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Abstract: The sustainable production of renewable energy is a key topic on the European community’s
agenda in the next decades. The use of residuals from agriculture could not be enough to meet the
growing demand for energy, and the contribution of vegetable oil to biodiesel production may be
important. Moreover, vegetable oil can surrogate petroleum products in many cases, as in cosmetics,
biopolymers, or lubricants production. However, the cultivation of oil crops for the mere production
of industrial oil would arise concerns on competition for land use between food and non-food crops.
Additionally, the economic sustainability is not always guaranteed, since the mechanical harvesting,
in some cases, is still far from acceptable. Therefore, it is difficult to plan the future strategy on
bioproducts production from oil crops if the actual feasibility to harvest the seeds is still almost
unknown. With the present review, the authors aim to provide a comprehensive overview on the
state of the art of mechanical harvesting in seven herbaceous oil crops, namely: sunflower (Heliantus
annuus L.), canola (Brassica napus L.), cardoon (Cynara cardunculus L.), camelina (Camelina sativa (L.)
Crantz), safflower (Carthamus tinctorius L.), crambe (Crambe abyssinica R. E. Fr.), and castor bean
(Ricinus communis L.). The review underlines that the mechanical harvesting of sunflower, canola and
cardoon seeds is performed relying on specific devices that perform effectively with a minimum seed
loss. Crambe and safflower seeds can be harvested through a combine harvester equipped with a
header for cereals. On the other hand, camelina and castor crops still lack the reliable implementation
on combine harvesters. Some attempts have been performed to harvest camelina and castor while
using a cereal header and a maize header, respectively, but the actual effectiveness of both strategies
is still unknown.

Keywords: harvesting; work productivity; supply chain; harvesting efficiency

1. Introduction

The European Directives on Renewable Energy (RED I and RED II) [1] aim to increase the share
of renewable energy up to 32% of overall domestic energy production by 2030. Agriculture plays
a key role in such context [2]; indeed, this sector can contribute to bioenergy production both with
the exploitation of agricultural residues [3–6] and with dedicated energy crops [7–10]. Concerning
the latter strategy, biodiesel production from oil crops is crucial [11]. Oil crops are able to synthesize
highly complex molecular structures that can be used to displace significant amount of petroleum oil
derived compounds [12] and they can significantly contribute to reach the above mentioned European
Directives about renewable energy [13]. Moreover, oil crops contribution to bioeconomy concept is
not only limited to bioenergy production, while taking into account the suitability of vegetable oil
to be used as feedstock for the production of several bioproducts, such as surfactants, plasticizers,
emulsifiers, detergents, lubricants, adhesives, and cosmetics [12,14]. However, two main issues are
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related to sustainable cultivation of oil crops. The first one is linked to avoid the competition with food
crops considering the global increasing demand for food [15]. Scientific community has been working
hardly to address this issue for years, mainly evaluating the possibilities of cultivating such crops in
polluted soils [16,17] or in marginal lands [18–20]. The second one regards the costs of production
costs of biodiesel, which is 30% more costly than petroleum-based diesel [21]. In particular, 60–80% of
the biodiesel production cost is linked to the raw materials [11]; hence, there is a strong need to reduce
the supply chain costs.

A possible strategy to reach this goal is to improve the harvesting operations. Harvesting is the
key stage of the supply chain that strongly affects both costs and biomass quality and it plays a key
role in the three pillars of the sustainability [22–31]. In a developed country, it is practically impossible
to set up a sustainable supply chain for a given crop without effective mechanical harvesting [32].
The labor costs would be too high to bear. The mechanical harvesting of a given crop can be performed
either using a dedicated harvester or borrowing it from other crops and apply specific modifications,
at different levels, in order to limit the loss and damage to kernels [32]. The availability of dedicated
machines is not always guaranteed, since different challenges arise according to the phenology of
the plant and the seeds. Oil crops suffer the lack of availability on the market of dedicated machines
for the harvesting stage, and the present review aims to provide the reader with the state of the art
of mechanical harvesting, focusing on large scale oilseed production of some herbaceous oil crops,
relying on the references that are produced in the last two decades (reference period 2000–2020).

Seven herbaceous oil crops have been taken into account, namely: sunflower (Heliantus annuus
L.), canola (Brassica napus L.), cardoon (Cynara cardunculus L.), camelina (Camelina sativa (L.) Crantz),
safflower (Carthamus tinctorius L.), crambe (Crambe abyssinica R. E. Fr.), and castor bean (Ricinus
communis L.). The common feature to all these species is that all of them are herbaceous oil crops whose
oil is the main product.

After the present introduction section, materials and methods for the review are reported.
Subsequently, each crop is treated in a dedicated paragraph, in which, as a first step, a general view
about the species is given (i.e., main agricultural features, actual and possible uses of oil, possibility of
exploitation of by-products), then the mechanical harvesting topic is reported in detail. Eventually,
the discussions and conclusion section are reported.

2. Materials and Methods

The bibliographical search was performed through Boolean operators. The use of Boolean
searching to carry out a systematic review allows to analyze all studies in a given research topic
through the use of specific database [33], in particular Scopus repository, was used for the present
work. A papers search within Scopus database was done looking for both the common name and
binomial one for each crop along with the word “harvest *”. Table 1 provides details of the research
keys and of relative findings.

Table 1. Research keys and findings on Scopus database.

Research Key Overall
Findings

2000–2020 and
English Language

Findings

2000–2020 Papers
Actually Dealing with
Mechanical Harvesting

Reference
n.

TITLE-ABS-KEY (“sunflower” AND “harvest *”) 1020 773
7 [34–40]TITLE-ABS-KEY (“Heliantus annuus” AND

“harvest *”) 427 323

TITLE-ABS-KEY (“canola” AND “harvest *”) 633 380

16 [41–56]

TITLE-ABS-KEY (“Brassica napus” AND
“harvest *”) 1244 1016

TITLE-ABS-KEY (“oilseed rape” AND
“harvest *”) 553 269

TITLE-ABS-KEY (“rapeseed” AND “harvest *”) 742 577
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Table 1. Cont.

Research Key Overall
Findings

2000–2020 and
English Language

Findings

2000–2020 Papers
Actually Dealing with
Mechanical Harvesting

Reference
n.

