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Abstract: Tillage, as a key agricultural operation, has an important influence on soil properties and
crop productivity. However, tillage at the same depth is not always the best choice as differences in
soil texture, compacted topsoil, or plow pan at different depths, crop rotation, and root penetration
potential signal that the depth of tillage should take greater account of the factors involved. Variable
depth tillage (VDT) is an important precision farming operation, linking soil, plants, tillage machinery,
smart sensors, measuring devices, computer programs, algorithms, and variability maps. This topic
is important from an agronomic, energy, and environmental perspective. However, the application of
VDTs in practice is currently still very limited. The aim of this study was to carry out a detailed review
of scientific work on variable depth tillage, highlighting the importance of soil compaction and VDT;
the measurement methods and equipment used; and the impact on soil, crops, the environment, and
the economy. Based on the reviewed studies, there is a lack of studies that use fully automated depth
control of tillage systems based on input data obtained with on-the-go (also known as online) proximal
soil sensing. In precision agriculture, rapidly developing Internet of Things technologies allow the
adaptation of various farming operations—including tillage depth—to site-specific and temporal
conditions. In this context, the use of proximal soil sensing technologies coupled with electromagnetic
induction, gamma rays, and multi-sensor data fusion to provide input for recommended tillage depth
would be beneficial in the future. The application of VTD in specific areas is promising as it helps
to reduce the negative effects of soil compaction and avoid unnecessary use of this expensive and
environmentally damaging technological operation.

Keywords: site-specific tillage; soil compaction; measurement methods; sensors; fuel consumption;
subsoiling; depth control

1. Introduction

Tillage—as a key agricultural process that strongly influences physical, chemical, and
biological soil properties—has a major impact on the agricultural ecosystem and crop
productivity, which in turn determines the yield of the crops grown in the soil [1]. Plowing
is one of the main technological operations in agricultural production and has a direct
impact on the quality of crop growth [2,3]. According to Schneider et al. [4], deep plowing
is required in many crop production fields to provide deep-rooted plants with additional
nutrients stored in the subsoil. Equally important aspects of tillage targeting are managing
crop residues and increasing uniform moisture distribution, increasing nutrient supply to
the crop, and reducing pests and weeds [4,5]. Despite its potential benefits, conventional
tillage has serious drawbacks in terms of soil moisture loss, soil structure disruption,
loss of soil organic matter, and facilitation of soil erosion [5,6]. Soil erosion is a global
environmental problem, causing soil degradation and affecting thousands of millions of
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hectares of land worldwide [7,8]. Soil erosion is considered to be one of the most serious
environmental problems in agriculture globally [7,9].

Traditional agricultural practices use a uniform tillage depth method, which applies
the tillage effect evenly over the entire cultivated field area. The choice of tillage depth is
usually based on the soil structure. Deep tillage is a rather difficult technological process
that depends on the crop, previous crop and crop residues, soil characteristics, climatic
conditions, available equipment, etc. to be performed properly. However, conventional
tillage at a uniform depth is still more attractive than variable depth tillage because it
requires less knowledge of site-specific tillage and special spectral equipment to find prob-
lem areas in the soil [10]. However, traditional deep tillage is the most energy-intensive
and costly field operation; specifically, the depth of tillage has an impact on the tractive
effort of agricultural machinery, which is directly related to the tractor’s fuel consump-
tion [11]. Applying the same tillage depth for many years creates favorable conditions
for the formation of a compacted layer: the plough pan. On the other hand, the use of
heavy agricultural machinery for deep tillage can over-compact the soil, reducing soil
porosity and water retention and increasing bulk density, which limits the penetration of
plant roots into deeper soil layers [12]. Soil compaction is related to several physical and
mechanical properties and is defined as the change in soil volume resulting from short-term
loading caused by rolling, compression, and vibration [13,14]. The compaction conditions
of extremely wet soils change compared to soils of normal moisture. Compaction is defined
as the compaction of soil by the removal of air, so highly water-saturated soils cannot
be compacted normally. However, machine tires and implements can smear the soil and
disrupt the integrity of the soil pores in such very wet and soft soil conditions. This results
in reduced hydraulic conductivity, which can have a greater negative effect on plant root
penetration than compaction [15]. Han et al. [16] mentioned that plowing too deeply can
not only change the physical properties of the soil but also negatively affect the engine
performance of agricultural machinery. Variations in soil resistance during deep tillage
can also cause variations in engine load and affect the uniformity of tillage depth and
tractor efficiency. When deep tilling the soil in complex or strongly changing conditions in
different field locations, the physical properties of the soil can change very quickly and the
machine operator must be able to react in time to change the technological parameters of
the tillage so that the load does not exceed the permissible engine load, which could lead
to engine overload and the engine stopping during work [16]; this could shorten the life of
an expensive machine.

Variable depth tillage is usually associated with deep tillage, but with the recent
increase in reduced tillage, strip tillage, and no-tillage techniques, a compacted soil layer
can also form in shallower soil layers or even on the soil surface. Reichert et al. [17] pointed
out that the long-term use of no-tillage also creates the conditions for the formation of a
compacted soil layer, also known as a no-till pan. The depth of this layer depends on the
working depth of the coulters and is typically 7–20 cm deep. A no-till pan, like a tillage
pan, can limit plant root growth and water infiltration due to the high bulk density, low
porosity and high mechanical resistance of the soil [17].

Rationalization of tillage practices to replace conventional tillage with variable depth
tillage may be a suitable alternative to achieve economic crop production and reduce
damage to agroecosystems [5]. However, variable depth tillage (VDT) has so far been
rarely used, and there is a general lack of experimental research results on tillage depth [18].
Although VDT has been known theoretically for many years, it can be considered a rela-
tively new practice in terms of its practical applicability in the farmer’s field. Therefore,
there is still a lack of published information on the traction and energy requirements of
VDT, which is undoubtedly an important consideration when choosing a tillage method.
In addition, there is a lack of work to determine the influence of tractor speed and soil
parameters such as texture, moisture, and electrical conductivity on energy requirements in
relation to site-specific tillage depth. This can be attributed to the fact that long, expensive,
time-consuming experimental studies requiring additional equipment and knowledge lead
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farmers to prefer conventional technologies rather than VDT [19]. Where VDT has been
used in the field, however, the depth settings have mostly been done manually. The aim of
this study was to carry out a detailed review of scientific work on variable depth tillage,
highlighting the importance of soil compaction and VDT; the measurement methods and
equipment used, and the impact on soil, crops, the environment, and the economy.

