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Abstract: Cereals in Europe are mainly grown with intensive management. This often leads to
the deterioration of the physical properties of the soil, especially increasing bulk density due to
heavy machinery traffic, which causes excessive soil compaction. Controlled traffic farming (CTF)
technology has the potential to address these issues, as it should be advantageous technology for
growing cereals during climate change. The aim of this study was to compare the yield potential of
CTF and standardly used random traffic farming (RTF) technology using yield maps obtained from
combine harvester and satellite imagery as a remote sensing method. The experiment was performed
on a 16-hectare experimental field with a CTF system established in 2009 (with conversion from a
conventional (ploughing) to conservation tillage system). Yield was compared in years when small
cereals were grown, a total of 7 years within a 13-year period (2009-2021). The results show that
CTF technology was advantageous in dry years. Cereals grown in the years 2016, 2017 and 2019 had
significantly higher yields under CTF technology. On the contrary, in years with higher precipitation,
RTF technology had slightly better results—up to 4%. This confirms higher productivity when using
CTF technology in times of climate change.

Keywords: CTF technology; cereal cultivation; yield potential; remote sensing; climate change

1. Introduction

Wheat and barley are the most cultivated cereals worldwide [1]. The situation is
similar in Slovakia, where wheat was grown on a total of 191,000 hectares and barley on a
total of 131,000 hectares in 2020 [2]. Wheat is thus the most cultivated cereal in Slovakia
followed by maize and barley.

Here, as well as in other countries (e.g., neighboring Bohemia), the vast majority of
cereals are grown in the conditions of so-called “intensive agriculture”, mainly in order to
increase the productivity of cultivated crops [3]. For this reason, the weight and dimensions
of agricultural machinery are also constantly increasing, and this development will continue
to achieve increasing demand for technical performance and productivity [4]. According to
Keller et al. [5], the wheel loads of combine harvesters have increased six times since 1960
and the wheel loads of tractors four times since 1955. In addition, wheel loads increase faster
than the tire-soil contact area [6]. Both in the past and now, many published studies have
shown a negative effect of soil compaction on soil structure and soil functions—e.g., [5,7-9].
Bluett et al. [9] also state that one of the main problems in mechanized crop production
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systems is that compaction reduces soil porosity, increases soil strength, impedes root
exploration, reduces fertilizer and water use efficiency and increases the risks of soil water
erosion. Soil compaction is also considered as one of the causes of the yield stagnation
observed in many European countries [5].

Controlled traffic farming (CTF) technology, which protects most of the field cropped
area by restricting all traffic to permanent traffic lanes, is a well-known but still underused
solution to these problems [9,10]. This is possible by matching the track gauges of machinery
and using highly accurate satellite navigation to keep the machinery at these traffic lines
for all field operations. Various modifications of this technology suitable for practical
application are known. In Australia, the track gauges of machinery are adjusted to 3 or
2 m (e.g., ([10-12]). Where this is not possible, the OutTrac or AdTrac modifications of
this technology are used as compromises where the track gauges of the machines used
are practically not adjusted (e.g., [10,13-16]). The implementation of CTF systems is easier
together with the adoption of minimum- or zero-tillage technologies [10].

Moreover, Lemaire et al. [17] state that agricultural science must overcome an apparent
contradiction between the necessity to improve agricultural systems’ productivity and
prevent degradation and restore the environment. Additionally, from this point of view,
CTF technology is advantageous because it has, among other things, the potential to
mitigate greenhouse gas emissions [3,18]. The motivation for the greater dissemination
of CTF technology is also supported by studies focusing on the positive impact of this
technology on crop yields and production economics [19-21].

The effort to increase or maintain stable yields and the economy of production is even
more evident in the current climate change situation. According to the Working Group I
contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, global climate change is pointed out as the main reason for frequent variations in
precipitation patterns [22]. There are many published studies which looked at the effect of
soil compaction and precipitation on yield in different tillage technologies (e.g., [21,23,24]).
Reduced soil tillage technologies seem to be advantageous from the point of view of a
higher variation of precipitation, even though a lower yield is expected in the first years
after conversion from tillage technologies with plough [25].

Modern methods of remote sensing can be used to assess the suitability of imple-
mented tillage technologies. Remote sensing methods can be used to assess the historical
development of crop vigor and yield potential. Remote sensing is a non-destructive method
of surface sensing usable for sensing the properties of cereal crops [26-28]. Freely available
remote sensing data in the visible spectrum can be achieved from the Landsat and Sentinel
2 satellite missions. Landsat satellite images can be used in a historical context because the
individual satellite missions follow each other [29]. The Sentinel 2 satellite mission from the
program Copernicus of the European Space Agency also follows on the Landsat satellite
mission from the range-wavelength-spectrum-used point of view [30]. The problem may
be moderate spatial resolution (30 m) and the subsequent generalization of information;
however, Kumhélova et al. [31] used images from the Landsat satellite on an 11-hectare plot
with to monitor grains good results (winter wheat and oat). The Normalized Difference
Vegetation Index (NDVI), which is ranked among the most popular vegetation indices
(e.g., [32-34]), can be calculated from the data obtained from both of these satellite missions.
The NDVI calculation is based on the reflectance ratio in the red and near-infrared bands,
e.g., as in [35].