TITLE-ABS-KEY (“cardoon” AND “harvest *”) 59 58
7 [32,57–62]TITLE-ABS-KEY (“Cynara cardunculus” AND

“harvest *”) 143 142

TITLE-ABS-KEY (“camelina” AND “harvest *”) 67 66 4 [63–66]

TITLE-ABS-KEY (“castor” AND “harvest *”) 245 178
2 [67,68]TITLE-ABS-KEY (“Ricinus communis” AND

“harvest *”) 156 112

TITLE-ABS-KEY (“safflower” AND “harvest *”) 165 83
1 [69]TITLE-ABS-KEY (“Carthamus tinctorius” AND

“harvest *”) 114 97

TITLE-ABS-KEY (“crambe” AND “harvest *”) 42 25 3 [66,70,71]

TITLE-ABS-KEY: title, abstract, keywords. Thus the research was performed looking for the written above words
within title, abstract and keywords of the papers in Scopus database. “harvest *”: every word which includes
“harvest”, thus: pre-harvest, post-harvest, harvesting, etc

Findings reported in Table 1 were analyzed to further refine the search and approximately
200 papers were used to build up the present review.

3. Sunflower

3.1. Sunflower Main Features

Sunflower is an annual plant belonging to Asteraceae family and it is one of the most important
oil crop worldwide [72]. Main producing countries are Ukraine and Russian Federation, which
approximately account for 50% of global sunflower production [73]. Contrary to the majority of
the other oil crops, sunflower oil is mainly used for human consumption, but it can also be used
for biodiesel production [74]. When considering the great importance at global scale of this crop,
many different varieties have been selected in order to achieve the possibility of cultivation in different
climatic conditions and with different crop management (rainfed, minimum tillage, no tillage, various
fertilization rates) [75–77]. Oil content in the seeds ranges between 38% and 53% by weight [75,78–81].
Sunflower is commonly considered an “environmental friendly” crop [82]; indeed, it generally requires
low level of fertilization and the row spacing of about 50 cm allows for mechanical control of weeds [82].
On the other hand, ploughing resulted in being helpful to ensure the correct development of the tap
root [83]. In the last years, there has been growing interest for sunflower cultivation in no tillage or
reduced tillage systems [75]. Interesting results under this point of view were showed by Sessiz et al.
(2008), who found that seed yield and oil content did not vary between no tillage and conventional
tillage management [84].

Sunflower by-products show interesting features for energy production [85–89].
In particular, sunflower cake could be used as feedstock for anaerobic digestion, when considering

its C/N ratio over 10 [88], for biofuel production in co-pyrolysis [90] or for the production of
biomaterials through extrusion process [91]. Sunflower stalks can be used for bio-ethanol and biogas
production [92,93] and seed hulls are suitable for energy production in co-firing [94,95]. On the contrary,
the sunflower cake did not exhibit interesting characteristics for animal feeding [96,97].

3.2. Sunflower Mechanical Harvesting

Sunflower harvesting is performed with specific headers (Figure 1) that are designed for collecting
sunflower seeds and transporting them to the inclined chamber of the combine harvester. Sunflower
headers generally consist of the frame, auger, seed conveyors, choppers stems, dividers, and cutting
units [34]; suitable combine settings for sunflower are given in Table 2.
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Figure 1. Sunflower header working on cardoon (photo by Authors).

Table 2. Suitable combine harvester setting for sunflower [98].

Parameter Values

Threshing speed (rpm) 300–400
Concave clearance (mm) 30–40

Fan speed (rpm) 650–850
Upper sieve clearance (mm) 13–15
Lower sieve clearance (mm) 7–9

The use of sunflower headers is generally associated with values of seed loss of 2% [34],
if considering the average global yield for sunflower in 2018 of 1.97 Mg ha−1 [73], which corresponds,
approximately, to 39 kg ha−1 of lost seed. The working speed of the combine harvester generally ranges
from a minimum of 3.80 km h−1 to a maximum value of 9.60 km h−1 [34]. The field capacity ranges from
1.50 ha h−1 to 3.70 ha h−1 in the case of headers with eight rows; and, from 4.30 ha h−1 to 5.40 ha h−1

for headers having 12 rows. Fuel consumption varies from 6.71 L ha−1 up to 11.50 L ha−1 [34].
Three main aspects of the sunflower harvesting stage should be further investigated: the possibility

to reduce the loss of seeds, to reduce the impurity of the seeds collected and to manage properly the
crop residues. They are mainly made of talks that are usually shredded and buried into the soil in
a second passage operation which has economic and environmental impacts (for example causing
higher soil compaction) [35,36]. Nalobina et al. 2019 developed a sunflower header to further reduce
seed losses and it is able to cut the stalk at a lower height, avoiding clogging of the header through the
appliance of a conical rotor for the collection and the cut of stems. This modified header allowed for a
reduction of seed loss, even if the working speed was consistently lower (1.00–2.50 km h−1) [35].

Startsev et al. (2020) also tried to reduce seeds loss in sunflower mechanical harvesting.
Authors developed an auger-reel applied to the header of the combine harvester that allowed
for the reduction of seeds loss from the typical value of 2% up to 0.63% [37]. In case of dwarf sunflower
plants, Shaforostov et al. (2019) designed and presented another prototype whose innovative features
permitted the regulation of the inclination (in relation to the soil plate) of the screws along the dividers.
In such way, it was possible to adjust the inclination according to the characteristics of the crop (dwarf
or tall sunflower), thus allowing to reduce the length of the stem entering the threshing apparatus,
which is the main responsible of clogging [38]. The stem of dwarf and tall sunflower measured 15 cm
and 25 cm in length, respectively, whilst seeds loss of 0.25% in dwarf plants and 0.98% in tall plants
were reported. The working speed of the combine harvester was set at 5 km h−1 for both sunflower
varieties [38].

The third issue in sunflower mechanical harvesting, i.e., avoiding/limiting extraneous matter
entering in the header, was addressed by Startsev et al. (2020). In particular, the authors developed the
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design of a sieve with additional holes that can be installed as additional cleaning stage in the cleaning
shoe of the combine harvester. Those sieve holes were longitudinally shaped, just like sunflower
seeds, and they also permitted the adjustment the area according the characteristics of the seeds of
cultivar harvested. Such improvements permitted the significant reduction of extraneous material in
the hopper heap by 38–42% by weight, in comparison with a combine harvester not equipped with
such particular sieve [39].