2. Methodology of the Study

The right choice of keywords by the authors of the publications is of great importance
to introduce the research topic well, present the scientific article, and inform the scientific
community [20]. The “VOSviewer” computer program and the Clarivate Analytics Web
of Science (WoS) database of scientific publications, which is important in the scientific
community, were used to perform a detailed analysis of the chosen topic. “VOSviewer”
(version 1.6.20) is a software tool developed by researchers at the Centre for Science and
Technology Studies at Leiden University in 2023, which can be used to construct and
visualize bibliometric networks and to create network visualization maps. This computer
application links keywords to the metadata of articles found in the database. As keywords
are usually provided by the authors of the publication themselves, they reflect the main
questions, themes, or concepts addressed in scientific articles [21]. Analyses can include
journals, researchers, or individual publications and can be constructed based on citation,
bibliographic linkage, co-citation, or co-authorship [22]. “VOSviewer” performs keyword
duplication analysis of publications, identifying keyword pairs and word combinations
that often appear together in the same articles. The frequency of all occurrences determines
the strength of the relationship between keyword pairs. Based on the analysis of the
total occurrences, “VOSviewer” can create three maps: a network visualization, an overlay
visualization, and a density visualization. In the network map, each keyword is represented
as a round node. The links between these nodes show co-occurrence relationships and the
strength of these links affects the appearance of the network. This application visualizes
this network, where keywords are connected by links with co-occurrence links [23]. The
size of the nodes and the color of the links provide information about the importance and
strength of the links between keywords. Larger nodes mean that these words are frequently
used in publications, darker lines mean that these words are more frequently used together,
and lighter lines mean that they are used less frequently.

When reviewing scientific papers on a specific agricultural topic, it is very important
to select keywords that identify the area of scientific research and visible links to other
areas and topics. Appropriate keywords can facilitate the analysis of research papers on the
topic, the understanding of the influence of close factors on the topic under consideration,
and also the impact of the analyzed topic on related fields. In this study, the analysis was
carried out for the keyword “variable depth tillage”. A visualization map was created
based on the most important keywords found on this topic and their interrelationships.
Another important factor is which country’s authors work most extensively on the topic, as
this may indicate relevance to specific climates, specific crops and other conditions. The
links between authors’ countries indicate that this topic is relevant to a larger number of
countries. For this reason, a visualization map was also created according to the countries
whose authors published the most articles on the topic. To assess publication trends, a
figure showing publication dynamics by year was produced.

Other chapters of this study cover aspects of the dependence of VDT on soil properties;
the measurement methods and equipment used to justify variable-depth tillage; and the
impact of VDT on soil, plants, agricultural machinery, the environment, and the economy.

3. Results of the Scientific Literature Analysis
3.1. Keyword Analysis

Using the WoS publications database and entering the keyword “Variable depth
tillage” in the search field, 663 publications were found. A visualized map (Figure 1) was
produced by analyzing the co-occurrence of these publications for the keyword mentioned
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above. The most important keywords in this visualization were “tillage”, “soil”, “organic
matter”, “management”, “yield”, etc. Their importance was shown by the fact that these
keywords were represented by the largest nodes and were located in the central part of
the map. Keywords or terms related to tillage methods such as “no-till”, “conventional
tillage”, “compaction”, “soil compaction”, and “prediction” also seemed to be important,
as reflected by the size of their nodes and the number of links they had.
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Figure 1. Network visualization map of main keywords created using the WoS database and the
keyword “variable depth tillage”.

The visualization map showed close links to different topics. One of the most im-
portant themes is the interaction between tillage and physical–chemical soil properties.
Keywords such as “bulk density”, “soil properties”, “cone index”, “soil quality”, “organic
matter”, “organic carbon”, “clay”, “loam”, and others were found here. Another impor-
tant theme was seen in the links with the effects of tillage on plants. This link was well
demonstrated by keywords such as “wheat”, “growth”, “corn”, “cover crops”, “rotation”,
“emergence”, etc. Tillage inevitably has an impact on the environment. This link was
evident in the keywords “erosion”, “water”, “runoff”, “climate”, “land use”, “impacts”, etc.
Although there are not many scientific papers on tillage machinery, links to engineering
were evident; e.g., “draft force”, “axle load”, “energy”, “sensor”, “model”, “time”, etc.

3.2. Analysis by Country and Year of Publication

An analysis of publication data with the keyword “variable depth tillage” in the WoS
database by country showed that the USA had the highest number of publications on this
topic (188); followed by Brazil (90), China (64), Canada (52), Spain (40), Argentina (38),
Germany (35), and Australia (32). Other countries published fewer than 30 publications
related to this topic (Figure 2).
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Figure 2. Visualization map by country, created using the WoS database and the keyword “variable
depth tillage”.

Analyzing the correlations between countries in terms of co-publications, it was found
that the USA had co-publications on the topic of tillage depth with 29 countries, Germany
with 23; Brazil, China and Canada with 14; Spain with 12; Argentina with 4, etc.

Two-thirds of all the publications analyzed (442) were published between 2010 and
2024 (Figure 3). The average number of publications between 2010 and 2017 was around
25 per year. In the last five years, the number of publications related to variable depth
tillage has increased significantly, and on average was around 40 publications per year.
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4. Soil Compaction, Its Causes, and Consequences

The need for tillage and, at the same time, the need for variable depth tillage is very
much related to the compaction of the soil layers. This means that when considering VDT,
it is very important to analyze cases of soil compaction and their possible effects. There is
no doubt that a good understanding of the problem of soil compaction layers can lead to
appropriate decision-making to manage this increasingly important issue.

Soil compaction associated with increased mechanical loading, engine vibration, tillage
under unsuitable conditions, reduced crop diversity, and intensive grazing is a concern
for farmers as it increases soil bulk density and soil strength; and reduces soil aggregate
stability, hydraulic conductivity, and nutrient availability [24].

Increasing the productivity of agricultural machinery inevitably increases the mass of
these machines. This is one of the main reasons why tractors, combine harvesters, and other
agricultural machinery with high mass have a strong impact on different soil layers. High
soil compaction triggers various soil degradation processes related to soil erosion, uneven
distribution of nutrients and fertilizers in the soil, conditional “locking” of the soil; and
physical, chemical, and biological degradation [24–26]. Without timely action, the scale of
the problem can only increase, as reducing soil compaction requires the use of deeper and
deeper tillage implements, which may not be very environmentally friendly. The long-term
direct and indirect consequences of soil compaction can be costly, with losses of hundreds
of millions of euros in individual countries [26].