As this literature review suggests, CIT technology can be advantageous as a technol-
ogy that improves the physical properties of soil with a positive effect on yields even in
times of global climate change, and these effects can be assessed using satellite imagery.

The main aim of this study, therefore, is a multiannual comparison of crop vigor and
soil/yield potential in cereal production at areas farmed under CTF and RTF technology
with soil conservation tillage. This comparison was made in an experimental field for
years with different courses of precipitation in the growing season of cereals using satellite
imagery with the support of yield maps when available. The scientific hypothesis which
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this work tries to answer is that CTF technology is an advantageous technology for growing
cereals in times of climate change and brings yield stability even in dry years.

2. Materials and Methods
2.1. Field Management

To be able to evaluate the differences between the two traffic management systems, the
university farm of the Slovak University of Agriculture in Kolinany, Slovakia was selected.
The management of the 16-hectare experimental field “Pri Jeleneckej ceste” (48°22'16.97" N,
18°12/25.43" E) was converted into controlled traffic farming (CTF) in 2009. (Figure 1).
Based on the soil classification with the BPE] units, soil at the experimental field is classified
as loamy soil [36].
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Figure 1. Study site of CTF experimental field “Pri Jeleneckej ceste” in Kolitiany—Slovakia.

The elevation data were bought from Eurosense and processed to the digital elevation
model (DEM), slope model and topography wetness model (TWI) in ArcGIS Pro version
2.8.3 and QGIS version 3.16 SWs according to the methodology described in [31,37,38]. The
DEM showed that the field elevation was between 196 and 212 m above sea level (a.s.l.).
The field exhibited a downward slope from east to west, which ranged between 3% and 7%.

The experimental field was converted from the traditional RTF system into CTF in
2009 (intensive tillage with ploughing was converted to the minimum-conversation tillage
system too). An “OutTrac” CTF system with 6m module [39] was implemented—Layout of
machinery traffic is provided in Figure 2. The OutTrac CTF system uses two track gauges on
the same centerline. One gauge matches the common standard on tractors and implements
used, and the other matches the combine harvester used.

This enabled the use of machinery available on the farm without the need for mod-
ification, which therefore had no impact on the costs associated with the experimental
design. This approach was also chosen to represent a “low cost of conversion” scenario
likely to be adopted by growers in Central Europe. This traffic system results in 36.2% (see
Figure 2) of the area tracked. Details on the experiment layout can be found in the work of
Galambosova et al. (2017) [15].
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Figure 2. Tramlines (size in meters) of used machines without adaptation of track width (CTF—

experimental field in Kolinany).

In order to simulate the RTF system on the same field, the three band areas were
introduced in 2010, according to the real conditions in practice (proportion of field traffic
intensity in the RTF system—as states Kroulik et al. [40]). These advisedly created areas
(named as RTF strips, Figure 3) represent the RTF system with machine-introduced com-
paction. These 25-meter-wide strips (whose areas vary from 0.8 to 0.85 ha) are created by
the wheel-by-wheel traffic of tractor JD 8230 with the RTK guidance system (tractor weight
9673 kg; inflation pressure of tires 2.0 bar) at a right angle to the direction of CTF lines, once
pre year, after harvest and annually from 2010.
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Figure 3. Pattern of experimental field (areas of CTF system: CTF1, CTF2, CTE3, CTF4; and areas of
RTF system = RTF strips labeled as RTF1, RTF2, RTF3).
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Considering the main requirement of the CTF [41] to be combined with conservation
tillage technologies, shallow tillage has been used at the field since the 2009. The last
deep-tillage operation was conducted using a subsoiler at a 350-millimeter working depth
in the previous autumn of 2008. This was performed to remove compaction in the upper
part of the soil profile. Details on machinery used for operations at the experimental field
are provided in Table 1.

Table 1. Overview of machineries used for field operations.

Operation Tractor Machine Implement

Seedbed p reparation John Deere 8230 Lemken Rubin 6 m, disc harrow

Stubble tillage

Sowing John Deere 8100 Lemken Solitair 6 m, seeder

Chemicals/fertilizer Agio NAPA, 24 m, sprayer/Amazone ZA m 1500,
. NH T6070

application 24 m, spreader.