However, in the same reference period, the impact of mechanization on agriculture was also
investigated. Particularly, some studies focused on soil compactness due to machinery traffic, which
is a major concern in both agriculture and forestry mechanization activities [99–104]. Among them,
Dalmis et al. (2013) designed a chopper unit that can be installed under the header of a combine
harvester and driven by via transmission chain connected to the header. The chopper unit consisted
of a main body, a main shaft, three bevel gears mechanisms, four bearings, and three blade modules.
The chopping occurred simultaneously to harvesting operation; therefore, avoiding the need for a
second operation also saving time, labor, and energy. The height of the stalks on field measured 15 cm
in height on average, which was similar to the average size of the chopped material in typical second
passage chopping operation. The additional fuel consumption of the combine harvester due to the
chopping unit was reported in 1.00 l h−1 [40].

4. Canola

4.1. Canola Main Features

Canola (or rapeseed or oilseed rape) belongs to Brassicaceae family. It is the most cultivated
oil crop worldwide and there has been growing interest on it during the last two decades [105].
The main producing countries are Canada and China, which together account for the 38% of global
production [73]. However, canola is also gaining interest in Mediterranean zone [106]. Like sunflower,
canola oil is suitable for human consumption [107,108], although energy production [109–111] is the
most relevant application [106,112]. The main features that drive the growing importance of canola is
the high oil content (about 45–50%) [113] and suitability for phytoremediation in soils polluted with
diesel and heavy metals [114,115]. Moreover, rapeseed by-products can be also exploited. The cake
is suitable for fermentation [116], while shoots and leaves are edible for humans, moreover nectar
production is suitable from flowers, flavonoids and amino-acids extraction from pollen and fodder
can be obtained from straw and seed meal [117]. Scientific research is focusing on the development
of varieties and cultivation techniques to improve the possibility of mechanical collection. Rapeseed
phenotypes that are suitable for mechanization should exhibit specific traits as: tightness, lodging
resistance, collective flowering, and maturation, and produce more pods on the main stem [118,119].
Scientists are tackling the problem by following two strategies: testing higher plantation densities,
which have positive effects on those desired traits in mechanical harvesting [120,121] and via developing
dwarf cultivars (plant height lower than 160 cm) [122,123].

4.2. Canola Mechanical Harvesting

Two different options are available for canola harvesting: “direct cut”, performed with a combine
harvester in a single operation when seed ripeness is reached, or cutting and swathing of the crop
at an early stage of ripening in order to limit seed shattering [41,42], and then trashing is performed.
Seed loss is generally higher in direct cut method [49], although working performance is better [50] and
the soil disturbance is lower. However, differences in seed loss among the two harvesting methods are
not always found and a mean value 10% of seed lost is to be accepted [51–53]. As a general conclusion,
it can be stated that combine harvesting is taking over and, currently, it is most studied method
reported in the literature. In fact, only Irvine et al. (2010) studied the swathing method applied to
canola harvesting [50]. The authors developed an alternative system to swath the crop in order to avoid
windrowing operation and limiting the seed loss, which can occur under the strong wind condition.
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The device is made of curved front surface that mechanically bends the plants forward causing the
lodging at a height of 10–20 cm above the soil surface. After maturity, the lodged crop is harvested
according to the direct-cut methods by operating against the lodging direction. Advantages from such
strategy are found in the high working speed of the device and its low purchase cost, particularly if
compared with those of a windrower [50]. On the other hand, the possible drawbacks of applying such
system could be the delay in the harvesting period as well as the reduction of the speed of the combine
harvester due to unavoidable need to cut the plants closer to the soil [50]. However, it is important to
underline that, to the best of our knowledge, such a method is not actually applied to substitute the
typical swathing one.

Several studies have been focusing on the effects of combine harvesting on seed loss in canola
(suitable combine settings are reported in Table 3), and possible solutions to limit such problem are
provided accordingly.

Table 3. Suitable combine harvester setting for canola [54,124].

Parameter Values

Threshing speed (rpm) 550–580
Concave clearance (mm) 35–40

Fan speed (rpm) 400–600
Upper sieve clearance (mm) 4–16
Lower sieve clearance (mm) 3–4

It is important to highlight that, when it comes to mechanically harvesting the seeds of a given
crop, some compromises must be accepted. Firstly, timing is a really important factor that could trigger
high seed loss during the harvesting, due to both the natural dehiscence and presence of immature
seeds [55]. Moreover, the latter ones are more susceptible to damages [56] and less suitable for high
quality biofuel production [43]. Secondly, canola seeds size has negative impact on seeds loss, since
smaller seeds can either be lost during impact of the header with tips of the plants, or during the
trashing due to airborne effect of the fan [44]. Lastly, because plants are prone to entangle each other,
pulling and tearing movements are generated during the harvesting and this can reduce the working
efficiency of the machine [45].

So far, three main options for canola combine harvesting are available: using a conventional
wheat header [46] without modifications; using wheat header specifically modified [42,47] or using
a dedicated header that is characterized by the presence of vertical separators on both sides and by
the continuous regulation of the blade-conveyor screw distance [48] (Figure 2). The last two options
are meant to reduce pulling and tearing among plants and help to reduce the loss of seeds. When
considering the differences in seed morphology between wheat and canola, it is fundamental to adjust
the combine harvester set up finely, with particular attention to the fan speed, rotor speed, concave
clearance, and sieves choice [46].
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Chronologically, the first study dealing with canola loss in combine harvesting reported in the
reference period (2000–2020) is Hobson et al. (2002) [42]. Authors modified a wheat header adding
a conveyor between the cutterbar and the auger, which gently conveyed the cut plants to the feeder
conveyer, thus reducing the harsh movements partially responsible of seed loss. This modified header
showed seed loss of 4.0% w/w, while the standard header tested on the same field showed a value
of 6–8% w/w. According their preliminary economic evaluation, the estimated costs for modifying
the header can be leveled off if more than 171 ha year−1 over five years period can be harvested,
in comparison with using a standard header of the same size [42].