Soil compaction is strongly influenced by repeated driving in agricultural fields during
different farming operations. Studies have shown that up to 95.3% of the total field area
is covered by the wheels of agricultural machinery at least once a year in conventional
tillage [27]. Minimum tillage and direct drilling resulted in up to 72.8% and 55.7% of
the total field area being wheeled, respectively. Researchers [27] estimated that 90.9%
of the total field area could be affected by the wheels of agricultural machinery through
repeated application of conventional tillage; 44.8% by minimum tillage, and 18.4% by
direct drilling. Tullberg et al. [28] reported that, given normal tractor-tire combinations
and normal levels of traction efficiency, the field area affected by wheel traffic is typically
20–35% for each operation. The more tillage, sowing, crop maintenance, and harvesting
operations and the smaller the natural width of the agricultural machinery, the more the
total field area is affected. Liu et al. [29] point out that in headlands and field edges, the
frequency of agricultural machinery traffic is even more intense compared to the middle
part of the field, which results in even stronger soil compaction in these areas. The most
common areas of soil compaction are at field entrances and headlands, where machinery
turns around or materials are transported during fertilization, spraying, and harvesting
operations. Taghavifar and Mardani [30] investigated the effect of speed, wheel load and
multiple passes on soil compaction. They found that the highest compaction at a depth of
210 mm occurred after three passes with the highest wheel load and slowest speed. Wheel
load had a greater influence than did speed and number of passes.

Soil compaction caused by anthropogenic activities is one of the most important factors
limiting crop yields, as it reduces soil pore size, alters pore size distribution, increases
soil hardness, reduces air and water permeability, increases bulk density, and—most
importantly—impairs conditions for root infiltration [31]. Studies have shown that in
headlands and the edges of the field, crop yields were between 2.49 and 12.20% lower than
in the center of the field due to heavy traffic from agricultural machinery [29].

There is no sign that agriculture will be able to do without powerful and heavy tractors,
combine harvesters, and other agricultural machinery for decades to come. Therefore, soil
compaction problems will remain and subsoilers or other deep tillage machinery will have
to be used to loosen compacted soil layers. This already entails additional costs in terms of
fuel, machinery, labor time, and other economic costs. Each additional centimeter of tillage
can increase fuel consumption by between 0.5 and 1.5 L per hectare [32], depending on the
soil’s granulometric composition. Increasing the amount of diesel fuel burned increases the
cost of agricultural production and environmental pollution [26].
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The search for agro-engineering solutions to optimize the technological parameters of
deep tillage operations must be accelerated to minimize the negative impact on the soil and
the environment as a whole. Solutions related to variable depth tillage can help to achieve
this. VDT is not new, as a lot of theoretical and some episodic experimental research work
has already been carried out; but its practical application in agriculture is still weak. It is
important to recognize that VDT is not the only method of reducing soil compaction. Cover
crops with strong tap roots can also be effective in reducing soil compaction, especially
with no-till, but this may take longer [33].

Soil compaction is strongly influenced by the soil’s physical properties, which are
mainly determined by soil types [34,35]. Physical properties can be assessed by examining
soil texture and structure. The effects of compaction are reflected in soil density, porosity,
and permeability [24]. Soil compaction leads to an imbalance between the liquid and
gaseous parts of the soil, which is defined as an increase in soil mass in the same volume.

5. Methods and Equipment for Determining Soil Compaction

When planning to apply a precision variable depth tillage (VDT) system in agriculture,
it is necessary to have a good understanding of soil compaction problems. Accurate
identification of compacted soil layers can facilitate the application of VDT, but this requires
a good knowledge of the available methods and tools for determining soil compaction.

Typically, compacted soil layers can be detected with penetrometers that are hand-held
or mounted on SUVs, ATVs, or other machinery. Different groups of researchers [36–38]
have used penetrometers to determine variations in soil resistance to penetration. Such
studies have been quite time consuming and have produced very variable and, in some
cases, misleading results in dry soils [39].

Differences in soil characteristics can be detected before the tillage operation and in
real time during tillage. Measurements of field soil characteristics before tillage have the
disadvantage of requiring additional time. Meselhy [31] developed a horizontal penetrom-
eter consisting of a tine with several horizontal sensors using replaceable cone tips. The
purpose of the instrument was to measure soil penetration resistance at multiple depths.
The sensor tips were mounted horizontally on the front of the tines. The sensing shafts
were mounted horizontally on the tines at depths of 25, 35, and 45 cm from the soil surface.
This measuring device is designed to measure and record changes in output voltages by
changes in variable resistance.

Mouazen and Ramon [40] carried out experimental studies with a developed device
consisting of a sensor system for online measurement of soil density. Measurements of
depth and draught were made using a metal wheel equipped with the necessary sensors.
Soil moisture was measured online using a Vis-NIR spectrometer sensor. The position of
the machine was recorded by a GPS and radar. The results showed that the overall mean
error of the online soil density measurements was small (2.3%). However, measurements
in very dry soil conditions did not allow proper detection of compacted zones, and showed
relatively high errors.

Atanasov et al. [41] presented a cultivator-based method for measuring soil density.
Soil density measurement can be carried out using a cultivator with a strain gauge fitted to
each working body. Once the cutting resistance of the soil has been measured, the sensors
provide reliable information on the soil density, and a soil density map of the treated area
can be produced. The advantage of this measurement method is that standard tillage
machinery can be used rather than machinery specially adapted for the measurement. The
distance traveled is measured over time based on the working speed, and GPS equipment
must be added to know the exact coordinates of the measured points and to create a field
map. Fox et al. [42] developed a “smart plow” system that measured soil density directly
during plowing and adjusted the depth of tillage in real time based on the data obtained.
The study showed that the fuel consumption of the VDT was 45% lower than that of
constant-depth tillage.
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Another soil property that is used to determine the variability of soil characteristics is
apparent electrical conductivity (ECa). It depends on the soil’s granulometric composition
and texture. Different soils have different ECa, with sand having low conductivity, silt
having medium conductivity, and clay having high conductivity [43]. Abbaspour-Gilandeh
et al. [19] found that ECa increases with increasing clay content in the soil and obtained a
strong linear relationship between soil ECa and soil texture and tillage draft requirement.
Knowing the interaction between ECa and soil compaction, this approach may be promising
for the application of a soil compaction map-based VDT system [25].