Harvest Claas Lexion 480 and 600, John Deere 760i; both with yield

monitoring system

2.2. Crop Rotation and Climate Conditions

For solving defined hypothesis, only the cereals growing seasons were selected. Infor-
mation about crops and satellite images are in Table 2. In 2009, the yield was not measured
during the harvest by yield monitoring system at combined harvester, only data from
farmer’s records are available—this is weighted harvested mass. Therefore, the standard
deviation is not available for this year. Crops and varieties were selected by the agronomist
based on the farmer ‘s best practice. Only the years, which are concretely compared in
Results and Discussion section, were taken into account (since 2009).

Table 2. Overview of satellite images with information about crops (crop, variety, sowing date,
harvest date and average yield in t-ha~! with standard deviation).

Date of Satellite

Satellite

Average Yield  St. Dev.—Yield

Images Platform Crop Sowing Date Harvest Date (t-ha-1) (tha-1)

16 June 2009 L5T™M Spring barley cv. Kango 27 March 2009 23 July 2009 5.0 -

22 June 2011 L5 T™M Winter wheat cv. Augustus 22 October 2010 16 July 2011 6.2 1.7
23 June 2014 L8 OLI Spring barley cv. Kango 6 March 2014 11 July 2014 4.8 0.9
19 June 2016 L8 OLI Winter wheat cv. HYFI 13 October 2015 12 July 2016 7.9 1.6
30 May 2017 L8 OLI Winter barley cv. Wintmalt 30 September 2016 26 June 2017 6.7 15
12 June 2019 S2 MSI Winter wheat cv. RGT Reform 3 October 2018 16 July 2019 7.8 1.2
16 June 2021 52 MSI Spring barley cv. IS Maltigo 11 March 2021 20 July 2021 3.0 12

L5 TM—Landsat 5 Thematic Mapper; L8 OLI—Landsat 8 Operational Land Imager; S2 MSI—Sentinel 2 Multi-
spectral Instrument.

Monthly average precipitation throughout the assessed period (2009-2021) focused on
the main vegetation season (March-July) is displayed in Figure 4. Data were obtained from
the meteorological station situated in the university farm, Kolinany, and from the Slovak
Hydrometeorological Institute [42].
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Figure 4. Monthly average precipitation throughout the assessed period of time (2009-2021) focused
on the main vegetation season (March-July).

2.3. Satellite and Yield Data

The experimental field was monitored from 2009 onwards by satellite images. Only
images related to selected years with barley and wheat were processed and analyzed. The
overview of selected satellite images is given in Table 2. The images were downloaded
from the USGS archive (https:/ /earthexplorer.usgs.gov/; access date: 30 November 2021)
and Open Access Hub of the ESA Copernicus program (https://scihub.copernicus.eu/dhu
s/#/home; accessed on: 30 November 2021) in L2 format (with atmospheric correction).
Normalized Difference Vegetation Index (NDVI) was calculated for each of these images in
ENVI 5.6.1 SW [43] and SNAP 8.0.7 SW [44].

Yield was measured by combine harvesters equipped with yield monitor from 2011,
2014, 2016, 2017, 2019 and 2021. CLAAS Combine harvesters with optical yield sensor
(DGPS precision of spatial position) were used in all seasons with exception of the year
2019, when a John Deere combine harvester with impact force yield sensor (RTK precision
of spatial position) was contracted to measure the yield variability.

Yield data were processed using ArcGIS Pro 2.8.3 SW [45] by common geostatistical
methodology (detail in [46]) on the resulting kriging maps. Because two crops (wheat and
barley) were taken into account, yield and NDVI were converted to the relative values, and
frequency maps were calculated. The frequency maps (FM) of both yield and NDVI were
created with the help of the Cell Statistics tool by setting the maximum values of pixels.
The calculation of relative yield and NDVI values was based on the ratio of individual pixel
values and average value of the plot multiplied by 100 to be expressed in relative values
(%). The resulting maps could then show places with potential maximum vigor in the case
of NDVI and yield in the case of yield maps.

The statistical analysis of data sets was processed in software TIBCO Statistica ver.
13.5.0.17 (software developed by TIBCO Software Inc., Tulsa, OK, USA). It was a mainly
statistical analysis, which specifically used the ANOVA tool and Tukey’s HSD (honestly
significant difference) test at the significance level 0.05.
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3. Results

As was proposed in the methodology, in order to compare CTF and RTF technology
during the 6 years, yield and NDVI values were determined for the monitored locations.
The summary statistics of resulting relative yield, relative NDVI expressed in percent
for selected years (since 2009) and individual types of management (CTF and RTF) are
given in Table 3. The summary statistics of resulting frequency maps for NDVI, yield and
topography wetness index and individual types of management system (CTF and RTF) are
reported in Table 4.