Tests on specific rapeseed header working performance were conducted by Pari et al. (2010) in
2007 and 2009 [48]. In 2007, a comparison between conventional wheat header and specific rapeseed
header was performed, whilst in 2009 a wheat header was compared to a modified header bearing
a vertical blade on its right side. The lowest value of losses was reached while using a specific
rapeseed head in 2007 (2.76%), while wheat head in the same year showed 3.84% w/w of seeds loss.
In 2009, the wheat head showed 9.33% w/w seeds loss while the modified wheat head with vertical
blade showed only 6.84% w/w of seeds loss. Referring to the whole width of the combine harvester
pass, the quantity of seeds loss found in the middle part (just below the swath) were similar in both
treatments. However, the vertical blade applied on the modified header helped to decrease the loss of
seeds in the lateral part of pass up to more than 35%. With respect to the combine harvester settings
for wheat harvesting, the following tuning has to be applied: 20–30% lower rotor speed, 15–20% lower
fan speed, 100–150% higher concave clearance, top riddle screen clearance of 8–10/7–9 mm, and lower
riddle screen one of 3–3.5/3.5–4 mm [48]. A similar experiment was conducted by Asoodar et al. (2012),
which tested a modified wheat header that was equipped with a vertical cutting bar for seeds loss.
The Authors confirmed the previous finding, also reporting a reduction in seeds loss reduction from
14% w/w to 2% w/w [47].

Other tests were further conducted on specific canola header in 2012 by Pari et al. (2012) [54] setting
the combine parameters, as explained hereafter: rotor speed 440 rpm, fan speed 430 rpm, concave
clearance 37 mm, upper sieve clearance 4 mm, and lower sieve clearance 3 mm. Such a header showed
lower losses in comparison to wheat header (0.97% and 1.63%, respectively) [54]. This study also
highlighted the importance of the combine harvester speed: when the speed is decreased, the combine
harvester is fed more smoothly and the impact of the header on the crop weakens [54]. On the contrary,
reducing the speed implies higher costs, since both field capacity and material capacity are lower.

5. Cardoon

5.1. Cardoon Main Features

Cardoon belongs to the Compositae family, which bears flowers in inflorescences, called capitula
or heads. The name of the fruit is cypsela (an achene from an inferior ovary) crowned by plumose
filaments, called pappi [125]. Cardoon is cultivated as a multiannual crop and it can reach 2 m in height.
The ecological requirements of C. cardunculus suit the environmental conditions of the Mediterranean
zone, it requires 450–1000 mm year−1 of annual rainfall [125], and the cultivation is possible in poor
soils [18,126–128]. Cardoon also performs well as bioremediation crop for polluted soils [17,129].
In the Mediterranean area, the establishment of cardoon crops is performed either during autumn or
spring [130]. Ploughing and harrowing are recommended in order to allow for the proper development
of the root system [131], even if Fernando et al. (2018) highlighted the possibility of cultivating cardoon
in no tillage system also demonstrating a reduction in the environmental impact [132]. Cardoon can be
either sowed or transplanted, but the first strategy is the most common [133–135]. Plant density is
generally 1–2 m−2 [136,137]. The harvest is performed in summer from July to September [134,138,139],
the yield of whole biomass on dry basis ranges between 10–20 Mg ha−1 year−1 with about 500 mm
annual rainfall [125,135]; seeds oil content ranges from 185 g kgdm

−1 to 253 g kgdm
−1 [140].
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The cultivation costs of Cynara cardunculus are reported between 329.19 € ha−1 and 477.37 € ha−1;
a consistent share of such costs is represented by biomass collection stage, whilst the harvesting
operation accounts for 35–45% of the total costs [141].

The most interesting aspect of cardoon is the possibility to exploit its biomass in several ways. In
the energy sector, the oil seed is suitable for the production of biodiesel [142–144]. The lignocellulosic
biomass of the stems can be used as solid biofuel [145] or as substrate for gasification [146],
pyrolysis [147], bioethanol production [148], and biomethane [149]. The pappi are particularly
suitable for the production of paper pulp [138,150,151]. Finally, cardoon exhibits interesting features as
a medicinal plant [152,153] or source of food for both humans and animals [154].

5.2. Cardoon Mechanical Harvesting

The mechanical harvesting of cardoon can be performed in two different ways. The first one
involves the collection of all the aboveground biomass produced and afterward, the separation in
different fractions. The second strategy, which is currently the most adopted, involves the use of a
combine harvester for separating the seeds from the residual biomass, which is collected successively
via baler.

First attempts to apply the first method, e.g., (collection of the whole aboveground biomass),
are dated back to the end of 1990’s, in Spain. A self-propelled mower-baler and choppers, previously
applied to Miscanthus spp harvesting, were tested on cardoon. Unfortunately, the low bulk density of
the material (mostly due to the chopper) and the high quantity of pappi scattered around represented
a serious problem for the safety and the proper functioning of the machines. Filters and radiators of
the machines clogged with a high risk of spontaneous combustion of the biomass [32].

Biomass baling is a more feasible alternative to undertake for a whole biomass harvesting. Here,
two passes are needed: the first operation is mowing the plants by using a drum mower, while
the second is the baling of the biomass with a round baler. However, during the baling, excessive
quantity of soil was picked and included into the bales, thus causing slagging in phase of combustion.
A mower-baler towed by a tractor was tested in 2006 in Spain in order to avoid this problem. However,
the machine did not perform successfully, mostly due to the very low bulk density of the obtained
round bales [32]. The development of high performing machines is a step-by-step process that, relying
on specific trials, aims to address all the aspects of the harvesting. First trials were performed in 1990’s
with using a combine harvester equipped with conventional wheat header, which reported very high
loss of seeds, mostly due the different architecture of the cardoon inflorescence as compared to cereal’s
spikes. Further trials were conducted in 2004 trying to: adjust the height of the header according to the
height of the plants, add screens on the header, and lower the speed of the moving parts of the combine
harvester. All of the results improved, but the loss of seeds that remained high (35% approximately)
with high percentage of broken achenes (16%) [31]. Two years later, in Portugal, maize header and
a wheat header were tested. Wheat header resulted in a high loss of achenes, but the high cutting
height permitted obtaining a satisfactory size of residual biomass for the collection. On the other hand,
the maize header showed better performance, but the cutting height of the stalk resulted in being too
high and a second pass of lignocellulosic biomass mowing was necessary to collect it, obviously with
negative influence on costs [32].