However, for higher productivity and to be able to change the tillage depth in real time
during VDT, smart sensors that can predict possible compaction of soil layers at different
depths based on soil properties are needed. A schematic diagram of the impact of soil
properties, sensors, and VDT on soil, plants, agricultural machinery, the environment, and
the economy is presented in Figure 4.
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The sensors used to determine soil compaction have been described in detail by other
researchers [44,45]. They classify sensors for soil compaction into three groups; i.e., water
content, soil strength, and fluid permeability sensors. Hemmat and Adamchuk [44] point
out that the mechanical strength of the soil is highly dependent on the moisture content of
the soil, and therefore it is useful to measure the water content of the soil and the mechanical
strength of the soil simultaneously. This type of water content sensor can be integrated
into vertical cone penetrometers. Mouazen et al. [46] have developed a sensor for the
online measurement of water content using a fiber-type visible and near-infrared (NIR)
spectrophotometer. Such a sensor was attached to the backside of a subsoiler chisel to detect
the reflection of light from the bottom of the chisel-opened furrow. They demonstrated that
the spatial patterns of soil’s water content obtained using this sensor and oven-drying soil
samples were similar [44,46].

Soil structure, pore size distribution, hydraulic conductivity, and air permeability can
be characterized as soil quality attributes that influence the so-called fluid permeability [44].
Laboratory or field measurements of fluid permeability can use water as the fluid that
diffuses through the bulk soil. A low rate of water movement through the soil indicates
soil compaction caused by heavy traffic or plowing in wet conditions. These principles
can be applied to better understand soil’s structural changes and make better management
decisions [45].

Soil strength sensors are widely used to assess the degree of soil compaction. They can
be used to determine general or local compaction in each soil layer by measuring traction
or vertical force using bulk soil strength or vertically actuated sensors. Alternatively, soil
strength profiles can be determined in the field using conventional tip-based or tine-based
soil sensors. Soil mechanical resistance determined by sensors is usually expressed in
pressure units and represents the force required to penetrate the soil layer [45].

6. The Effect of Variable Depth Tillage

There is not much experimental research in the world specifically on the effects of
variable depth tillage on crops, the economy, and the environment. However, there have
been a number of studies on different types of deep tillage. Huang et al. [18] carried out a
meta-analysis based on over 200 studies conducted worldwide, which showed that crop
yield increases with deep tillage at 25–35 cm depth and then decreases with increasing
tillage depth. According to the authors [18], the optimal depth of tillage for wheat, maize
and soybean worldwide is 35 cm; and this depends on different climatic regions. Areas
with humid climates required deeper tillage than arid areas. In addition, soils with higher
clay content and bulk density required deeper tillage. The analysis showed that a depth of
30 cm was more suitable for temperate zones such as the western United States, northern
Europe, southern Russia and eastern China, which could increase crop yields. In general,
35 cm was suitable for most tropical regions and parts of temperate zones such as North
and South America, Europe, Africa, South Asia, and southern Australia [18].

Variable depth tillage (VDT) refers to the possibility of adjusting the depth of tillage
in agricultural operations. This flexibility is very important for several reasons. VDT
can have a positive impact on soil properties, soil health, moisture management, weed
control, effective erosion prevention, reduced costs for crop production, and environmental
sustainability [31,47]. In essence, variable depth tillage allows farmers to have more control
over soil management, allowing them to tailor their practices according to the needs of
their crops and field conditions. This can lead to improved yields, better soil health, and
more sustainable farming practices [26,42].

VDT is particularly useful when there is high field variability. Fields often vary in
soil type, texture, and compaction level. VDT allows farmers to adapt tillage operations to
different areas of the field, optimizing soil preparation for sowing and promoting uniform
crop growth. Another very important factor is crop rotation, as different crops have
different rooting depths and requirements, which strengthens the interrelationship between
crop rotation and tillage [48]. VDT allows tillage to be adjusted to meet the specific needs
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of the plants in each rotation, promoting healthier root development and improving overall
crop performance. Compacted soil areas are important for successful crop production.
Agricultural fields with compacted soil layers can benefit from deep tillage to reduce
compaction and improve soil structure [47]. VDT directs attention to compacted areas
of the field and at the same time reduces disturbance in areas of the field where the soil
structure is already favorable. Different tillage practices can be incorporated into integrated
weed management strategies [49] to disrupt weed seed germination and reduce weed
pressure [5]. By adjusting tillage depth, weed seeds can be buried deep where they are less
likely to germinate, which reduces the need for herbicides. The use of VDT for deep subsoil
loosening; i.e., changing the physical characteristics of the soil only in areas where tillage is
required for crop growth, can reduce the need for labor, fuel, and other inputs [50].

Different crops have different root systems and soil conditions can also vary consid-
erably from one field site to another [4]. Adjusting tillage depth can better adapt to field
heterogeneities and ensure that the soil is tilled to the optimal depth for root growth and
nutrient uptake. Deep tillage may be needed to break up compacted layers, while shallow
tillage may be sufficient in areas where the soil structure is already favorable [31], suggest-
ing that VDT can play a strong role here [25]. A value of 2 MPa can be considered as a
critical value of the cone index, where root penetration and plant development are severely
hampered. At a cone index value of 3 MPa, crop growth becomes limited [31]. Studies
have shown that VDT—in particular intermittent deep tillage—optimizes soil structure,
the underground ecological system, and soil fertility, leading to improved soil physical
properties, reduced soil compaction, and better conditions for plant growth [51].

Moisture management. VDT can be used to manage soil moisture levels more effec-
tively, especially in areas of drought or excessive precipitation. Deeper tillage can attract
moisture from the lower layers of the soil profile and help to improve water infiltration
and retention, which can be beneficial in dry conditions. Conversely, shallow tillage can
help to conserve moisture by reducing evaporation from the soil surface, and can prevent
waterlogging. Deep subsoiling can break up compacted topsoil, also known as “hardpan”,
without the need to turn over and mix soil layers [47]. Researchers [52] conducted a study
and found that deep subsoiling improves water infiltration, internal drainage, and soil
aeration; ameliorates the intensity and development of deeper root penetration; and allows
for deeper fertilizer application. These researchers also evaluated the effect of tillage depth
on soil physical properties and found that deep tillage (>20 cm) resulted in lower pene-
tration resistance, lower soil bulk density, higher soil air-filled pore volume, and higher
soil hydraulic conductivity [52]. The water content of the soil has a strong influence on the
measurement of soil density as one of the key factors for planning appropriate agrotechnical
measures [41].