Table 3. Summary statistics of resulting relative yield in % and relative NDVI (N) in % for selected
years (Y) and individual types of traffic management (Var). Tukey HSD test of homogenous groups
[1,2,... ], «=0.05.

Mean Median St. Dev. Max Max-Min
Year Var
Yield N Yield N Yield N Yield N Yield N
CTF1 [6-12] - 101.8 - 100.4 - 6.7 - 118.7 - 35.3
CTF2 [3-8] - 101.4 - 100.2 - 6.1 - 119.1 - 35.7
CTF3 [3-8,10] - 101.2 - 100.1 - 5.8 - 117.2 - 33.8
2009 CTF4 [2-7] - 101.0 - 100.1 - 5.8 - 118.3 - 37.1
RTF1 [3-13] - 101.0 - 99.9 - 5.7 - 116.9 - 35.2
RTF2 [2-12] - 101.0 - 99.9 - 5.7 - 117.9 - 36.9
RTF3 [2-11] - 100.9 - 101.3 - 5.7 - 118.5 - 373
CTF1 [2-4] 90.0 99.3 89.4 98.0 16.5 13.7 135.8 127.4 81.9 58.8
CTF2 [4-12] 94.0 99.8 949 98.0 18.1 12.8 148.1 133.5 87.1 62.3
CTF3 [8-16] 96.7 100.7 99.3 98.0 17.5 12.3 149.1 134.9 89.3 63.7
2011 CTF4 [9,12-16] 97.6 101.1 99.5 98.7 17.4 12.2 144.9 127.4 91.0 59.2
RTF1 [2-13] 97.9 101.1 99.6 98.7 17.4 12.0 145.7 128.1 88.5 59.9
RTF2 [3-15] 98.4 101.1 99.9 98.7 17.4 11.9 146.8 127.2 88.9 57.5
RTF3 [12-16] 99.0 101.3 100.2 98.7 17.4 11.8 145.1 127.8 90.8 58.6
CTF1 [2,3] 91.9 98.3 914 99.3 15.2 7.3 141.2 113.1 85.4 33.0
CTF2 [7-13,15] 95.4 99.4 975 101.4 15.1 7.0 145.3 112.9 89.5 335
CTE3 [16] 98.1 101.0 100.2 102.8 15.1 7.3 1449 117.8 88.7 37.7
2014 CTF4 [7-16] 98.0 101.2 99.7 102.9 15.4 7.1 149.4 119.7 93.6 36.9
RTF1 [2-8] 98.1 101.1 99.7 102.7 15.2 7.1 150.1 118.7 94.4 38.1
RTF2 [13-16] 98.6 101.4 100.5 102.9 15.0 7.0 151.2 118.2 93.8 37.1
RTF3 [9,11-16] 98.7 101.6 100.4 103.0 15.0 7.0 151.7 119.0 93.9 379
CTF1 [6-12] 101.1 101.8 103.3 100.9 19.1 45 143.1 114.9 141.6 26.9
CTF2 [2-5] 101.0 101.1 103.3 100.6 19.0 42 139.9 114.7 138.4 27.1
CTF3 [2-4] 101.1 100.6 103.3 100.3 19.1 4.1 141.9 115.4 140.5 27.3
2016 CTF4 [2-4] 100.8 100.3 103.2 100.0 18.9 4.1 136.6 114.7 135.2 28.8
RTF1 [2-12] 100.8 100.3 103.2 100.1 18.9 4.0 135.0 116.1 133.6 29.1
RTF2 [2,-6] 101.0 100.2 103.3 99.9 19.1 4.0 141.6 113.8 140.2 29.9
RTF3 [2-8] 100.5 100.1 103.0 99.9 18.7 4.0 132.0 114.5 130.5 30.1
CTF1 [5-12] 105.3 101.4 107.8 101.5 10.9 2.2 1229 106.0 64.9 15.4
CTF2 [2-7] 105.5 101.0 107.4 101.0 10.4 2.3 123.2 105.9 65.1 15.7
CTF3 [3-7] 105.8 100.8 107.1 100.8 10.3 2.3 127.1 106.3 69.1 24.0
2017 CTF4 [2-4] 104.8 100.5 106.2 100.6 10.9 24 126.9 105.7 68.8 25.1
RTF1 [2-8] 104.7 100.4 106.3 100.5 11.0 2.4 128.0 104.9 69.3 239
RTF2 [2-8,10-12] 104.8 100.4 106.4 100.5 10.9 2.5 127.3 107.0 65.7 25.0
RTF3 [2-11] 104.9 100.3 106.3 100.4 10.8 24 127.5 105.8 69.5 24.1
CTF1 [5-12] 104.5 101.0 105.1 101.4 12.7 1.8 157.4 103.7 116.3 14.7
CTF2 [2-4] 103.7 100.5 104.4 101.2 13.1 3.4 158.3 104.1 117.7 35.3
CTF3 [2-6] 102.8 100.4 103.5 101.3 13.2 4.0 155.1 103.5 118.1 36.1
2019 CTF4 [2-8] 101.9 100.5 102.8 101.4 13.3 3.8 158.0 104.2 123.8 35.8
RTF1 [2-7] 101.9 100.5 102.7 101.3 13.3 3.7 157.6 103.9 123.1 35.1
RTF2 [2-7] 101.9 100.4 102.8 101.3 13.3 3.8 155.9 105.0 122.9 37.2
RTF3 [2-13] 101.8 100.5 102.7 101.4 13.2 3.8 158.3 104.6 123.5 349
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Table 3. Cont.
Mean Median St. Dew. Max Max-Min
Year  Var
Yield N Yield N Yield N Yield N Yield N
CTF1[1] 93.8 93.4 93.0 93.5 34.0 21.2 175.9 135.8 176.2 98.4
CTF2 [5-13] 97.5 95.8 96.6 96.4 344 211 198.1 1414 198.4 104.0
CTF3 [14,16] 102.7 98.3 99.3 97.7 35.5 20.8 203.1 139.9 203.4 103.9
2021  CTF4 [14-16] 102.7 99.4 99.9 99.3 354 20.7 202.9 142.1 202.9 104.2
RTF1 [1,2] 102.0 99.1 98.9 98.8 35.7 20.7 203.5 140.9 204.0 107.0
RTF2 [9-16] 102.5 99.4 99.3 98.9 35.9 20.7 200.9 141.2 203.6 106.5
RTE3 [8-16] 103.1 99.7 99.8 98.9 35.8 20.5 204.0 143.1 202.8 108.1
CTF—Controlled Traffic Farming; RTF—Random Traffic Farming; St. Dev.—Standard Deviation.
Table 4. Summary statistics of resulting frequency maps (FM) for NDV], yield and topography
wetness index (TWI) and individual types of management system: controlled traffic farming (CTF)
and random traffic farming (RTF).
Parameter FMNDVI FMYield TWI FMNDVI FMYield TWI  FMNDVI FMYield TWI  FMNDVI FMYield TWI
CTF1 CTF2 CTF3 CTF4
Mean 110.0 118.1 46 110.0 119.1 46 1107 1214 47 1109 1212 49
Median 107.2 1144 47 106.7 114.6 46 106.9 1149 47 107.2 1151 48
St. Dev. 8.9 15.6 11 9.4 17.1 1.0 103 20.1 1.1 103 202 12
Max 138.2 179.5 72 1382 198.1 7.2 1405 203.1 7.2 140.5 203.1 7.6
Max-Min 40.4 93.3 5.8 40.4 1119 5.8 427 116.9 5.8 427 1267 6.2
RTF1 RTF2 RTF3
Mean 110.7 121.0 438 110.8 1213 48 1109 1215 48
Median 106.9 1149 47 106.9 115.0 47 107.1 115.1 47
St. Dev. 104 20.1 12 105 20.3 12 10.6 205 12
Max 140.5 203.1 7.6 1405 203.1 7.6 1405 203.1 7.6
Max-Min 427 126.7 62 427 126.7 62 427 126.7 62