As a consequence of the previous tests that were performed using both maize header and wheat
header, in 2007 the first attempt to develop a dedicated header for cardoon mechanical harvesting
was made. The prototype derived from the merge of the two: the maize header was brought higher
detached the capitula, whilst the wheat header below cut the stalks at the ground level. The residues
of the threshed capitula were discharged on the swath, in order to collect them together with the
lignocellulosic biomass. The combine harvester that were equipped with this header showed good
working productivity with 3.24 km h−1 working speed and 1.57 ha h−1 field capacity, but no data
concerning seed loss were reported by the authors [57]. The main problem with such header regarded
the lower part of the machine, which was developed for a row cultivation, like maize and wheat.
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Cardoon instead is a long-standing crop that is initially set up as row cultivation, but, after the first cut,
it loses the row setting thanks to offshooting. Further improvements of the header (Figure 3) aimed
to guarantee the cut of the stalk throughout the length of the cutting bar [58]. Working speed of the
combine harvester increased to 4.41 km h−1 with a field capacity of 2.10 ha h−1 and a material capacity
of 1.50 Mg h−1 of harvested seeds and of 13.05 Mg h−1 of lignocellulosic biomass. Biomass loss (seeds
included) was 10.70% and damaged achenes were 3.25% [155].
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The performance of the prototype was also tested against the performance of two wheat headers:
one of the two was modified by adding triangular plates under the cutting bar in order to reduce seeds
loss. Therefore, three headers were tested. The field capacity resulted lower in cardoon header (1.27 ha
h−1) than in modified wheat header (1.74 ha h−1) and in classical wheat header (1.67 ha h−1). The loss
of biomass was lower in the case of cardoon header in comparison with the others. The loss of seed
triggered by the cardoon header was 86% lower in comparison with the conventional wheat header and
65% lower than the modified header. Moreover, lignocellulosic biomass losses were significantly lower
with the cardoon header prototype (about 8%) than in the other two headers (more than 50%) [59].

When it comes to cultivate cardoon on marginal Mediterranean soils, some problems may arise in
the case of presence of stones. Stony soils represent a real challenge for mechanical harvesting, since
the rocks can clog the combine harvester and cause serious damages to the mechanisms. Additionally,
such soils undergo neither tillage nor levelling. Therefore, the driver has to keep the cutting bar
distant from the soil in order to avoid unwanted external material within the header. This cautionary
maneuver triggers the increase residual biomass loss. The development of a new flexible bar, driven
by a system for sensing and signaling the presence of obstacles during the forward of motion of a
combine harvester, was realized and tested. This flexible bar performed well, but it is important to
highlight that the combine harvester speed was rather low, i.e., 0.70 km h−1 [60,61], so further tests
and adjustments are encouraged in order to reach a working speed as much as possible close to the
working speed of other dedicated headers.

The last mechanical improvement found in literature concerning cardoon crops is the development
of a specific system that is able to collect the pappi from the cardoon’s flower. During threshing, pappi
are discharged along with the residual biomass in swaths for being included in the bales during the
baling (within 3–4 h after harvesting). Because of the light weight, they can be quickly blown away
from the straw. Thus, in order to limit such phenomenon, the combine harvester was equipped with a
wetting system made of a water tank, an electric pump, a flow regulator, and three pairs of nozzles that
sprayed the threshed material with a wetting solution. Four adjuvants in two different concentrations
were used to extend the retention time. The amount of pappi remaining on the windrow proved the
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efficacy of one of the adjuvants (alkyl polysaccharide at 0.20% concentration) in limiting dispersal
(52.8 kg ha−1), bearing in mind that, without wetting (untreated), the amount remaining was seven
times less (7.51 kg ha−1). Additionally, preliminary economic analysis was conducted, thus proving
the economic feasibility of such system [62].

However, it is important to highlight that, notwithstanding the growing interest for cardoon
cultivation, no data regarding the setting of the combine harvester are available in literature.

6. Camelina

6.1. Camelina Main Features

Camelina belongs to Brassicaceae family [156]. This species originated from South-East Europe
and South-West Asia [157]. Plant height generally ranges from 65 to 110 cm [158]. Seeds are contained
within silique, commonly called seed capsules or pods, which measure from 5 to 14 mm in length,
pear-shaped, slightly flattened, and contain eight to 15 seeds [159]. They are very small (0.7 mm ×
1.5 mm), with a 1000-seed weight ranging between 0.8 and 1.8 g, depending on cultivar and growing
conditions [160,161]. Seed oil content has been reported to range from 30% to 49% [160–163].

Thanks to the availability of both winter and spring varieties and the relatively short life
cycle, camelina is particularly suitable for double cropping with small grain cereals, soybean, and
sunflower [63,164–169]. Concerning the crop establishment, sowing occurs at a depth of 6–13 mm [159]
applying 4 and 6 kg ha−1 of seeds [170].

The current growing interest in camelina cropping is linked to several factors. Apart from the
double cropping, camelina shows high seeds oil content (30–49%) [171] and multiple uses of it, i.e.,
biodiesel [172,173] and jet fuel production [174,175], animal feeding [176–178], aquaculture [179,180],
raw material for agrochemical products [181], and medical and veterinary applications [182,183].
Moreover, camelina is a low input crop in comparison with most of the commodity crops cultivated for
biofuel production [165], so the environmental impact is lower [184], particularly if the suitability of
camelina straw for bioenergy purposes is also included [185,186]. According to the literature, can be
cultivated on poor soils and on soils with difficult conditions, even in the Mediterranean zone [187].

Concerning the economic aspects, some studies reported a breakeven point of biodiesel price
lying between 0.88 € l−1 to 1.06 € l−1 in order to gain profit from the cropping [156,172] and including
the cultivation costs of approximately 428.00 € ha−1 [188].