Cost savings and efficiencies. By adjusting the depth of tillage, farmers can optimize
the use of inputs such as fertilizers and pesticides. By directing these inputs to the root
zone of the crop, farmers can improve efficiency and reduce waste. It is estimated that for
about three-quarters of the field area, tillage operations can be shallower than conventional
deep tillage [31]. VDT systems can help farmers reduce fuel consumption and machinery
wear and tear by allowing them to adapt tillage operations to specific field conditions.
This can lead to cost savings over time. The energy required to pull a tillage implement is
directly related to working depth, implement geometry, travel speed, implement working
width, and soil properties [31]. The most important soil properties that can increase
the energy input for subsoil tillage are moisture content, bulk density, cone index, and
soil texture [53]. The most common application of energy-intensive uniform subsoiling
assumes that compacted soil layers are at a constant depth. However, the relative depth
of compacted layers, including the pan formed by a plow plowing at a constant depth,
can vary between fields and between locations within a field [31,54]. A uniform depth of
subsoil can be applied in areas of the field where there are no soil compaction problems.
However, the energy used and diesel fuel burned in constant depth tillage may not achieve
the desired soil conditions. Variable depth tillage may therefore have advantages over
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constant depth tillage. VDT is geared towards achieving sustainable agricultural objectives
by using precision farming methods to detect soil variability in the field and to obtain more
accurate soil compaction records. VDT can be the key to reducing the energy and fuel
costs of tillage, and delivering benefits for crop profitability, ecology, and the environment.
Raper et al. [55] reported that shallow tillage (about 18 cm) generally had about 50%
lower draught and energy requirements compared to deep tillage (about 33 cm). Other
researchers have reported that energy consumption could be reduced by up to 34% [56] and
fuel consumption by up to 50% [57] using a VDT system. Research by Khalilian et al. [58]
showed that VDT saved 42.8% energy and 28.4% fuel compared to tillage at the same
depth. Similar research published in another scientific paper showed that VDT application
at 25 and 35 cm depths resulted in a 35% and 59% reduction in tractive effort and a 27%
and 43% reduction in fuel consumption, respectively, compared to tillage at the same
45 cm depth [59]. In three different tillage depths of 25, 35, and 45 cm under uniform depth
and VDT methods, it was found that VDT reduced fuel consumption by 35%, 35%, and
23%, respectively; and field productivity increased by about 21% using VDT compared
to constant depth tillage [31]. Abbaspour-Gilandeh et al. [19] presented in their study the
effect of VDT on fuel and energy reduction compared to traditional uniform tillage depth
depending on soil type, soil moisture, and travel speed. They found that, in sandy loam
soil, VDT reduced energy and fuel consumption by 21% and 8%; and in sandy soil by 26.1%
and 8.5% respectively. They note that for all soil types, draft force increases with increasing
driving speed, but tillage depth has a greater influence than speed. After assessing the
influence of soil moisture on fuel consumption, it was found that fuel consumption is
negatively correlated with soil moisture [19].

Environmental and economic impact. Deep tillage can help loosen compacted soil
layers, improve water infiltration, and reduce surface runoff. This can help prevent soil
erosion, especially in sloping terrain. The choice of the right tillage strategy to solve soil
compaction problems can make a strong contribution to reducing negative environmental
impacts; in terms of reduced diesel fuel burned by high-power tractors, better uptake of
chemical fertilizers, and reduced leaching of chemical fertilizers into water bodies [26].
Equally importantly, proper management of soil compaction can improve the economic
situation of farming [60]. Reduced fuel and crop inputs, and slower wear and tear of farm
machinery parts reduce costs while managing soil degradation results in lower losses of
fertile soil, preserved soil structure of higher quality and higher organic carbon content,
and the potential for increased crop yields and economic benefits [26,60].

7. Methods and Equipment for Determining VDT

For more than three decades, researchers have been focusing on the design of control
algorithms, control systems, and the structure of the main components of an electrohy-
draulically actuated coupling system [61,62]. As early as the 1970s, electronic technologies
were applied to agricultural machinery to electronically control tractor hydraulic linkage
mechanisms [63–65]. Anthonis et al. [66] described a mathematical model based on the
relationship between tractive effort and three factors such as speed, tillage depth, and
soil resistance. Accordingly, the dynamic characteristics of the three models were investi-
gated, which provided the basis for the design of an electrohydraulically controlled hitch
system [63]. Accurate measurements of tillage depth are the basis for the control and opti-
mization of VDT processes. Currently, three main methods are commonly used to measure
tillage depth; namely, distance measurement-based (DMB), mechanical installation-based
(MIB), and tillage angle measurement-based (TAMB) [1]. DMB methods are among the
simplest, using distance sensors to measure changes in the height of the agricultural equip-
ment from the soil, thus providing real-time data on tillage depth [1]. MIB methods require
much more expertise and special equipment to be mounted on a tractor or implement to
measure angles or displacements and to create correlated patterns that allow high-precision
measurements [1]. The TAMB method is characterized by easy installation, high accuracy,
and low environmental sensitivity; making it suitable for a wide range of applications.
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The method uses data from inertial tillage sensors attached to a hydraulic suspension
mechanism. The measurement of tillage depth is based on the determination of a geometric
correlation between depth and angle parameters [1].

Borchelt and Smith [67] proposed some schemes for tillage depth control based on
position control, traction control, and mixed traction–position control. Position control
means that once the exact depth of tillage is set, no matter how tillage resistance changes, the
depth of tillage remains constant. Position control is more appropriate when the implement
is shallow and the soil resistance is low. However, in deep tillage, the tractor engine load
increases as the soil resistance increases. Deep tillage can therefore cause the engine to
overload and stall when the load reaches its maximum limit. To adjust the plowing, it
is advisable to adjust the depth according to the change in soil resistance. When the soil
resistance to plowing is below the limit, the depth of tillage will not change, but when it
exceeds the limit, the depth of tillage will be reduced in order to reduce the soil’s resistance
to plowing and avoid engine overload.

Han et al. [16] propose a comprehensive control method based on engine load and
tillage depth. Such a method evaluates the engine load status through the load character-
istics of the engine, then adjusts the plow tillage depth and adjusts the engine operating
condition by changing the tillage depth. This method can automatically control the tillage
depth and allow the engine to work more efficiently.

Gao et al. [63] presented a tested electrohydraulically controlled hitch system for
agricultural machinery consisting of a hydraulic device, a three-point hitch mechanism,
and a control system. The hydraulic device is electronically controlled by an ECU control
system, where an electromagnetic proportional valve can change the flow rate and direction
of the hydraulic oil flow according to a control signal, allowing the hitch to be operated and
the implement to be raised or lowered. The test results of these authors [63] showed that
the motion of the hydraulic actuator was stable and responded well to the depth control.