As a first monitored crop, spring barley, middle-late variety Kangoo with a high
lodging resistant, was grown in the experimental field in 2009. The results describe a
situation before the three band strips were established. The yield data are available only as
an average weighted value for the whole plot, not for the combine harvester. The crops
were evaluated only by NDVI from the latest Landsat 5 image, when the crop was green
(16 June) in the growth stage “development of grains” (see Table 2). The weighted yield
reached 5.0 t-ha~!, the highest yield from the overview of spring barley.

As a third crop after CTF introduction to the field, winter wheat of the variety Augustus
was grown in 2010/2011. The yield data were measured by the yield sensor of the combine
harvester used. The crops were also evaluated by NDVI from Landsat 5 taken on 22 June,
when the crop was in the growth stage related to the “development of grains” (Table 2).
The measured yield of 6.2 t-ha~! was the lowest for winter wheat crop during the selected
years. Nevertheless, the standard deviation (1.7 t-ha~!) was the highest in comparison with
other years.

Cereal production was also assessed for the year 2014. Here, spring barley, of the
middle-late variety Kangoo was grown. The yield measured by the yield sensor of the
combine harvester was relatively low in comparison with other years with the same crop;
the weighted yield reached the average value of 4.8 t-ha~!. The stand of the crop was
evaluated by NDVI from Landsat 8 acquired on 22 May that related to the growth stage of
heading.