6.2. Camelina Mechanical Harvesting

Camelina, similarly to canola, is directly combined with traditional wheat header or swathed and
then combined. Both of the methods result in similar seed yields [63]. The setting of the combine
harvester is to be adapted to the species’ features; e.g., speed, wind flow (fan speed), small opening
screens, leak sealing, distance between the threshing cylinder, and the concave in order to prevent seed
loss [64]. A certain tendency to seed shattering is reported in camelina, although not as much as in
rapeseed [159].

Notwithstanding the growing attention of scientific community to such crop, very few studies
dealt with mechanical harvesting analysis, setting and improvement.

Sintim et al. (2016) tested seed loss in mechanical harvesting performed with a plot combine
harvester, firstly set for canola seeds, and then ongoing adjustments were carried out in order to
minimize seeds loss. Seed loss was 11.70% w/w [65]. Another recent study, reported harvesting costs
of 46.70 € ha−1 in the case of using a combine harvester equipped with wheat header, accounting for
the 10% of the overall cultivation costs [66].

Needless to say, much more should be done about mechanical harvesting topic of this interesting
oil crop.
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7. Safflower

7.1. Safflower Main Features

Safflower (Carthamus tinctorious L.) is an annual oilseed crop. The main producing countries are
Kazakhstan and USA, which together account for about the half of the global production [73]. Safflower
oil is mainly used for biodiesel production [189] but it can be also used as a heat-stable cooking oil to
fry and it is also used in cosmetics, food coatings, animal nutrition, and infant food formulations [69].
This plant has a strong central stem, a varying number of branches, and a taproot system. Each branch
usually bears from one to five flower heads containing 15 to 20 seeds each [69]. The seed oil content
ranges from 30% to 50%, depending on the variety and the environmental conditions [190]. Safflower is
usually grown in recropping or in rotation with small grains or fallow and annual legumes. This species
reaches the physiological maturity about 30 days after flowering and it is ready for the harvesting
when most of the leaves have turned brown [69].

Seed shattering is a minor problem, although safflower should be harvested as soon as it is mature
to minimize the danger of seed damage from excessive moisture.

Excessive rain and high humidity after physiological maturity of the seed may cause sprouting in
the head. Safflower seeds are small, i.e., thousand-grain mass varies from 55.30 g to 41.30 g [191]. For a
proper seed germination, both ploughing and harrowing are required. Seeding is usually performed in
rows with a distance of approximately 45 cm between rows, and with a plant density of 45,000–60,000
plants per hectare. The high tolerance to drought makes the safflower suitable for cultivation in
Mediterranean climate [192].

7.2. Safflower Mechanical Harvesting

Safflower harvesting is usually carried out with a combine harvester equipped with wheat
header [69]. Literature lacks scientific studies regarding the harvesting of such oil crop. Indeed,
only one paper dealing with this issue was found in the framework of the present review.

In particular, Pari et al. (2016) analyzed the mechanical harvesting performance of a wheat header
(Figure 4) for safflower seeds collection [192].
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Table 4 provides the applied settings of the combine harvester.

Table 4. Suitable combine harvester setting for safflower [192].

Parameter Values

Threshing speed (rpm) 800
Concave clearance (mm) 54

Fan speed (rpm) 400
Upper sieve clearance (mm) 11
Lower sieve clearance (mm) 6
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The working speed was equal to 3.7 km h−1 and effective field capacity resulted in 1.32 ha h−1.
Seed loss analysis showed a value of 3.2% with 1.7% damaged seeds and 22.8% of impurities [192].
According to these results, it is possible to assert the good efficiency of a typical wheat header for the
mechanical harvesting of this oil crop.

This is very interesting, because, unlike cardoon, safflower can be easily harvested with a
conventional wheat header and applying fine adjustments to the combine harvester. An important
feature that helps to promote the double cropping with traditional crops in both Mediterranean and
Temperate zones.

8. Crambe

8.1. Crambe Main Features

Crambe abyssinica Hocst belongs to Brassicaceae family and it is the only cultivated species of
Crambe genus [193]. Crambe oil can be used for the production of biodiesel [194,195] and jet fuel [12,14],
but it is also suitable for non-energy applications, such as plastic films, adhesives, cosmetics, nylon,
thermal insulation, corrosion inhibitors, synthetic rubber, and industrial lubricant [196–198]. After
a period of decreasing attention on crambe in European Union [13], mostly due to significant yield
variability [199], establishment difficulties linked to low germination energy, capsule persistence,
seed dormancy [200,201], and poor interest of crambe cake for animal feeding [202]; in the last year
there has been growing interest toward this species, as demonstrated by several European projects [203].
The renewed attention to this crop is related to several factors: low degree days requirement (about
1600) to reach maturity and so feasibility for double cropping [204–206], drought resistance, adaptability
to various soil pH values, no seed shattering, higher dimension of the seed if compared to other oil
crops [13], and plant height suitable for mechanical harvesting [207]. Moreover, crambe cultivation
shows lower environmental impact than major oil crops, like, for example, canola [208].

8.2. Crambe Mechanical Harvesting

Scientific tests on mechanical harvesting of crambe were conducted by the University of Wisconsin
in 1991 and University of Nebraska in 1993 [209,210] with conventional combines harvester set as for
wheat harvesting. The optimal setting found is: threshing cylinder speed between 400 and 500 rpm;
concave clearance of 10 mm; and, fan speed 500 rpm. The Authors also suggested to keep the frontal
reel rotation speed slightly faster than the ground speed of the combine harvester in order to minimized
the phenomenon of seed shattering [209,211]. Others studies also support the hypothesis to apply such
strategy for crambe mechanical harvesting under the economic point of view, reporting a harvesting
cost of approximately 47.00 € ha−1 [66,70].

Other studies, which were performed in 2012 with a 1.60 m wide plot combine harvester, aimed
to provide further detailed information regarding the best combine setting. The machine was tested
at three different speeds of working (3.0, 5.0, 8.2 km h−1) and four rotation speeds of the threshing
cylinder (400, 600, 800, and 1000 rpm). According to their findings, the lowest seeds loss, i.e., 3% w/w,
was experienced when the working speed of the combine harvester is 5.04 km h−1 and speed rotation
of the threshing cylinder is 800 rpm [71].