Tahmasebi et al. [50] developed and tested a pneumatic multi-nozzle sensor to measure
the mechanical resistance of soil by injecting air flow into the soil and simultaneously
measuring resistance to air permeability. Such a sensor, with three 10 mm diameter nozzles
mounted on a tine at the front of the tractor, was able to simultaneously predict the
depth in three soil layers (15, 30, and 45 cm) and to transmit a signal to the control of the
VDT implement.

Large agricultural machinery manufacturing companies such as John Deere, CASE,
and Topcon have already developed depth monitoring and control systems for tillage ma-
chinery [47]. Topcon has developed a tillage depth sensing system for NORAC machines
that relies on four ultrasonic sensors to detect the tillage depth of four-disc gangs [47]. The
special feature of this system is that it can adjust the tillage depth of each disc pair indi-
vidually, according to surface changes. CASE agricultural machinery manufacturers have
adapted their intelligent AFS (Advanced Farming Systems) with an auxiliary hydraulic
system to monitor tillage depth [47]. John Deere has developed the TruSet monitoring
system with an ultrasonic sensor attached to the main frame of the tillage machine to
measure working depth directly from the soil surface. This system requires no intervention
from the tractor driver and adapts to different field conditions [68]. Such control systems
can accurately determine the depth of tillage and fine-tune the depth of the tillage machine
to the desired values [47].

Recent advances in the field of tillage depth monitoring are mainly related to the
technologies used for real-time automatic depth measurements, which can be divided
into two main categories: contact-type and non-contact-type [69]. Ultrasonic and optical
sensors, which are commonly used for non-contact measurements, have been extensively
investigated by several researchers [70–72] in previous years. Tillage depth can be deter-
mined by an ultrasonic sensor mounted on the tillage implement or by an optical distance
meter mounted on the tractor [73]. The accuracy of non-contact sensors can be strongly
influenced by the condition of the soil surface, especially when the surface is covered by
crop residues, in the case of conservation tillage or no-tillage technologies [64]. In contrast,
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contact tillage depth measurements, where a physical element is used in direct contact with
the actual surface, can still be applied on covered land. Several researchers [74,75] have
presented a contact method based on a geometric relationship between tillage depth and
the tractor lift arm angle. However, this system can only measure the tillage depth on a
horizontal surface, as the measurement is made relative to the horizontal plane. Many
works show that there is still a lack of a simple, tractor-mounted measurement system that
can be adapted to the soil surface and can be used for real-time monitoring of the depth of
tillage [69].

8. Summation and Future Perspectives

To summarize the results of this review of scientific papers: it was found that variable
depth tillage (VDT) can be a very important factor in solving the problems caused by
compacted soil layers. It should be emphasized that neither conventional deep tillage nor
VDT can solve all the problems associated with soil compaction and plant root penetration;
but in many cases, they can successfully contribute to or complement the solution. The
results of the analysis showed that tillage is closely related to many issues such as soil
bulk density, soil properties, soil quality, organic carbon, plants, crop rotation, germination,
erosion, climate, draft force, etc.; which tillage can influence or be influenced by.

Optimizing tillage depth can improve soil health, conserve resources and improve
overall agricultural sustainability. However, the analysis of the review showed that apply-
ing the principles of VDT is not easy. Researchers from different countries have analyzed
the practical application of different compaction detection methods and sensors, but still
have not found simpler solutions for VDT use.

Looking to the near future, there is no doubt that precision tillage technologies, includ-
ing agro-engineering solutions associated with the wider use of VDT in agriculture, will
become increasingly popular. However, there are still many uncertainties associated with
the use of fully automated depth control of tillage systems based on input data obtained
from on-the-go (also known as online) proximal soil sensing. In addition, there are still
many unanswered questions when analysing the application of VDT to strip tillage and
minimum tillage, where compacted soil layers are formed at shallower depths. Smart
farmers will face considerable challenges in applying VDT while maintaining similar travel
speeds, process quality, accuracy, and labor efficiency as those achieved with uniform depth.
The use of proximal soil sensing technologies coupled with electromagnetic induction,
gamma rays, and multi-sensor data fusion to provide input for recommended tillage depth
would be beneficial in the future.

Author Contributions: Conceptualization, E.Š. and S.S.; methodology, E.Š., J.R. and S.S.; formal analysis,
S.S., E.Š. and J.R.; investigation, S.S.; resources, E.Š.; data curation, S.S. and J.R.; writing—original draft
preparation, E.Š., S.S. and J.R.; writing—review and editing, E.Š.; visualization, J.R. and S.S.; supervision,
E.Š. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partly funded by a grant (Project ‘Development of the Bioeconomy
Research Centre of Excellence’ (BioTEC) No. S-A-UEI-23-14) from the Ministry of Education, Science
and Sports of the Republic of Lithuania under the Program ‘University Excellence Initiative’.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, A.; Ji, X.; Zhu, Y.; Wang, Q.; Wei, X.; Zhang, S. Tillage depth regulation system via depth measurement feedback and

composite sliding mode control: A field comparison validation study. Meas. Control 2024, 57, 685–702. [CrossRef]
2. Xiao, M.; Ma, Y.; Wang, C.; Chen, J.; Zhu, Y.; Bartos, P.; Geng, G. Design and experiment of fuzzy-PID based tillage depth control

system for a self-propelled electric tiller. Int. J. Agric. Biol. Eng. 2023, 16, 116–125. [CrossRef]
3. Behera, A.; Raheman, H. Effect of peripheral to forward speed ratio on overall performance an active tillage implement: Tractor

drawn rotavator. J. Inst. Eng. India Ser. A 2021, 102, 981–988. [CrossRef]

https://doi.org/10.1177/00202940231216139
https://doi.org/10.25165/j.ijabe.20231604.8116
https://doi.org/10.1007/s40030-021-00567-4


AgriEngineering 2024, 6 1883

4. Schneider, F.; Don, A.; Hennings, I.; Schmittmann, O.; Seidel, S.J. The effect of deep tillage on crop yield—What do we really
know? Soil Tillage Res. 2017, 174, 193–204. [CrossRef]

5. Lavrenko, S.O.; Lavrenko, N.M.; Maksymov, D.O.; Maksymov, M.V.; Didenko, N.O.; Islam, K.R. Variable tillage depth and
chemical fertilization impact on irrigated common beans and soil physical properties. Soil Tillage Res. 2021, 212, 105024. [CrossRef]