Cereals were grown at the experimental field again in 2016. In this season, winter
wheat, of the early variety Hyfi, was grown. The measured yield had the highest values
(7.9 tha~!) in comparison with other years with winter wheat. Nevertheless, the experi-
mental field was evaluated by NDVI from Landsat 8 image acquired on 19 June (growth
stage “development of grains”).
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The following year, 2017, winter barley, of the middle-late variety Wintmalt, was
grown. The measured yield reached values of 6.7 t-ha~! with average standard deviation
(1.5 t-ha~!) in comparison with other years. The field was evaluated by NDVI from Landsat
8 image acquired on 30 May during the flowering growth stage.

In the 2019 winter wheat, of the late variety RGT Reform, was grown. In the 2019, the
measured yield was on average 7.8 t-ha~! with the lowest standard deviation of 1.2 t-ha™!
in comparison with other years with winter wheat. The NDVI image was taken on June 12
from Sentinel 2 during the flowering growth stage.

The last assessed crop, spring barley, of the variety Maltigo, with a high resistance to
lodging and drought, was grown in 2021. NDVI was calculated from a Sentinel 2 image
acquired on 16 June in the growth stage “development of grains”. The measured resulting
yield was then only 3.04 t-ha~! with the same standard deviation as in previous year,
12tha !,

4. Discussion

This study discusses the effect of CTF technology (in this study referred to as CTF
areas) compared with RTF technology, which is practically field traffic-conducted randomly
on the whole field area (referred as RTF strips). This was able to be accomplished due to the
fact that a field-scale experiment with CTF technology implemented on the whole field was
used. To show the differences with random traffic, three strips run across the CTF traffic
lines were annually compacted. This layout perfectly enabled us to see the differences
between the two technologies compared for one field with specific soil, water and climate
conditions. This study shows results from six growing seasons with cereals production. So,
the effect of climate and season is shown as well. As the final yield was affected by all the
yield factors, weather/water conditions are first discussed in the text.

The highest yield value in 2009 was probably a response to a rainy June. Nevertheless,
April and May, during the growth stage tillering and stem elongation, performed very
poorly in terms of precipitation (see Figure 4). This could lead to higher relative mean
and median NDVI values in CTF areas than in the RTF strips, except for area RTF3, where
the value was lower because of a higher TWI value (see Tables 3 and 4). These relative
NDVI values are the result of the state of the stand at the end of a rainy June. The stand
seemed vital but was affected by limited growth in previous growth stages. One of the
characteristics of this variety is its moderate ability to tillering, especially in worse growth
conditions. On the other hand, the wetter RTF3 plots showed an excess of water and a
decrease in NDVI values in the soil with compaction caused by machinery. These statements
are in agreement with Kuznetsova et al. (2009) [47], which describes that the higher and
longer the pressure exerted on the soil surface with the degree of soil moistening was, the
higher the soil compaction and decreasing yield values. Lipiec et al. (2003) [48] mentions
that moderately compacted soil could lead to increasing the crop yield; nevertheless, the
yield then decreases with further soil compaction. It especially depends on variables such
as initial soil compactness, weather and soil type. CTF areas had higher relative values and
a lower difference between the maximum and minimum than the RTF strips, indicating
higher variability.

The low relative and measured yields in 2011 with relatively high standard deviation
were probably the result of a dry April during crop tillering and unfortunately was not
affected by the average precipitation in May and the high total precipitation in June.
The Augustus variety unfortunately has a moderate lodging resistance and moderate
resistivity to powdery mildew, rust fungus and fusarium, which usually develop during
wet conditions. CTF areas had lower relative values of NDVI than RTF areas. Standard
deviation of yield and NDVI in CTF areas were significantly higher than in RTF strips,
except those of the CTF1 parcel. This exception could be caused due to the response of the
wheat crop to excessive amounts of water; on the CTF1 plot, lower values of the maximum
yield value and the difference between the maximum and minimum were also found for
yield data. The same situation occurred in 2019, also with wheat stands.
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The year 2014 was rich in rainfall with a regular amount of each month during the
main growing season (Figure 4). This was reflected in lower mean and median relative
yields and NDVI values in the CTF plots than in the RTF strips. CTF areas showed higher
standard deviation and lower maximum values than RTF areas. This year, which was rich
in rainfall, could have led to excessive water accumulation in this relatively moist plot
and a consequent reduction in yield. Likewise, the variety is only moderately resistant to
powdery mildew, wheat rust and chaff rust.