In light of what written above, the status of crambe mechanical harvesting is very similar to
safflower. In fact, the only possible strategy is through using a combine harvester equipped for wheat
harvesting, but set differently. Thus, the possibility to further exploit this oil crop in the future is a
tangible option. Table 5 provides suitable settings of the combine harvester.
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Table 5. Suitable combine harvester setting for crambe [71,209,210].

Parameter Values

Threshing speed (rpm) 400–800
Concave clearance (mm) 10

Fan speed (rpm) 500

9. Castor

9.1. Castor Main Features

The world production of castor oil seeds (Ricinus communis L.) increased from 1.19 Mt in 1998
to 1.4 Mt in 2018, with a pick of 2.74 Mt in 2011 [73], highlighting a constant growing interest on
this species. India is the most productive country of castor oil (more than 80% of the worldwide
production) along with Mozambique, China, Brazil, Myanmar, Ethiopia, Paraguay and Vietnam [212].
Castor can grow well on marginal lands; it is resistant to drought and pests. The seeds oil content
ranges from 35% to 55% w/w for high yield breed type (more than 1000 L ha−1 can be obtained when
cultivated), has one of the highest viscosities among vegetable oils, and a molecular weight of 298 [213].
Globally, it only accounts for 0.15% of the total vegetable oil production [214] but it offers a wide
spate of possible applications that stretch from pharmaceutical and cosmetic sectors to lubricants and
oil-derived products [215]. The obtained bio-oil can also be used as a renewable fuel and chemical
feedstock [216]. However, the content of toxic compounds as ricin in castor beans, curbs the possibility
to cultivate castor plants extensively. In fact, several cases of accidental or intentional contaminations
with ricin have been reported worldwide between 1981 and 2011 [217], although the scientists have
never given up on studying this species.

Castor is relatively high demanding in N requirements when compared with other oil crops, as for
instance soybean [209], and nitrogen availability in the soil promotes the expansion of leaves as well as
the elongation of the stems [218]. Such effects trigger the development of a considerable amount of
aerial biomass, which, in turn, reduces the harvest index of the crop [219].

9.2. Castor Mechanical Harvesting

Capsules are harvested when completely dried and a delay in this phase can lead to high
seed loss for shattering. Castor seeds yield can reach up to 4.44 Mg ha−1 in the Mediterranean
area [220], but the presence of green racemes bearing unripe capsules is a feature that should be
reduced. At least, defoliation and fruit ripening must be artificially induced in order to have
homogeneity among plants. This represents a big issue to address when it comes to harvesting stage,
since more than one pass is mandatory and mechanization is barely possible when the growth is
indeterminate [67,221,222]. Additionally, the use of chemicals and growth regulators are not allowed
in organic farming. Therefore, harvesting is mainly performed manually with negative impact on
the supply chain costs. Literature lacks the knowledge of scientific support regarding the possibility
to harvest castor seeds mechanically, although unofficial tests have been conducted so far. Combine
harvesters that are equipped with modified maize headers are currently used, although fine regulations
of the cylinder speed, cylinder-concave clearance are strongly needed in order to reduce as much as
possible seeds loss and seed damage (no data about combine harvester setting were found in literature).
However, clogging may occur in the case of high quantity of aerial biomass production. The only
dedicated header for castor beans harvesting is currently produced by Evogene Ltd. and Fantini s.r.l
which announced in 2018 the successful results obtained: they reported a reduction of seeds loss from
the current 50% to 5% in two consecutive tests that were performed in 2017 and 2018 on proprietary
castor varieties [223]. Combine harvesters are usually equipped with a cutting bar that is situated in
the lower part of the header, and it cuts the stem of plants at a given height. Consequently, a certain
amount of aerial biomass is conveyed within the cleaning system, which, in the case of castor plants,
is not negligible. On the contrary, a different approach is proposed by Zhao et al. (2019), particularly
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reported the possibility to harvest the capsules only, without cutting and threshing the whole plant.
The innovative system seeks the use of a vibrating system instead of a cutting bar that is mounted on
the header of the combine harvester [68]. Such a strategy is worthy of further investigation in order
to provide scientific evidence on the reliability of such strategy. However, the upstanding residual
biomass can be further collected if necessary. So far, no other scientific evidences have been found
regarding the development of mechanical harvesting machines that are specifically dedicated to castor
beans. However, lots of effort has been put in the selection of desirable traits, like dwarf plant type
(<100 cm), early flowering and maturity (26–29 days and 120–140 days, respectively), seeds weight
(70–80 g/100 seed), and high oil content (54–55%) [224].

10. Discussions and Conclusions

From the comprehensive analysis of the reviewed literature, the main aspect that stands out
is the different degree of mechanical harvesting among herbaceous oil crops. Some of them share
common machineries and strategies; sometimes, even specifically developed technologies are available.
Others still profoundly lack this availability of a such specific machine that is able to harvest the seeds
efficiently. According to the similarities and differences found, it is possible to draw some common
conclusions among the reviewed species.

Sunflower and canola are currently being considered among the major herbaceous oil crops, which
benefit from a well-developed technology for the seeds harvesting worldwide. Combine harvesters can
be equipped with specific headers that can guarantee both high working capacity and low seeds loss.
These two aspects concretely contribute to making the cultivation of them economically sustainable for
farmers. In fact, the final revenue for farmers of a given crop is already jeopardized by the negative
effects of unpredictable biotic factors, like climate and seasonality, and biotic factors, like pests and
diseases, which can occur. Therefore, it is very important to rely on very efficient machines that
accomplish the harvesting task quickly and effectively.

Significant improvements have been found in cardoon harvesting. In fact, the implementation of
the header of the combine harvesters for cardoon seeds harvesting, significantly reduced the amount of
seeds lost from 50% to 3%. Another problem addressed in cardoon cropping, specifically on stony soils,
is the presence of stones in the field that compromise the harvesting. The development of a flexible
cutting bar that can continuously adjust itself to the terrain pattern represents a valid innovation that is
available to farmers. The working speed is still too low, but further research can also improve this
aspect too, getting closer and closer to the combine performance known, for example, in sunflower
and canola.

Differently, safflower and crambe mechanical harvesting relies on a combine harvester that is
equipped with wheat header. The loss of seeds is approximately 3%, which is an acceptable value. This
is a very interesting feature for farmers who cultivate cereals. In fact, they could broaden the number
of crops cultivated without spending more money on new machineries. However, during the in the
last years, the interest on safflower and crambe has not been constant.