6. Burgos Hernandez, T.D.; Slater, B.K.; Tirado Corbala, R.; Shaffer, J.M. Assessment of long-term tillage practices on physical
properties of two Ohio soils. Soil Tillage Res. 2011, 186, 270–279. [CrossRef]

7. Zhao, L.; Qin, O.; Geng, H.; Zheng, F.; Zhang, X.J.; Li, G.; Xu, X.; Zhang, J. Effects of upslope inflow rate, tillage depth, and slope
gradients on hillslope erosion processes and hydrodynamic mechanisms. Catena 2023, 228, 107189. [CrossRef]

8. Lal, R. Soil erosion and the global carbon budget. Environ. Int. 2003, 29, 437–450. [CrossRef] [PubMed]
9. Liu, T.; Xu, X.; Yang, J. Experimental study on the effect of freezing-thawing cycles on wind erosion of black soil in Northeast

China. Cold Reg. Sci. Tech. 2017, 136, 1–8. [CrossRef]
10. Whattoff, D.; Mouazen, A.; Waine, T. A multi sensor data fusion approach for creating variable depth tillage zones. Adv. Anim.

Biosci. 2017, 8, 461–465. [CrossRef]
11. Tsiropoulos, Z.; Fountas, S.; Gravalos, I.; Augoustis, A.; Arslan, S.; Misiewicz, P.; Gemtos, T. Importance of measuring tillage

implement forces for reduced fuel consumption and increased efficiency without affecting tillage depth. In Precision Agriculture’15;
Stafford, J.V., Ed.; Wageningen Academic: Wageningen, The Netherlands, 2015; pp. 353–360. [CrossRef]

12. Wells, L.G.; Stombaugh, T.S.; Shearer, S.A. Crop yield response to precision deep tillage. Trans. ASAE 2005, 48, 895–901. [CrossRef]
13. Adamchuk, I.V.; Skotnikov, A.V.; Speichiner, J.D.; Kocher, M.F. Instrumentation system for variable depth tillage. In Proceedings

of the ASAE Annual Meeting, Las Vegas, NV, USA, 27–30 July 2003. Paper No. 031078. [CrossRef]
14. Bradford, J.M.; Peterson, G.A. Conservation tillage. In Handbook of Soil Science; Sumner, M.E., Ed.; CRC Press LLC: Boca Raton, FL,

USA, 2000; pp. 247–269.
15. Raper, R.L.; Mac Kirby, J. Soil Compaction: How to Do It, Undo It, or Avoid Doing It; ASAE Distinguished Lecture 30; ASABE

No. 913C0106; American Society of Agricultural and Biological Engineers: St. Joseph, MI, USA, 2006; pp. 1–14.
16. Han, J.; Yan, X.; Tang, H. Method of controlling tillage depth for agricultural tractors considering engine load characteristics.

Biosyst. Eng. 2023, 227, 95–106. [CrossRef]
17. Reichert, J.M.; Suzuki, L.E.A.S.; Reinert, D.J.; Horn, R.; Håkansson, I. Reference bulk density and critical degree-of-compactness

for no-till crop production in subtropical highly weathered soils. Soil Tillage Res. 2009, 102, 242–254. [CrossRef]
18. Huang, S.; Islam, M.U.; Jiang, F. The effect of deep-tillage depths on crop yield: A global meta-analysis. Plant Soil Environ. 2023,

69, 105–117. [CrossRef]
19. Abbaspour-Gilandeh, Y.; Khalilian, A.; Reza, A.; Alireza, K.; Sadati, S. Energy savings with variable-depth tillage. In Proceedings

of the 27th Southern Conservation Tillage Systems Conference, Florence, SC, USA, 27–29 June 2005; pp. 84–91.
20. Rejeb, A.; Abdollahi, A.; Rejeb, K.; Treiblmaier, H. Drones in agriculture: A review and bibliometric analysis. Comput. Electron.

Agric. 2022, 198, 107017. [CrossRef]
21. Van Eck, N.J.; Waltman, L. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics 2010, 84,

523–538. [CrossRef]
22. Marques, L.S.; Moreira Neto, J.; Magalhães, R.R.; de Lima, D.A.; Tsuchida, J.E.; Fuzatto, D.C. Agricultural machinery telemetry: A

bibliometric analysis. AgriEngineering 2022, 4, 939–950. [CrossRef]
23. Bukar, U.A.; Sayeed, M.S.; Razak, S.F.A.; Yogarayan, S.; Amodu, O.A.; Mahmood, R.A.R. A method for analyzing text using

VOSviewer. MethodsX 2023, 11, 102339. [CrossRef] [PubMed]
24. Shah, A.N.; Tanveer, M.; Shahzad, B.; Yang, G.; Fahad, S.; Ali, S.; Bukhari, M.A.; Tung, S.A.; Hafeez, A.; Souliyanonh, B. Soil

compaction effects on soil health and crop productivity: An overview. Environ. Sci. Pollut. Res. 2017, 24, 10056–10067. [CrossRef]
25. Pentos, K.; Pieczarka, K.; Serwata, K. The relationship between soil electrical parameters and compaction of sandy clay loam soil.

Agriculture 2021, 11, 114. [CrossRef]
26. Zabrodskyi, A.; Šarauskis, E.; Kukharets, S.; Juostas, A.; Vasiliauskas, G.; Andriušis, A. Analysis of the impact of soil compaction

on the environment and agricultural economic losses in Lithuania and Ukraine. Sustainability 2021, 13, 7762. [CrossRef]
27. Kroulik, M.; Kumhala, F.; Hula, J.; Honzik, I. The evaluation of agricultural machines field trafficking intensity for different soil

tillage technologies. Soil Tillage Res. 2009, 105, 171–175. [CrossRef]
28. Tullberg, J.N.; Yule, D.F.; McGarry, D. Controlled traffic farming—From research to adoption in Australia. Soil Tillage Res. 2007, 97,

272–281. [CrossRef]
29. Liu, K.; Kayad, A.; Sozzi, M.; Sartori, L.; Marinello, F. Headland and field edge performance assessment using yield maps and

Sentinel-2 images. Sustainability 2023, 15, 4516. [CrossRef]
30. Taghavifar, H.; Mardani, A. Effect of velocity, wheel load and multipass on soil compaction. J. Saudi Soc. Agric. Sci. 2014, 13,

