever possible. 