Finally, it is possible to consider the mechanical harvesting of both camelina and castor not yet
satisfying. They have both shown a fast growing interest in the scientific community, but, on the
other hand, very little efforts have been put to the enhancement of specific mechanical harvesting.
Several papers and scientific projects have been studying camelina and castor under the agronomic,
genetic, and biochemical point of view, but, indeed, very little is known in the possible strategies for
mechanical harvesting. Nowadays, contractors borrow the harvesting strategy from other crops (i.e.,
wheat header for camelina and maize one for castor), which show the major drawback to exhibit high
loss of seeds. Additionally, very little is reported about seed loss, work productivity, and harvesting
costs in the literature. These are the key issues for the development of efficient supply chains and
future scientific research should focus on addressing this. Although the scientific community agrees
on using a combine harvester for collecting the seeds, further studies on the possible regulations as
well as possible modifications to apply to the machine are strongly needed and encouraged.
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In oil crops cultivation, two major concerns arise: the economic sustainability (the cost of biodiesel
production is currently higher than oil-derived diesel) and the competition with food crops for land
use. Recently, the cultivation of industrial crops on marginal lands has gained interest throughout
the Europe, and ongoing research activities focus on providing scientific evidence on such strategy.
However, it is not an easy task to accomplish since the productivity of marginal lands is usually
lower. Besides, if the harvesting phase is not effective, the overall strategy is not sustainable under the
economic point of view. Hence, it is important to improve the harvesting machines and strategies,
along with the genetic and agronomic ameliorations of the oil crops.
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95. Matin, A.; Majdak, T.; Krička, T.; Grubor, M. Valorization of sunflower husk after seeds convection drying for
solid fuel production. J. Cent. Eur. Agric. 2019, 20, 389–401. [CrossRef]

96. Casoni, A.I.; Bidegain, M.; Cubitto, M.A.; Curvetto, N.; Volpe, M.A. Pyrolysis of sunflower seed hulls for
obtaining bio-oils. Bioresour. Technol. 2015, 177, 406–409. [CrossRef] [PubMed]

97. Xazela, N.M.; Chimonyo, M.; Muchenje, V.; Marume, U. Effect of sunflower cake supplementation on meat
quality of indigenous goat genotypes of South Africa. Meat Sci. 2012, 90, 204–208.

98. John Deere Combine Setting Manual. Available online: http://manuals.deere.com/omview/OMHXE13769_
19/OUO6075_00003C2_19_25JUN09_1.htm (accessed on 16 July 2020).

99. Piron, D.; Boizard, H.; Heddadj, D.; Pérès, G.; Hallaire, V.; Cluzeau, D. Indicators of earthworm bioturbation
to improve visual assessment of soil structure. Soil Tillage Res. 2017, 173, 53–63. [CrossRef]

100. Venanzi, R.; Picchio, R.; Grigolato, S.; Latterini, F. Soil and forest regeneration after different extraction
methods in coppice forests. For. Ecol. Manag. 2019, 454. [CrossRef]

101. Bodaghi, A.I.; Nikooy, M.; Naghdi, R.; Venanzi, R.; Latterini, F.; Tavankar, F.; Picchio, R. Ground-based
extraction on salvage logging in two high forests: A productivity and cost analysis. Forests 2018, 9, 729.
[CrossRef]

102. Picchio, R.; Venanzi, R.; Tavankar, F.; Luchenti, I.; Iranparast Bodaghi, A.; Latterini, F.; Nikooy, M.;
Di Marzio, N.; Naghdi, R. Changes in soil parameters of forests after windstorms and timber extraction.
Eur. J. For. Res. 2019, 138, 875–888. [CrossRef]

103. Picchio, R.; Latterini, F.; Mederski, P.S.; Venanzi, R.; Karaszewski, Z.; Bembenek, M.; Croce, M. Comparing
accuracy of three methods based on the gis environment for determining winching areas. Electronics 2019,
8, 53. [CrossRef]

http://dx.doi.org/10.1051/ocl/2017020
http://dx.doi.org/10.15255/CABEQ.2016.985
http://dx.doi.org/10.1073/pnas.0912073107
http://www.ncbi.nlm.nih.gov/pubmed/20194793
http://dx.doi.org/10.3390/su10103407
http://dx.doi.org/10.3390/agriculture9110231
http://dx.doi.org/10.1016/j.indcrop.2015.02.042
http://dx.doi.org/10.1016/j.biortech.2011.07.097
http://dx.doi.org/10.1016/j.biortech.2005.04.022
http://dx.doi.org/10.1016/j.biortech.2018.07.070
http://dx.doi.org/10.1016/j.indcrop.2015.07.018
http://dx.doi.org/10.1016/j.fuproc.2010.03.006
http://dx.doi.org/10.5513/JCEA01/20.1.2018
http://dx.doi.org/10.1016/j.biortech.2014.11.105
http://www.ncbi.nlm.nih.gov/pubmed/25500616
http://manuals.deere.com/omview/OMHXE13769_19/OUO6075_00003C2_19_25JUN09_1.htm
http://manuals.deere.com/omview/OMHXE13769_19/OUO6075_00003C2_19_25JUN09_1.htm
http://dx.doi.org/10.1016/j.still.2016.10.013
http://dx.doi.org/10.1016/j.foreco.2019.117666
http://dx.doi.org/10.3390/f9120729
http://dx.doi.org/10.1007/s10342-019-01210-5
http://dx.doi.org/10.3390/electronics8010053


Agriculture 2020, 10, 309 20 of 25

104. Botta, G.F.; Tolón-Becerra, A.; Bienvenido, F.; Rivero, D.; Laureda, D.A.; Ezquerra-Canalejo, A.;
Contessotto, E.E. Sunflower (Helianthus annuus L.) harvest: Tractor and grain chaser traffic effects on
soil compaction and crop yields. Land Degrad. Dev. 2018, 29, 4252–4261. [CrossRef]

105. Vicianová, M.; Ducsay, L.; Ryant, P.; Provazník, M.; Zapletalová, A.; Slepčan, M. Oilseed rape (Brassica Napus
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