57–66. [CrossRef]
31. Meselhy, A.A.E. Effect of variable-depth tillage system on energy requirements for tillage operation and productivity of desert

soil. Int. J. Appl. Agric. Sci. 2021, 7, 38.
32. Moitzi, G.; Wagentristl, H.; Refenner, K.; Weingartmann, H.; Piringer, G.; Boxberger, J.; Gronauer, A. Effects of working depth and

wheel slip on fuel consumption of selected tillage implements. Agric. Eng. Int. CIGR J. 2014, 16, 182–190.
33. Jabro, J.D.; Allen, B.L.; Rand, T.; Dangi, S.R.; Campbell, J.W. Effect of Previous Crop Roots on Soil Compaction in 2 Yr Rotations

under a No-Tillage System. Land 2021, 10, 202. [CrossRef]

https://doi.org/10.1016/j.still.2017.07.005
https://doi.org/10.1016/j.still.2021.105024
https://doi.org/10.1016/j.still.2018.11.004
https://doi.org/10.1016/j.catena.2023.107189
https://doi.org/10.1016/S0160-4120(02)00192-7
https://www.ncbi.nlm.nih.gov/pubmed/12705941
https://doi.org/10.1016/j.coldregions.2017.01.002
https://doi.org/10.1017/S2040470017000413
https://doi.org/10.3920/978-90-8686-814-8_43
https://doi.org/10.13031/2013.18493
https://doi.org/10.13031/2013.13723
https://doi.org/10.1016/j.biosystemseng.2023.01.011
https://doi.org/10.1016/j.still.2008.07.002
https://doi.org/10.17221/373/2022-PSE
https://doi.org/10.1016/j.compag.2022.107017
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.3390/agriengineering4040060
https://doi.org/10.1016/j.mex.2023.102339
https://www.ncbi.nlm.nih.gov/pubmed/37693657
https://doi.org/10.1007/s11356-017-8421-y
https://doi.org/10.3390/agriculture11020114
https://doi.org/10.3390/su13147762
https://doi.org/10.1016/j.still.2009.07.004
https://doi.org/10.1016/j.still.2007.09.007
https://doi.org/10.3390/su15054516
https://doi.org/10.1016/j.jssas.2013.01.004
https://doi.org/10.3390/land10020202


AgriEngineering 2024, 6 1884

34. Singh, J.; Salaria, A.; Kaul, A. Impact of soil compaction on soil physical properties and root growth: A review. Int. J. Food Agric.
Vet. Sci. 2015, 5, 23–32.

35. Obour, P.B.; Ugarte, C.M. A meta-analysis of the impact of traffic-induced compaction on soil physical properties and grain yield.
Soil Tillage Res. 2021, 211, 105019. [CrossRef]

36. Domsch, H.; Wendroth, O. On-site diagnosis of soil structure for site specific management. In Proceedings of the First European
Conference on Precision Agriculture, Coventry, UK, 7–10 September 1997; Stafford, J.V., Ed.; BIOS Scientific Publishers Ltd.:
Oxford, UK, 1997; pp. 95–101.

37. Clark, R.L. Soil strength variability within fields. In Proceedings of the Second European Conference on Precision Agriculture,
Odense, Denmark, 11–15 July 1999; Stafford, J.V., Ed.; Sheffield Academic Publishers: Sheffield, UK, 1999; pp. 201–210.

38. Castrignano, A.; Maiorana, M.; Fornaro, F.; Lopez, N. Mapping spatial and temporal variability of cone resistance data in an
Italian field cropped to durum wheat. In Proceedings of the Third European Conference on Precision Agriculture, Montpellier,
France, 18–20 June 2001; Grenier, G., Blackmore, S., Eds.; Edito da AGRO-Ecole Nationale Supérieure Agronomique: Montpellier,
France, 2001; pp. 355–359.

39. Mouazen, A.M.; Dumont, K.; Maertens, K.; Ramon, H. Two-dimensional prediction of spatial variation in topsoil compaction of a
sandy loam field-based on measured horizontal force of compaction sensor, cutting depth and moisture content. Soil Tillage Res.
2003, 74, 91–102. [CrossRef]

40. Mouazen, A.M.; Ramon, H. Development of on-line measurement system of bulk density based on on-line measured draught,
depth and soil moisture content. Soil Tillage Res. 2006, 86, 218–229. [CrossRef]

41. Atanasov, A.; Stoyanov, S.; Mihaylova, D. Cultivator-based soil density measurement method. In Proceedings of the 2023
International Conference Automatics and Informatics (ICAI), Varna, Bulgaria, 5–7 October 2023; IEEE: Piscataway, NJ, USA, 2023;
pp. 455–458. Available online: https://ieeexplore.ieee.org/document/10339088 (accessed on 15 April 2024).

42. Fox, J.W.; Khalilian, A.; Han, Y.J.; Williams, P.B.; Mirzakhani Nafchi, A.; Maja, J.M.; Marshall, M.W.; Barnes, E.M. Real-time,
variable-depth tillage for managing soil compaction in cotton production. Open J. Soil Sci. 2018, 8, 147–161. [CrossRef]

43. Lund, E.D.; Colin, P.E.; Christy, D.; Drummond, P.E. Applying soil electrical conductivity technology to precision agriculture. In
Proceedings of the Fourth International Conference on Precision Agriculture, St. Paul, MN, USA, 19–22 July 1998; Robert, P.C.,
Rust, R.H., Larson, W.E., Eds.; ASA; CSSA; SSSA: Madison, WI, USA, 1999; pp. 1089–1100.

44. Hemmat, A.; Adamchuk, V.I. Sensor systems for measuring soil compaction: Review and analysis. Comput. Electron. Agric. 2008,
63, 89–103. [CrossRef]

45. Adamchuk, V.I.; Hemmat, A.; Mouazen, A.M. Soil compaction sensor systems–current developments. In Proceedings of the
ASABE Meeting Presentations, Providence, RI, USA, 29 June–2 July 2008; Volume 083994, pp. 1–10. [CrossRef]

46. Mouazen, A.M.; De Baerdemaeker, J.; Ramon, H. Towards development of on-line soil moisture content sensor using a fibre-type
NIR spectrophotometer. Soil Tillage Res. 2005, 80, 171–183. [CrossRef]

47. Lou, S.; He, J.; Lu, C.; Liu, P.; Li, H.; Zhang, Z. A tillage depth monitoring and control system for the independent adjustment of
each subsoiling shovel. Actuators 2021, 10, 250. [CrossRef]

48. Laamrani, A.; Voroney, P.R.; Berg, A.A.; Gillespie, A.W.; March, M.; Deen, B.; Martin, R.C. Temporal change of soil carbon on a
long-term experimental site with variable crop rotations and tillage systems. Agronomy 2020, 10, 840. [CrossRef]
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