In 2016, precipitation had an uneven distribution, with April being relatively dry but
significant rainfalls in May and June. CTF areas had a relative higher yield and NDVI
mean and higher standard deviation than RTE, which corresponds to the distribution
of precipitation during the main growing season. The tillering in April was affected by
drought, which showed higher variability in CTF areas as a result. However, the higher
mean values of NDVI in CTF plots corresponded to the good condition of the stand on the
day of scanning. The variety Hyfi has a very high tolerance against drought and lodging,
a moderately high resistant to all common diseases and high ability for tillering, which
was reflected in high resulting yield. Georgi et al., 2017 [49] mention that only satellite
images of selected vegetation stages should be used to model yield parameters. During
the early phenological stages, basic formulas for yield estimation can already be formed,
and they reflect spatial differences in the distribution of water and nutrients in the soil.
These differences are usually noticeable in satellite images. However, in our study, satellite
images from later phenological phases (from heading to development of grains phase) were
used, which is consistent with Vallentin et al. (2020) [50], who used a research methodology
based on combining soil information, relief structures and multi-temporal satellite data
(NDVI) for modeling the zone of wheat field. After the milk grain growth phase, when
vitality decreases and the crop matures [51], the information from the satellite images is no
longer relevant and usually does not correlate with the yield information [50].

The stand of winter barley, of the variety Wintmalt with a high tillering ability, in year
2017, was affected by higher rainfall in April during the growth phase of tillering and a
significant drought in May and June. This was reflected in CTF plots with significantly
higher yields and NDVI mean and median values, and on the contrary, a lower standard
deviation than RTF plots. This is related to the lowest relative values of the maximum for
yield and NDVI and the difference between the maximum and yield. CTF areas showed
lower values than the RTF strips. As was described in Knoblauch et al. (2017) study [52],
yield is the result of crop growth throughout the growing season and is a response to
meteorological conditions in critical growth stages.

Compared to the previous year, the course of total precipitation in 2019 was the
opposite—April was very dry, but in May and June there was significant precipitation.
Probably due to the lack of water in the growth stage of tillering, the relative mean and
median yield values were higher for CTF plots. Although the winter wheat variety RGT
Reform has a high ability of tillering, it also has a moderate drought tolerance. The mean
and median NDVI values showed balanced values for both CTF and RTF plots in that
time period due to high precipitation totals in June. The NDVI image was taken on June
12 from Sentinel 2 during the flowering growth stage. CTF areas had a lower standard
deviation and difference between the maximum and minimum yield than the RTF strips.
Liu et al. (2022) [53] focused on combinations of soil compaction, crop growth and yield
factors of spring wheat in contrast to weather impact. The two-year experiment showed the
importance of water availability during crop growth, and more precisely, they showed that
during drier seasons soil with higher bulk density and higher moisture content can bring
higher crop yields in mean values than soil with low bulk density and moisture content for
all evaluated varieties. On the other hand, seasons with higher precipitation in combination
with high bulk density and low moisture content showed lower crop yield in mean values
for the varieties Alderon, Dala, Diskett, Quarna and Rohan, and variants with low bulk
density and high moisture content were found to have higher average yields by Bjarne,
Boett, Dacke and Happy varieties. This means that not only does the influence of weather
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and soil conditions affect crop yields, but overall combinations, including the selected
variety, have an impact on yields as well. Another study by Tari (2016) [54] stated that
wheat is sensitive to the water access, and lower water supplies may result in lower yields.
This is in agreement with a study by Chyba (2013) [55] where winter wheat (Ludwig) had
lower yields during dry season (mainly in crop growth stage BBCH 70-89) in the case of the
non-compacted variant (CTF), while the compacted variant (random traffic) had slightly
higher yields. This was explained by the soil water potential (SWP); while non-compacted
soil was able to hold the water level for several days, compacted soil maintained this level
by more than twice as long. This means that in the case of non-compacted soil, there was a
rapid outflow or evaporation of water. In contrast, the water is better retained in the upper
layers of the soil profile in the case of compacted soil. Similar results were achieved by
Alakukku and Elonen (1995) [56] who performed an experiment with non-compacted soil,
once and twice passed over soil by tractor with a trailer. The results from the dry years,
especially in June (29-74% lower than average precipitation), showed an increase in the
yields of spring wheat in the case of land once-trafficked soil and a further greater increase
in yields in the case of soil trafficked four times.

Precipitation was very unevenly distributed during the year 2021; April and June
were very dry, while May and July were very much above average in precipitation. This
unbalanced precipitation led to a very uneven relative yield in both CTF and RTF plots.
Relative mean yield values were significantly low in the areas CTF1 and CTF2. On the
contrary, CTF3 and CTF4 showed higher averages than RTF strips. These relative yield
values are in line with the TWI values, i.e., places with a higher value of TWI had a higher
relative yield and vice versa. This was probably due to a very dry June, when the lack of
precipitation caused an uneven development of spikes and grain across the whole field.
It is in line with the relative NDVI values. Both standard deviation yield and NDVI were
lower in CTF than in RTF areas.

Yield and NDVI frequency maps showed a significant difference, where FM NDVI
reached the maximum value of about 110%, and FM Yield reached about 120% of the
maximum yield (see Table 4). The CTF1 and CTF2 areas reached the lowest values. This
corresponded to the lowest mean value of TWI, as in these parts of the field a lower
tendency of water accumulation was found. The lower yield in these parts was very
pronounced in dry years, e.g., in 2017 (significantly lower max yield value). Compared to
individual years, CTF1 and CTF2 are more prone to fluctuations in both yield and NDVI
values. Problems with plant growth and spike development were usually most pronounced
here. On the other hand, yields were the most stable here (smallest standard deviation). In
contrast, the CTF3 and CTF4 areas had a high yield potential. CTF3 especially, with a lower
TWI (water accumulation) value, had the highest yield potential, but for cereals only. As
evaluation of individual years showed that an excess of water tends to reduce the yield
in the CTF areas. On the contrary, in RTF strips with increasing water availability (with
increasing TWI value) the values of FM NDVI and yield and their standard deviation also
increased, but not to the maximum level.

The results of our study are in agreement with the results of the research of Gili
et al. (2017) [57] and Jelinek et al. (2020) [30], which concluded that the determination
of management zones depends not only on the objectives of planting and the main yield
limiting factors, but also on the agroecological conditions of the site. Agroecological
conditions also include the water distribution on the field, which can be expressed quite
accurately based on different models (D8 or MFD8 algorithm, TWI) calculated from DEM
(Kumhalova et al., 2014 [30], Jenson and Domingue 1988 [58]; Quinn et al., 1991 [59]).
However, the question still remains of how much available water the plants can use
depending on the different chemical or physical properties of the soil. The combination of all
these agroecological variables related to site characteristics and meteorological conditions
can lead to differences in productivity between zones with different types of tillage in a
given growing season. Differences in tillage and field management may subsequently also
show other spectral properties of the crop canopy. Our results also show that it is also
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crucial to select a variety that will be able to thrive on soil with specific characteristics. This
conclusion is in agreement with the research of Balazova et al. (2021) [60]. They found that
the Khorasan wheat variety had higher average yields in soil with a higher bulk density;
conversely, the Kabot variety showed the exact opposite result. The results depended on
the total precipitation during the main growth stages.

From the above detailed comparison of the development and yields of cultivated
cereals in a monitored field, the following can be summarized. In 2009, CTF areas showed
better yields than RTF strips, probably mainly due to insufficient precipitation in April
and May. In the rainy year of 2011 with sufficient precipitation in May and June, yields
were better in RTF strips, but only by app. 3.9%. In 2014, with sufficient and regular
total precipitation, RTF strips again performed better. The difference in relative yield was
2.7% in favor of RTF strips. In the next three monitored years, when the weather was dry
in April (2016, 2019) or in May and June (2017), the CTF areas always performed better.
Better performance of field management in dry conditions might be the result of avoiding
compaction and conservation tillage [61]. In terms of the weather, the year 2021 was very
unfavorable for the cultivation of cereals, as evidenced by the lowest observed yields. This
year, probably due to heavy rainfall in May, RTF strips performed better again. However,
the yield was only about 3.4% lower in CTF areas than in RTF strips. In four of the seven
years monitored, CTF technology therefore resulted better performances, especially in the
case of drier weather in April and May.

5. Conclusions

Based on a comparison of the field farmed under CTF technology with conventional
(random) traffic management over years with different courses of precipitation in the
growing season of cereals and using satellite imagery with the support of yield maps, it is
possible to conclude following.

CTF technology applied with conservation tillage is advantageous in dry years. In
the drier years, we always recorded a higher average yield in the areas cultivated by CTF
technology than in the areas cultivated by conventional RTF technology. In the case of
years with wetter weather, CTF technology showed slightly worse results than RTF (only
up to 4%) than what was expected mainly due to the conversion from intensive tillage to
conservation tillage (in 2009). Based on the described experiments, it can be stated that
over the years, CTF technology has stabilized yields and given them potential for growth
in drier years. It can therefore be stated that the scientific hypothesis about the benefits of
CTF technology for the period of climate change has been confirmed.

Nevertheless, average yields calculated from yield frequency maps were lower for
CTF plots than those calculated from NDVI frequency maps. This is because NDVI can
only show the potential of the state, which can be achieved under optimal conditions in
the growth stages before maturity. However, the yield is influenced by many factors and
variety adaptation to the site properties, and the conditions in the growth phases before
maturity are only occasionally optimal.

Based on the results we obtained, CTF technology can be recommended in conditions
with more extreme weather fluctuations, or, in other words, in conditions of climate change.
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